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Chapter 1

Introduction to molecular
pharmacology: basic concepts
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Muhammad Masood Ahmad4
1Department of Pharmacology, College of Pharmacy, Jouf University, Sakaka, Aljouf, Saudi
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Saudi Arabia, 3Chandigarh College of Pharmacy, Landran, Mohali, Punjab, India, 4Department

of Pharmaceutics, College of Pharmacy, Jouf University, Sakaka, Aljouf, Saudi Arabia

Pharmacology

Pharmacology is the branch of medical science that deals with study of drugs and

their effects on biological systems.1 The word “pharmacology” is derived from two

Greek words pharmacon (meaning drugs) and logos (meaning the study or science).2

Thus, pharmacology is the study of actions of drugs on living systems.3 It encom-

passes all aspects of drug action on biological system including biochemical, physio-

logical, its mechanism, therapeutic significances, and adverse effects of drugs.4

Drugs

Drugs refer to any chemical substance that affects the processes of living

system.5 They include chemical substances of known chemical structure that

are used or intended to be used for diagnosis, prevention, cure, or mitigation

of the diseases.6 Drugs do nothing new with the living system but only

changes the physiology of the cell.7

Brief history of pharmacology

The knowledge of drugs and their use in the treatment of illnesses are as old

as the human civilization.8 In the ancient times, people used natural substances

in crude forms, observed the diseased states, and utilized their personal experi-

ences after consuming plants and other herbs as remedies.9 In middle ages,

humans discovered that extracts from plants, animals, and minerals had

1
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medicinal values and these information became the foundation of pharmacol-

ogy.10 Pharmacology in its present form is hardly 100 years old.11

Pharmacological studies are divided into two parts, namely, pharmacoki-

netics and pharmacodynamics Pharmacokinetics examines movement of drug

through the body or what the body does with the drug after administration.12

Pharmacodynamics examines the effect of the drug over a period of time on

the body or what the drug does with the body13 (Fig. 1.1).

Routes of drug administration

The path through which a drug or a chemical enter into the body comes under

the routes of administration. On the basis of site of drug administration they are

basically calssified into, enteral (oral), parenteral (injectional) and local route

(topical).14 Selection of routes of drug administration depends on its conve-

nience, compliance, and also on the basis of physicochemical properties of the

drug. Hence, it is very important to know the characteristics of different routes

and techniques involved.15 Numerous health professionals are engaged in the

administration of drugs in patients.16 Hence, before administering drugs, five

“rights” must be considered carefully: right patient, right drug, right dose, right

site, and right timing.17 The patient must be explained about the drug, its route

of administration, and the peculiarities of drug administration if any18 (Fig. 1.2).

Enteral routes

1. Oral route is the easiest, most economic, and common route of drug administra-

tion.19 The main site of drug absorption is small intestine, and the drug’s ability

to produce pharmacological effect is affected by fraction of administered drug

absorbed across the intestinal epithelial membranes.20 First-pass effect is

another major influencer of oral drug bioavailability.21 First-pass metabolism is

the alteration of orally administered drug before it reaches the systemic circula-

tion apparently in the way of portal to systemic circulation via liver.22

FIGURE 1.1 Illustration of pharmacokinetic and pharmacodynamic steps.
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2. Sublingual or buccal is another enteral route and is considered the second

fastest route of drug administration. It offers advantage of liver bypass and

diminished first-pass effect.23 The drug is directly applied under the tongue

(sublingually) or on the mucosal membranes of the cheeks (buccally). It is

absorbed passively into venous blood, bypasses hepatic portal circulation,

and is directly drained into superior vena cava. The passive absorption

from buccal cavity is less and slow because the sublingual tissue is more

permeable and has fast access to underlying blood capillaries.24

3. Rectal route offers fast and effective absorption of drugs through the mas-

sively vascularized mucosa. Rectally administered drugs undergo passive dif-

fusion as in case of sublingual and buccal route and partially bypass liver.25

Parenteral routes of drug administration

1. Intravenous route is the most common among parental route of medication.

It offers fastest drug absorption and does not have first-pass effect because

the drug is directly poured into the venous circulation.26 Because of super-

ficial location on the skin, peripheral veins provides very fast and conve-

nient access to systemic circulation and are often utilized in parental drug

administration. The veins of upper extremity are preferred because of the

lower chances of thrombophlebitis and thrombosis than lower limbs.27 The

cephalic or median basilic veins of the arms or metacarpal veins on

the dorsum of hands are preferred. In the lower extremities, the dorsal

venous plexuses of foot can also be considered in some situations.28

2. Intramuscular route can be considered if insufficient absorption, high first-pass

effect, and patient’s noncompliance are observed when oral route of medication

FIGURE 1.2 Different routes of drug administration.
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used. The drug is administered as a depot formulation intramuscularly, and it is

slowly dissolved into circulation, which results in sustained actions. Haloperidol

decanoate and vaccines are administered intramuscularly.

3. Subcutaneous route is taken into consideration when the molecular size of the

drug particulates is large enough to cross the intestinal mucosal membranes.29

The requirements of enhanced bioavailability and rapid absorption than oral

route are the another factors to administer drug subcutaneously.30 It is convenient

and does not require assistance, and patients can administer themselves without

any significant skill requirements, for example, insulin.31

4. Other routes include transdermal and inhalational routes of drug

administration.32

Local routes of drug administration

1. Intranasal route of drug administration offers local actions as well as sys-

temic absorption of the drugs. Nasal mucosa provides very large highly

vascularized surface area.33 Nasal decongestants are applied intranasally

and utilized for the local actions. While some intranasal formulations for

systemic effects are also available, calcitonin and desmopressin are deliv-

ered intranasally and produce systemic effects.34

2. Vaginal route of drug administration is less common inconvenient route

but often used to deliver low, consistent concentrations of the drug for

prolonged periods to achieve stable and sustained plasma concentra-

tions.35 The commonly administered formulations include tablets, oint-

ments, creams, lotions, gels, and pessaries36 (Fig. 1.2).

Pharmacokinetics

Pharmacokinetics is the quantitative estimation of the drug movement in, thor-

ough, and out of the body.35 The response intensity depends on concentration

of the drug at site of action, which considerably depends on pharmacokinetic

characteristics. Pharmacokinetics finally determine the dose, latency of onset,

time to produce maximum effect, total duration of action, and dose frequen-

cies.37 Pharmacokinetic considerations mainly include absorption, distribu-

tion, metabolism, and excretion (ADME) of the drug. All pharmacokinetic

processes involves transport of drug molecules across the cell membranes.38

Drugs are basically transported across the plasma membrane via:

1. Passive diffusion and filtration

2. Specialized transport (Fig. 1.1).

Passive diffusion

In passive diffusion, drugs flow across biological membrane in the direction

of concentration gradient. Mostly, the drugs cross biological membranes
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through this process where the membrane does not play any significant role.

As the drug molecule are foreign substances, specialized mechanisms are

only developed for normal metabolic products only.39

Lipid solubility affects diffusion considerably; highly lipid-soluble drugs

dissolve in lipid bilayer of plasma membranes and diffuse quickly. Also, the

higher the significant difference in concentration gradient across the cell

membrane, faster the diffusion.40

Effect of pH:

pH5 pKa 1 log A2½ �= HA½ � where A2 is ionized drug and HA is Unionized
�

for a weak electrolyteg
If for a weak acid, the concentration of ionized drug is equal to concen-

tration of unionized drug,

Then, [A2 ]/[HA]5 1

Since log 15 0

Then, pH5 pKa

Thus, pKa is numerically equal to pH when the drug is 50% ionized.

Thus, weakly acidic drugs are ionized more at alkaline pH. Weakly basic

drugs are more ionized at acidic pH. Lipid-soluble drugs readily cross bio-

logical membranes, and thus, their transport is pH independent.41

Filtration

Filtration refers to the phenomenon where drug molecules cross biological mem-

branes through aqueous pores or throughout the paracellular spaces.42 In glomeruli,

lipid-insoluble drugs cross biological membranes if the molecular size of the drug

molecule is lower than the pore size of the luminal membranes.43

Specialized transport

Carrier transport

Carrier transport is the way of drug transport across cell membrane where

the drug combines with some components of the membrane, make the com-

plexes, and then the complex translocates from one side to another.44 The

carriers for the polar molecules form lipophilic coating over hydrophilic

groups and facilitate their passage through membranes.45 They are of two

kinds:

Active transport

Movement occurs from lower concentration to higher concentration, and it

requires energy, resisted by metabolic poisons.46
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Facilitated diffusion

It is more rapid than simple diffusion, does not require energy, transports

even nondiffusible substances but from higher concentration to lower.47

Pinocytosis

Its operates rarely for absorption of drugs and transports particulates by

forming some vesicles. It mainly operates for proteins and big molecules.48

Absorption

Absorption refers to the transfer of administered drug to blood stream from

the site of administration.49 Its rate and efficiency are mainly affected by the

route of administration, that is, for intravenous route, 100% absorption is

there, because the total amount of drug is directly poured into the blood ves-

sel.50 Drugs administered from other routes may have partial absorptions and

lower bioavailability. Oral administration of the drug requires first to dis-

solve in gastrointestinal fluids and then penetrate the epithelial layers of

intestine. The disease states and the presence of food can affect the

process.51

Factors affecting absorption of drugs

Physical factors

Blood perfusion to the site of administration

The higher the perfusion rate, the higher the absorption of the site, that is,

the intestine has greater blood perfusion than stomach, and thus, absorption

is much higher from the intestine than stomach.52

Surface area available for absorption

The higher the surface area, the higher the absorption. The intestinal surface

area because of microvilli is much greater (1000-fold) than stomach, and

thus, more efficient absorption of drugs take place from the intestine.53

Retention time at the surface area

If the drugs move faster from the intestinal surface (e.g., in case of diarrhea),

drug will not get absorbed well because of less contact time to the surface

provided for the absorption. On the contrary, if anything delays movement of

drug from stomach to intestine, it also delays the absorption of drugs.54
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Drug distribution

It is the process in which drug apparently leaves bloodstream and enters the

interstitial fluid or inside the cells of the tissues. It basically depends on the

following factors.55

1. Blood perfusion

2. Permeability of capillaries

3. Degree of plasma protein binding of the drug

4. Lipid solubility of the drug.

Volume of distribution

Volume of distribution is the hypothetical volume of different water com-

partments in our body into which drugs are dispersed. It does not have any

physiological basis.56

Water compartments in the body

Plasma compartment

If a drug has a very high molecular weight/size, has very high plasma protein

binding capacity, or it cannot penetrate through the capillary membranes

because of its size, it remains in the plasma, which is 6% of the total body

weight (70 kg), about 4 L of total body fluids.57

Extracellular fluid

Drugs with low molecular weights are hydrophilic, but they can move from

blood compartment to interstitial fluid through the slit junctions of the capil-

lary epithelium. Because of hydrophilic nature, drug molecules cannot pene-

trate plasma membranes of the cells. Hence, the drugs remains in plasma and

interstitial fluid only, which constitute about 20% of the total body weight

(70 kg), that is, about 14 L. Amino glycosides are the example of this type

of distribution.58

Total body water

Drugs with low molecular weights and hydrophobic nature can enter the

interstitial fluid and are free to reach in cellular compartments (intracellular

fluid). The drugs thus have acmes in plasma, extracellular fluid, and intracel-

lular fluid, which is about the 70% of the total body weight (70 kg), that is,

about 42 L. Ethanol and the drugs with high lipid solubility exhibit this type

of distribution.59
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Other sites

In special conditions, for example, in pregnancy, fetus can also take the

drugs and increase the volume of distribution than the usual.

Apparent volume of distribution

A drug is not restricted to only one water compartment of the body, it distri-

butes to several compartments and binds with different cellular components

either to lipids, proteins, or nucleic acids. The volume into which the drugs

distribute is called the apparent volume of distribution.60

Plasma protein binding of the drugs

Plasma protein binding affects the distribution of the drug and the biological

activity. Drug molecules after absorption into systemic circulation may bind

to plasma proteins and the bound drugs cannot cross biological membrane

and are finally not available to elicit a pharmacological response. Only

the free drugs (not bound to plasma proteins) are biologically active. There

are two proteins that extensively bind with drug molecules: albumin and

globulin. Acidic drugs bind to albumin, and basic drugs bind to globulin

with higher affinities.61

Drug metabolism

The absorbed drugs after eliciting their pharmacological response are elimi-

nated from biological system after biotransformation (a mechanism that

transforms drug molecules into excretable forms). Biotransformation is the

chemical alteration of drugs inside biological system, which is often called

as metabolism of drugs. This process of drug metabolism converts lipo-

philic drugs into polar and excretable substances. Liver is the main site of

metabolism of drugs, some drugs specifically metabolized at some other

sites too, such as kidneys and intestines. Metabolism of drugs can inacti-

vate the active drug or can lead to the activation of drug from its inactive

form; biotransformation can also generate more active compounds from the

administered drugs or partially reduce the biological activities of the parent

compound.62

Kinetics of metabolism

1. First-order kinetics

The rate of metabolism is proportional to the free amount of the drug

in plasma, and it describes the constant fraction of drug metabolized per

unit time.63
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2. Zero-order kinetics

With fewer drugs when the doses are too large, the enzymes are saturated by

the free amount of the drug, and the rate of metabolism becomes constant over

a period. There are two different types of reactions of drug metabolism. The kid-

neys do not eliminate lipophilic drugs efficiently, as they can cross the biologi-

cal membranes readily and are reabsorbed in the renal tubules. Hence, to be

excreted, the drug molecules undergo two different sets of reactions in liver.64

Phase I reactions

Transform lipophilic drugs into polar compounds by introducing a polar

functional group such as OH or NH2 groups. Phase I reactions may either

enhance, diminish, or not affect the drug’s biological activity at all. The

phase I reactions are carried out by microsomal CYTP450 system, also

called mixed function oxidases.65 The reactions involved are:

1. Oxidation

2. Reduction

3. Hydrolysis

4. Cyclization

5. Decyclization.

Phase II reactions

This phase includes conjugation reactions. The metabolites of phase I reac-

tions that are sufficiently polarized can be excreted via kidneys. However,

some metabolites are still lipophilic and reabsorbed in renal tubules, subse-

quent conjugation reaction make such substance completely inactive and

excretable from the body.66 These conjugation reactions include (Fig. 1.3):

� Glucuronide conjugation

� Acetylation

� Methylation

� Sulfate conjugation

� Glycine conjugation

� Glutathione conjugation

� Ribonucleoside/nucleotide synthesis.

Drug excretion

The passage to eliminate systemically absorbed drugs out of the body is

excretion.67 Drugs and transformed residues are eliminated in:

1. Urine: It is the most important route for drug elimination and takes place

mainly through the kidneys;
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2. Feces: Most of the drugs excreted via feces are derived from bile, except

unabsorbed fractions;

3. Exhaled air: Gases and volatile liquids are excreted through exhaled air,

alcohol, inhalation anesthetics;

4. Saliva and sweat: It is a minor route through which only a few substances

are excreted, for example, lithium, rifampin, and heavy metals;

5. Milk: The excretion of drugs in milk is important for the infant; more

lipid soluble and less protein bound drugs can enter easily into the breast

milk.

Pharmacodynamics: drug receptor interactions or mechanism
of drug effects

Pharmacodynamics is what the drug does to the body, that is, it is the study

of drug effects. It is an attempt to elucidate the complete sequences from

drug action to drug effect as well as the relationship of dose to drug effect,

modifications of drug effect by another drug, and other influencers are also

the part of pharmacodynamic studies.68

Principles of drug action

Drugs, except gene-targeted ones, do nothing new to biological system (cell,

tissue, or organ). They just change the physiology of the cell, tissue, or organ

they affect.69 The fundamental drug action can be classified as:70

FIGURE 1.3 Drug metabolic reactions in liver.

10 How Synthetic Drugs Work



Stimulation

Selective enhancement of activities of specialized cells, for example, adrena-

line has excitatory action on heart, pilocarpine has effect on salivary glands.

Depression

Certain drugs selectively diminish the activities of specialized cells, for

example, quinidine suppresses heart.

Irritation

Irritation is a nonselective, mostly the noxious effect, especially to less spe-

cialized cells (epithelial, or to the cells of connective tissue). Milder irritation

can possibly enhance ongoing pace of the activities, for example, bitters

enhance gastrointestinal secretions; counterirritants increase blood flow to

the applied area. However, strong irritation causes inflammation, cellular

damage, and ultimately, it leads to loss of function.

Replacement

Replacement of natural metabolites or hormones in their deficiency states,

dopamine precursor in Parkinsonism states, or growth hormones in its defi-

ciency states.

Cytotoxic action

The invading microbes and cancer cells are selectively targeted without con-

siderably affecting host cells. This is especially used to treat neoplasm and

diseases created by microbes and parasites i.e., penicillins, albendazole, flu-

conazole, methotrexate etc.

Mechanism of drug actions

It is quite difficult to explain the mechanism of action of drugs on the

basis of their physical and chemical actions. Only a few drugs act by

these mechanisms, and most of the drugs act in a complex manner.71 The

basic mechanisms of drug action are broadly categorized into four

types.72

Physical action

This is attributed to the physical property of the drug.

Mass of the drug Laxatives
Adsorptive surface Charcoal
Osmotic properties Mannitol
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Chemical action

The drugs react chemically with extracellular moieties.

Antacids React with gastric acid
EDTA Reacts with toxic materials

Through enzymes

Almost all the reactions in biological system are carried out via catalytic

reaction mediated through enzymes.73 Enzyme’s activities can be modified

via drug interruptions.

Enzyme’s inhibition:

Acetylcholinesterase inhibitors enhance availability of acetylcholine to its

receptors and potentiate cholinergic activities.

Enzyme’s stimulation:

Sympathetic surge stimulates adenylyl cyclase activity in heart.

Through receptors

Sufficiently large number of drugs can mediate their effect via action on cel-

lular macromolecules. These cellular macromolecules govern the number of

physical and chemical reactions in the cells (e.g., enzymatic reaction, trans-

membrane permeability, morphology, and nuclear functions).74 These spe-

cific macromolecules to which drugs bind and initiate the response but itself

alone has no properties are termed as “receptors.”

Some important definitions75

Agonists

A substance that binds with the receptor and has intrinsic activity.

Inverse agonist

A substance that produces an effect opposite to that of agonist.

Antagonist

A substance that binds with receptor with more affinity but does not have

any intrinsic activity.

Partial agonist

A substance that binds with receptor but does not activate receptor fully

(produces submaximal response only).
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Ligand

Any endogenous or exogenous molecule that binds with receptor regardless

of any functional change. Agonists and antagonists both act as a ligand for a

particular type of receptor.

Nature of receptors

Receptors are mostly protein macromolecules, and sometimes, nucleic acids

can also serve as receptors. Receptors have been studied extensively via

radio ligand bindings studios and by gene cloning technology receptor pro-

teins isolated. Their amino acid sequence has been studied very well.

Molecular cloning further adds to it, and by utilizing this technology, the

structure of different receptors studied and subclassifications could become

possible. Receptors possess two important features: recognition of ligand and

signal transduction, and thus, the receptor has ligand-binding site and an

effector domain, and both of them undergo conformational changes.76

Transducer mechanisms

Significant progress has been made in the scientific field in terms of analyti-

cal techniques and their utilization in medical fields for the study of biologi-

cal system and discoveries to reduce sufferings of humanity. Considerable

developments have been made in understanding the mechanism of signal

transduction, and mostly, it is found to be a highly complex multistep pro-

cess that has evolved in amplification and integration of concurrently

received intracellular and extracellular signals at each step.77 On the basis of

morphological and translation of signals into functional response mechan-

isms, receptors are classified into four major categories;

1. G protein�coupled receptors (GPCR) or Metabotropic receptor

2. Receptors linked to ion channels or Ionotropic receptor

3. Receptors linked to protein tyrosine kinases

4. Gene transcription regulatory receptor or Nuclear receptor.

G protein�coupled receptors

A GPCR is constituted by a single polypeptide of 1100 amino acid residues

and has seven transmembrane helices (three extracellular and three intracel-

lular loops), and these receptors are linked to G proteins, which possess three

subunits, alpha which is bound to guanosine triphosphate (GTP) on activa-

tion, and beta�gamma subunit (Fig. 1.4). GPCR comprises an extracellular

domain that binds with ligand and is the amino terminal of the chain. The

intracellular terminal is the carboxylic acid group and is associated with G

proteins (Gs, Gi, G0, Gq, G13, etc.).78 Binding of a ligand with the
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extracellular domain of the receptors lead to conformational changes in the

receptor that in turn activate the G protein. Activation of G protein leads to

displacement of GDP with GTP from the alpha subunit. The active alpha

subunit finally activates or inhibits the effectors.79 The beta�gamma subunit

is also found to modify certain effectors (Fig. 1.4).

There are three different pathways of G protein�coupled receptors to

transduce their signal.

These are also called as signal-transduction mechanisms.

1. Cyclic adenosine monophosphate (cAMP) pathway;

2. Ionositol triphosphate/diacylglycerol (IP3/DAG) pathway;

3. GPCR linked to ion channels.

1. cAMP Pathway

β-1 Receptors for norepinephrine are the classical examples for this

pathway. Binding of ligand (norepinephrine) to the receptor brings about

the conformational changes in receptor protein and G protein coupled to

the receptor gets activated via guanosine triphosphate�guanosine diphos-

phate (GTP�GDP) exchange.80 The activated alpha-GTP subunit acti-

vates intracellularly located membrane-bound adenylyl cyclase enzyme,81

which leads to conversion of intracellular adenosine triphosphate (ATP)

to cyclic adenosine monophosphate (cAMP) by hydrolytic reactions.

cAMP phosphorylates and activates protein kinase A (PKA), the activated

PKA causes phosphorylation and activation of numerous proteins includ-

ing troponin and phospholamban (Heart). Activated troponin and phos-

pholamban interact with Ca21 and results in increased force of

contraction, faster contraction (troponin action), and faster relaxation

FIGURE 1.4 G protein�mediated activation of target protein.
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(phospholamban action). Ca21 ions are made available via activation of

membrane-bound Ca21 channels by Gs and their phosphorylation by

PKA, and from the intracellular reservoirs.82 The cAMP activation causes

phosphorylation of many enzymes, structural proteins, ion channels, car-

rier proteins, and brings about the contraction, impulse generation

(heart),83 visceral smooth muscle (relaxation), glycogen breakdown in

liver, lipolysis, suppression of secretions of mediators, junctional neuro-

transmission modulation, and hormone synthesis (Fig. 1.5).

2. IP3/DAG Pathway

Histaminergic H-1 receptors are the example of receptors that trans-

duce their signal via IP3-DAG pathway.84

Binding of ligand to the receptor causes activation of receptors and the cou-

pled G protein (Gq) gets activated via GDP�GTP exchange. G protein gets dis-

sociated in alpha-GTP subunit, and beta�gamma subunit.85 The activated alpha-

GTP subunit then activates a membrane bound nearly located phospholipase-C

enzyme (intracellular, membrane-bound enzyme). Phospholipase-C (PLC) acts

on membrane phospholipids phosphoionositol bisphosphate (PIP2) and hydro-

lyzes it into inositol triphosphate IP3 and diacylglycerol (DAG).86 IP3 primarily

releases Ca21 from intracellular calcium ion depots, while DAG mobilizes Ca21

as well as activates protein kinase C (PKC), and finally causes phosphorylation

and activation of many other functional proteins. Ca12 ions are veritable second

messenger and activate numerous proteins via Ca21 CAM-dependent and

CAM-independent mechanisms 87 (Fig. 1.6).

FIGURE 1.5 G protein�coupled receptors signal transduction mechanism via cyclic adenosine

monophosphate pathway.
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3. G protein�coupled receptor linked to ion channels

G protein activation can also modulate the channels for Ca21, K1,

Na1 specifically and bring about depolarization and hyperpolarization or

changes in cellular Ca21 such as stimulation of Gs in cardiac and skeletal

muscles opens Ca21 channels and Gi/Go opens K1 channels and brings

about the contraction and relaxation, respectively88 (Fig. 1.7).

Receptors with intrinsic ion channels

GABAA (gamma amino butyric acid), nicotinic, and N-methyl- D- aspartate

(NMDA) are the receptors with intrinsic ion channels.89 These are cell sur-

face receptors enclosing ion channels selective for (Na1, K1, Ca21, or Cl2).

Binding of the ligand opens the ion channels and allows the permeation of

the respective ion in or out of the cell.90 Flow of the ions inside or outside

the cell brings about the depolarization and hyperpolarization in the cell,

which depends on the intracellular ionic composition and the ion flowing

through.

Ligand-gated ion channels are composed of five subunits (two alpha, one

beta, one gamma, and one delta) of proteins.91 All these subunits have large

intra- and extracellular domains and four membrane-spanning domains in

each of which the amino acid chains traverse through the width of the cell

membrane. These subunits are arranged round the channels like a rosette and

the alpha subunits bear the ligand-binding sites92 (Fig. 1.5).

FIGURE 1.6 G protein�coupled receptors signal transduction mechanism via IP3/DAG

pathway.

16 How Synthetic Drugs Work



Rho/Rho kinase

This pathway of signal transduction involves activation via some GPCRs

(and also some non GPCR mechanism), involving G12/13 type of G pro-

teins.93 The free subunit of G protein�activated guanosine nucleotide

exchange factor and phosphorylates another GTPse (Rho) via GDP�GTP

exchange, which in turn, activates the Rho kinase. Subsequently Rho kinase

phosphorylates activate numerous target proteins and regulate a wide variety

of cellular proteins.94

The mitogen activated protein kinases

The mitogen activated protein (MAP) kinases are activated by cytokines and

growth factors as well as from GPCRs.

Enzymatic receptors

These receptors are also called as kinase-linked receptors. They are structur-

ally and physiologically different than ion channels and GPCRs. Numerous

proteins, growth factors, cytokines, and hormone’s actions are transduced

through these receptors. Because of their inherent enzymatic activities, they

are also referred as receptor tyrosine kinases.95

The receptor tyrosine kinases have very large extracellular domain

(ligand-binding site) and intracellular domain (effector domain), and contain

about 400�700 residues in each. In case of insulin, extracellular domain is a

separate polypeptide chain linked to rest of the receptor with disulfide bond;

in case of growth factor receptor, tyrosine kinase is a single long chain of

amino acid of about 1000 residues, while in case of cytokines, it is a dimeric

FIGURE 1.7 Ligand-gated ion channels and G protein�mediated modulation of ion channels.
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chain.96 However, in all cases these receptors trigger kinase cascade. Growth

factors and insulin receptors process tyrosine kinase activity and involve the

incorporation of ATP and sites of substrate binding.97 Receptors for cytokine

do not have tyrosine kinases at intracellular domain but possess some kinase

activity after ligand binding, incorporates Janus kinases (JAK), which further

activates kinase cascade.

There are two well defined pathways of signal transduction via receptor

tyrosine kinases

1. Rat Sarcoma (RAS)/Rapidly Accelerated Fibrosarcoma (RAF) pathway

2. Janus kinases (JAK)/Signal Transducer and Activator of Transcription

(STAT) pathway.

Rat Sarcoma (RAS)/Rapidly Accelerated Fibrosarcoma (RAF)
pathway

The effects of numerous growth factors are mediated via this signal transduc-

tion mechanism. RAS (a proto-oncogene product), works like G protein and

transduces its signal undergoing phosphorylation (GDP�GTP exchange),

which is facilitated by SH2-domain protein Grb, which is phosphorylated by

protein tyrosine kinase.98 Activated RAS activates RAF, which is the first

reaction of serine�threonine cascade, each of which phosphorylates and acti-

vates next in the line.99 The last one of these are the MAP kinases, which

finally phosphorylates the transcriptional factors, which ultimately causes

gene expressions (Fig. 1.8).

FIGURE 1.8 RAS/RAF pathway of signal-transduction mechanism.
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Janus kinases (JAK)/Signal Transducer and Activator of
Transcription (STAT) pathway

This pathway involves response to many cytokines. The receptor dimeriza-

tion occurs after binding of the ligand to the receptor-binding site. After

dimerization, the kinase unit JAK is attracted and associated with receptor

dimer (JAK belongs to protein family), which has different specificity for

different cytokine receptors.100 From the JAK targets, STAT are family of

transcriptional factors that are phosphorylated. STAT are the SH2-domain

proteins associated to phosphorylated tyrosine groups on the receptors�JAK

complex, phosphorylate themselves, get activated and finally this activated

stat migrate to nucleus and results in gene expressions101 (Fig. 1.9).

Nuclear receptors

Steroid and thyroid hormone receptors are the classical examples of these types

of receptors.102 The mechanisms of DNA transcription are totally different from

these receptors as we discussed so far about the previous receptors.103 Most of

these receptors are located intranucleously, and their ligands are lipophilic com-

pounds. They contain very highly specific regions of about 60 residues in its mid-

dle that makes DNA-binding domains. The receptors also possess two loops of

about 15 residues, which are knotted together by four cysteine residues clustered

around a zinc atom,104 and these structures are present in variety of proteins

involved in DNA transcription and fingers are believed to wrap around the DNA

helix. The ligand-binding domain resides just below this central region, and

upstream to this are the different regions that regulate gene transcriptions.105

FIGURE 1.9 JAK/STAT pathway of signal-transduction mechanism.
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Binding of ligand to the receptor molecule causes conformational changes, which

facilitate receptor dimerization. Receptor dimers then bind to DNA-specific

sequence hormone-responsive elements, which are at about 200 base pair upstream

to the genes that are regulated, leading to DNA polymerase activity and expres-

sions of specific mRNA finally translated to ribosomes for protein synthesis.106,107
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Introduction

The central nervous system (CNS; brain and spinal cord) and the peripheral

nervous system (PNS; neuronal tissues outside the CNS) are the two parts

of the nervous system. The nervous system’s motor (efferent) part can be

classified into two categories: autonomic and somatic. In the autonomic

nervous system (ANS), functions are not under direct conscious control but

are mostly autonomous.1

The ANS is further divided into two major divisions: sympathetic

thoracolumbar (thoracic and lumbar spinal nerves) and parasympathetic

craniosacral (especially the third, seventh, ninth, and tenth cranial nerves

and the third and fourth sacral spinal nerve roots). Both have nuclei that

start in the CNS (brain stem or spinal cord) and grow into preganglionic

efferent fibers that end in the motor ganglia. The sympathetic pregangli-

onic fibers are either short and end in the paravertebral ganglia, or they

are slightly longer and end in the prevertebral ganglia. Postganglionic

sympathetic fibers innervate the tissues via the ganglia, as illustrated in

Fig. 2.1.3 In general, parasympathetic preganglionic fibers terminate in

ganglion cells, which get distributed diffusely or in networks on the walls

of the innervated organs.

The primary transmitter molecules for ANS are acetylcholine (Ach) or

norepinephrine (NE). Many peripheral ANS fibers produce ACh; hence,

they are known as cholinergic fibers. Almost all of the efferent fibers that

27
How Synthetic Drugs Work. DOI: https://doi.org/10.1016/B978-0-323-99855-0.00002-6

Copyright © 2023 Elsevier Inc. All rights reserved.

https://doi.org/10.1016/B978-0-323-99855-0.00002-6


leave the CNS are cholinergic. Furthermore, the majority of parasympa-

thetic postganglionic fibers and a few sympathetic postganglionic fibers

are cholinergic.

Most postganglionic sympathetic fibers secrete NE (also known as nor-

adrenaline); they are noradrenergic (often referred to simply as “adrener-

gic”) fibers, that is, they function by secreting NE (noradrenaline).3,4 The

release of neurotransmitter NE by sympathetic nervous system (SNS)

results in an increase in overall activity and attention: the “fight or flight”

response. The blood pressure and heart rate rise, glycogenolysis occurs,

gastrointestinal peristalsis takes places, in addition to other reactions in the

body.4 The parasympathetic nervous system (PSNS) facilitates “rest and

digest” processes by releasing ACh, which reduces heart rate and blood

pressure, resets gastrointestinal peristalsis/digestion, and so on.4,5 The

PSNS solely innervates the brain, viscera, and external genitalia, keeping

much of the musculoskeletal system and skin uninvolved, making it sub-

stantially smaller than the SNS.6 Drugs acting on ANS (also termed as

autonomic drugs) are used clinically to either imitate or inhibit the normal

functions of the SNS and PSNS. Certain drugs mimic the function of the

neurotransmitters at postsynaptic ends for SNS (sympathomimetics or

adrenergic agonist) and PSNS (parasympathomimetics, cholinomimetic, or

cholinergic).1,2 On the other hand, some of the drugs produce an inhibitory

FIGURE 2.1 Somatic and autonomic nerve origin and distribution. ACh is released by somatic

neurons in the brain and the spinal cord (CNS) to activate nicotinic receptors (N) on skeletal

muscle.2 CNS, Central nervous system.
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effect by blocking the activity of neurotransmitters at the effector end of

SNS (sympatholytics or antiadrenergic) and PSNS (parasympatholytic or

anticholinergic).1,7 In this chapter, we are going to discuss neurotransmit-

ters, their synthesis, action, and degradation, as well as discuss the mecha-

nism of how the neurotransmitters and drugs act at effectors end. We also

emphasize the mechanism of actions produced by the neurotransmitters at

the various receptor ends triggering various physiological outcomes. We

will also overview the drug actions mediated via these receptors.

Preganglionic parasympathetic neurons originate from the brain and

sacral spinal cord connecting with ganglia near or within smooth muscle and

the heart. The release of ACh activates nicotinic receptors (N) on postgangli-

onic neurons. It also activates muscarinic receptors (M) on target organs.

These neurons also secret ACh, which activates muscarinic receptors (M) on

target organs. Preganglionic sympathetic neurons exit the spinal cord at the

thoracic and lumbar levels (thoracolumbar) and synapse with ganglia near

the cord, releasing each to activate NN receptors (type of nicotinic receptors)

on postganglionic neurons. The majority of these are dispersed to smooth

muscle and the heart, where they release NE to activate α and β receptors.

The adrenal medulla is a postganglionic neuron that secrets primarily epi-

nephrine (Epi) (80% Epi and 20% NE), which moves to the target tissue via

circulation.

Chemistry of autonomic neurotransmitters

The major physiological action mediated by ANS involving SNS and PSNS

involves the interaction of neurotransmitters with their respective receptors

at the postsynaptic end of neurons.1 Two major neurotransmitters play a cen-

tral role in ANS activity. ACh mediates through ganglion and PSNS results

in inhibitory “rest and digest activity.”5 On the other hand, NE mediates via

SNS producing “fight or flight” response.2 Herein, we discuss the biochemis-

try involving synthesis, storage, and degradation of ACh.

Biochemistry of acetylcholine

ACh is synthesized in the cytoplasm from acetyl-CoA (synthesized in

mitochondria) and choline through the enzymatic action of the enzyme

choline acetyltransferase. Choline is transported into the neuron terminal

by a sodium-dependent choline transporter. ACh formed is transported

into the vesicles by vesicular acetylcholine transporter (VAChT) driven by

proton efflux. Most of the vesicular ACh is bound to negatively charged

vesicular proteoglycan. Vesicles contain vesicle-associated membrane pro-

teins (VAMPs), which align them to the inner neuronal cell membrane

potentiating the release of transmitter. Inner surface of the nerve terminal
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membrane contains synaptosomal nerve�associated proteins (SNAPs) and

docks the vesicle with VAMPs. VAMPs and SNAPs are together termed

as “fusion proteins.” The release of transmitter from the vesicles is a

calcium-dependent process. The influx of calcium ions takes place via N-

type calcium channels. Calcium’s interaction with VAMPs results in the

fusion of the vesicle membrane with the terminal membrane and opening

of a pore into the synapse. The opening of the pore and influx of cations

result in the release of the ACh from the proteoglycan and exocytotic

expulsion into the synaptic cleft. This process is described in Fig. 2.2.

Various drugs may also act as presynaptic end, which may modulate the

function and release of each. Such modulated drug actions are briefed in

Table 2.1.

Signal transduction mechanisms involved in drug response

Drugs generally interact with the receptors targeted to bind with basic neuro-

transmitters categorized under ANS. The list includes Epi, NE, ACh, and

dopamine. The transmitters bind with the receptors, resulting in conforma-

tional change that results in a defined physiological outcome. Drugs gener-

ally modulate the binding of the receptors by enhancing, inhibiting, or

moderating their activities. There are two sets of receptors that are linked to

FIGURE 2.2 Synthesis, storage, and release of ACh at synaptic end a block diagram. ACh,

Acetylcholine.
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the function of ANS: nicotinic and muscarinic. These receptors are named

after the nerves that normally innervate them. The term “adrenoceptor” is

commonly used to describe receptors that respond to catecholamines such as

Epi or NE.11 The general class of adrenoceptors can be further subdivided

into α- and β-adrenoceptor types. Cholinoreceptors are the receptors (both

nicotinic and muscarinic) that respond to ACh.12

Nicotinic receptor

The isolation of protein obtained from the muscle from the Torpedo electric

organ by Jean-Pierre Changeux allowed the first reading of the correspond-

ing amino acid sequence.13 One such form of receptor is a pentamer com-

prising four polypeptide subunits (e.g., two α chains, one β, one γ, and one δ
chain, within the molecular weights from 43,000 to 50,000), as shown in

Fig. 2.3. The α subunits comprises the binding site, and the adjacent subunit

to it provides the complementary site.13 ACh binding to sites on the α subu-

nits causes a conformational change resulting in the opening of a central

ligand-gated sodium channel, with size ranging within 0.5 nm in diameter,

through which sodium ions enters.14

Nicotinic receptors (see Fig. 2.3) are further classified into two types: NN

and NM. The NN type receptors are located at autonomic ganglia and are

generally the pentamer of αβ subunits. They generally open for cations like

sodium, potassium, and calcium. Drugs like hexamethonium and trimetha-

phan act as an agonist to the receptor. On the other hand, NM type receptors

are located at neuromuscular junctions. They are pentamers comprising two

TABLE 2.1 List of drugs or chemicals inhibiting the synthesis or release of

acetylcholine (ACh).

Name of drug Category Site of Action

Hemicholinium Cholinergic antagonist Inhibits the choline transporter
preventing the entry of choline
into the cell8

Vesamicol Cholinergic antagonist VAChT inhibitor preventing the
entry of ACh in the vesicle9

Botulinum
toxin

A neurotoxic protein from
Clostridium botulinum and
related species

Prevents the release of the
neurotransmitter ACh from the
axon endings by inhibiting SNAPs
and VAMPs at the neuromuscular
junction, thus causing flaccid
paralysis10

SNAP, Synaptosomal nerve�associated protein; VAMP, vesicle-associated membrane protein;
VAT, vesicle-associated transport.
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α, one β, one γ, and one δ subunits and generally open for cations like

sodium and potassium. Drugs like tubocurarine and α bungarotoxin are ago-

nist to the receptor.15

Muscarinic receptors

It is the receptor subtype classified under G protein-coupled receptor family.

The receptors are connected to the effectors (e.g., enzyme, channel, or effec-

tor protein) through GTP-activated proteins (G protein). Muscarinic receptors

are found throughout the human body and mediate a variety of physiological

functions. The precise location and functional role of all of these subtypes

are yet to be fully elucidated into five types (M10 to M5).
16

They generally comprise seven α-helical trans-membrane amino acid seg-

ments with three extracellular and intracellular loops. The drugs generally

bind between the helices extracellular. G protein comprises three subunits:

α, β, and γ.17 The α subunit interacts with effectors resulting in their activa-

tion or their deactivation. The classification of G proteins based on the α
subunit is summarized in Table 2.2.

Muscarinic receptors (M10 to M5) generally regulate mainly using Gi, Go, and

Gq subunits. Hence, they act via inhibition of adenylyl cyclase, opening of potas-

sium channel, downregulation of calcium channel, and activation of phospholipase

C (PLC).18 The locations and functions are enumerated in Table 2.3.

FIGURE 2.3 The nicotinic acetylcholine receptor.
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TABLE 2.2 G protein classification based on the type of α subunit.

α Subunit type Functions

Gs Activation of adenylyl cyclase
Opening of calcium channel

Gi Inhibition of adenylyl cyclase
Opening of potassium channel

Go Downregulation of calcium channel

Gq Activation of phospholipase C

G13 Sodium�potassium exchange

TABLE 2.3 Location and outcome of muscarinic receptor.

Name of

receptor

Location Type of G-

protein

Affected

effectors

pathway

Physiological

outcome

M1 Nerves

gastrin

gland (GIT)

Gq Activation of

phospholipase

C

Enhances acid

secretion

M2 Heart,

nerves,

smooth

muscles

Gi Inhibition of

adenylyl

cyclase

Opening of

potassium

channel

Produces a negative

chronotropic effect,

reducing pacemaker

rate and contractility

strength, which in

turn reduce the heart

rate

M3 Glands

Smooth

muscles

Endothelium

Gq Activation of

phospholipase

C

Increases gland

secretion

Smooths muscle

contraction

Releases EDRFa

resulting

vasodilatation

M4 CNS Gi Inhibition of

adenylyl

cyclase

Inhibitory

autoreceptor for ACh

release

M5 CNS Gq Activation of

phospholipase

C

Modulates the activity

of ACh in CNS

ACh, Acetylcholine; CNS, central nervous system; GIT, gastro intestinal tract.
aEDRF5 Endothelial-derived relaxing factor.
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The signal transduction resulting in physiological outcome is controlled

by three effector pathways explained below with the reference to Fig. 2.4.

Inhibition of adenylyl cyclase

ACh or other drug ligands binding to M2 or M4 receptors inhibit the activa-

tion of the adenylyl cyclase enzyme via Gi α subunit of G protein, which

results in downregulation of phosphokinase A. This lowers the interaction of

various proteins like troponin and phospholamban with calcium, thereby

reducing the contractility of myocytes (mainly cardiac). Activation of phos-

pholipase C:ACh or other drug ligands binding to M1, M3, or M5 receptors

activate PLC via Gq α subunit of G protein. The PLC hydrolyzes membrane

phospholipid phosphatidylinositol 4,5-biphosphate (PIP2) producing inositol

1,4,5-triphosphate (IP3) and diacylglycerol (DAG). IP3 promotes mobiliza-

tion of calcium from intracellular organizer pools. DAG along with calcium

activates protein kinase C which upon phosphorylation results in enhanced

smooth muscle contraction and glandular secretion and acid secretion (gas-

tric parietal cell). Cytosolic calcium interacts with calmodulin, activating

myosin light chain kinase, which results in contraction.19

FIGURE 2.4 Signal transduction process for muscarinic receptors.
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Cholinergic agonists

Cholinergic agonists are the drugs that interact with muscarinic and nicotinic

receptors and produce effects that are similar to ACh. Muscarinic receptors

are widely distributed and exhibit the activities on heart, blood vessels,

smooth muscles, glands, and eyes, whereas nicotinic receptors help in inter-

action between the autonomic ganglia and skeletal muscles. Table 2.4 sum-

marizes some cholinergic agonists.

Anticholinesterases

Anticholinesterase acts similar to cholinoreceptor stimulants. In the classifi-

cation of anticholinesterase, all chemical agents act on different site of action

with different intensity.

Physostigmine: Physostigmine is parasympathomimetic reversible cholin-

esterase, mainly used in glaucoma.

Neostigmine: Physostigmine is parasympathomimetic reversible cholines-

terase, mainly used as myasthenia gravis.

Pyridostigmine: Pyridostigmine is parasympathomimetic reversible cho-

linesterase, mainly used as Myasthenia Gravis. It is used along with

atropine.

Edrophonium: Edrophonium is a reversible anticholinesterase inhibitor

used as a diagnostic agent in Myasthenia Gravis and postoperative

decurarization.

Tacrine: Lipophilic tacrine can cross the blood�brain barrier and has a

longer duration of action by increasing the ACh and is used for partial

symptomatic improvement in Alzheimer’s disease.

Rivastigmine and donepezil: Rivastigmine and donepezil both are acetyl-

cholinesterase inhibitors and used in Alzheimer’s disease.

The activities of various anticholinesterases are enumerated in Table 2.5.

Anticholinergic drugs

Anticholinergic agents block the effects of cholinergic agonists at autonomic

effectors via muscarinic receptors. Anticholinergic prototype like atropine

stimulates the CNS action on medullary centers like vagal, respiratory, and

vasomotor. It depresses the vestibular excitation and has antimotion sickness

property. By blocking the M2 receptors on sino atrial (SA) nodes, it causes

the tachycardia. It also causes the mydriasis as well as miosis. All smooth

muscles are relaxed by M3 receptors and decrease the lacrimation, salivation,

gastric, and tracheobronchial secretion. Body temperature increases by the

anticholinergic, and in particular, atropine has a mild anesthetic action on

cornea. The mechanism of action and effects of various anticholinergics are

summarized in Table 2.6.
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TABLE 2.4 Cholinergic agonists.

Drug Spectrum

of action

Mechanism of action Therapeutic effects Clinical applications

Acetylcholine20 Both
muscarinic
and
nicotinic

Cholinergic agonist Produces stimulation of both
sympathetic and
parasympathetic ganglia

Miosis of the iris soon after delivery
of the lens in cataract surgery, in
penetrating keratoplasty, iridectomy,
and other anterior segment surgery

Methacholine21 Muscarinic
agonist

Stimulates the parasympathetic
nervous system

A bronchoconstrictor agent,
an epitope, a cholinergic
agonist and a vasodilator
agent

Clinically it is used in asthma

Carbachol22 Both
Muscarinic
and
nicotinic

Parasympathomimetic Intraocular administration
results miosis decreasing
intraocular pressure and
increased aqueous humor
outflow

Cardiac failure, bronchial asthma,
peptic ulcer, hyperthyroidism,
gastrointestinal spasm, urinary tract
obstruction, and Parkinson’s disease

Bethanechol23 Muscarinic
(M3)

Bethanechol exerts its
parasympathomimetic effects by a
direct action on muscarinic
(cholinergic) receptors

Stimulates the PSNS by
binding to postganglionic
muscarinic receptors

Leads to increased detrusor muscle
tone to promote bladder emptying
and increased smooth muscle tone,
which restores gastrointestinal
peristalsis and motility

Muscrine24 Muscarinic
receptors

Mimicking parasympathetic nerve
activity

Activates muscarinic
receptors and drugs that
enhance cholinergic activity,
by slowing the breakdown
of acetylcholine

Toxicological use



Pilocarpine25 Muscarinic Increases secretion by the exocrine
glands, and produces contraction of
the iris sphincter muscle and ciliary
muscle (when given topically to the
eyes) by mainly stimulating
muscarinic receptors

Increases secretion by the
exocrine glands

Used in the eye to treat elevated
intraocular pressure, various types of
glaucoma, and to induce miosis

Arecholine26 Both
muscarinic
and
nicotinic

Stimulates muscarinic receptor Used in the form of various
salts as a ganglionic
stimulant, a
parasympathomimetic, and a
vermifuge

Used as a euphoriant



TABLE 2.5 Activities of various anticholinesterases.

Drug Spectrum of

action

Mechanism of action Therapeutic effects Clinical applications

Physostigmine27 Both nicotinic
and
muscarinic
receptors

Inhibits acetylcholinesterase, the
enzyme responsible for the
breakdown of used acetylcholine.

Increase in availability of
acetylcholine at the synapse

Applied topically to the
conjunctiva and the treatment of
severe anticholinergic toxicity.

Neostigmine28 Both nicotinic
and
muscarinic
receptors

Inhibits acetylcholinesterase, the
enzyme responsible for the
breakdown of used acetylcholine.

Increase in availability of
acetylcholine at the synapse

Treatment of myasthenia gravis
and to reverse the effects of
muscle relaxants.

Pyridostigmine29 Both nicotinic
and
muscarinic
receptors

Reversible acetylcholinesterase
inhibitor.

Increase in availability of
acetylcholine at the synapse

Used for symptomatic treatment
of myasthenia gravis and
congenital myasthenic
syndromes and to reverse
neuromuscular blockade by
nondepolarizing muscle
relaxants.

Edrophonium30 Both nicotinic
and
muscarinic
receptors

Inhibits the action of the enzyme
acetylcholinesterase.

A rapid-onset, short-acting
cholinesterase inhibitor used
in cardiac arrhythmias and in
the diagnosis of myasthenia
gravis

Used to diagnose and evaluate
myasthenia gravis.

Rivastigmine31 Increasing the concentration of
acetylcholine through reversible
inhibition of its hydrolysis by
cholinesterase.

Increase in availability of
acetylcholine at the synapse

Can treat mild to moderate
dementia in Alzheimer’s and
Parkinson’s.



Donepezil32 Selectively and reversibly inhibits
the acetylcholinesterase enzyme.

Donepezil improves the
cognitive and behavioral
signs and symptoms of
Alzheimer’s disease

Used to treat the behavioral and
cognitive effects of Alzheimer’s
disease and other types of
dementia.

Galantamine33 Nicotinic
acetylcholine
receptors

Reversible, competitive inhibitor of
the acetylcholinesterase by binding
to the choline-binding site and acyl-
binding pocket of the enzyme active
site.

Enhances ACh levels in the
synaptic cleft

Used to manage mild to
moderate dementia associated
with Alzheimer’s disease.

Tacrine34 Reversibly binds with and
inactivates cholinesterases.

Muscle relaxants, as a
respiratory stimulant, and in
the treatment of Alzheimer’s
disease and other CNS
disorders

Used for the management of
Alzheimer’s disease symptoms.

Dyflos35 Irreversible inhibition of
cholinesterase.

Powerful miotic Used mainly in the treatment of
glaucoma.

Echothiophate36 Long-acting cholinesterase inhibitor
which enhances the effect of
endogenously liberated
acetylcholine in iris, ciliary muscle,
and other parasympathetically
innervated structures of the eye.

It depresses both plasma and
erythrocyte cholinesterase
levels in most patients after a
few weeks of eye drop
therapy

Used as a miotic in the
treatment of glaucoma.

Malathion37 Nonsystemic, wide-spectrum
organophosphate insecticide. It
inhibits acetylcholinesterase activity
of most eukaryotes.

Potent neurotoxins, causing
muscle spasms and
ultimately death

Used to control mosquitos and
other flying insects.
Pharmaceutically, malathion is
used to eliminate head lice.

ACh, Acetylcholine. CNS, Central nervous system.



TABLE 2.6 Anticholinergic drugs.

Drug Spectrum of

action

Mechanism of action Therapeutic effects Clinical applications

Atropine38 Muscarinic
antagonist

Atropine binds to and inhibits
muscarinic acetylcholine
receptors, producing a wide
range of anticholinergic effects

Atropine in clinical doses
counteracts the peripheral
dilatation and abrupt decrease
in blood pressure produced by
choline esters

Excitatory CNS effects, potent
on heart, bronchial muscles,
and intestines

Homatropine39 Muscarinic
receptor
antagonist

Blocking muscarinic receptors
and cholinergic signaling
pathways.

Blocks the response of the iris
sphincter muscle and causes
the pupil to become
unresponsive to light upon
dilation or mydriasis

Used to dilate the pupil, treat
inflammation of the uveal
tract, and suppress a cough

Ipratropium
bromide40

Anticholinergic Inhibition of the
parasympathetic nervous system
in the airways and hence,
inhibit their function

Generates bronchial secretions
and constriction

Used in the control of
symptoms related to
bronchospasm in COPD

Tiotropium
bromide41

Antimuscarinic Antagonist of muscarinic
receptors M1 to M5

Inhibition of the M3 receptor in
the smooth muscle of the lungs
leads to relaxation of smooth
muscle and bronchodilation

Used in the management of
COPD

Cyclopentolate42 Anticholinergic Blocks the muscarinic receptors Produces dilatation of the pupil
(mydriasis) and prevents the eye
from accommodating for near
vision (cycloplegia)

Used to cause mydriasis and
cycloplegia for diagnostic
testing



Tropicamide43 Muscarinic
receptor
antagonist

Nonselective muscarinic
antagonist that binds to all
subtypes of muscarinic receptors

Relaxes the pupillary sphincter
muscle and causes pupil
dilation; By blocking the
muscarinic receptors of the
ciliary body, tropicamide also
prevents accommodation

Used to induce mydriasis and
cycloplegia for diagnostic
procedures

Propantheline44 Antimuscarinic (1) A specific anticholinergic
effect (antimuscarinic) at the
acetylcholine-receptor sites, and
(2) A direct effect upon smooth
muscle (musculotropic)

A muscarinic antagonist used as
an antispasmodic, in rhinitis, in
urinary incontinence, and in the
treatment of ulcers

Used to treat urinary
incontinence, hyperhidrosis, as
well as cramps and spasms of
the stomach, intestines, and
bladder

Oxiphenonium45 Anticholinergic Action is achieved via a dual
mechanism: (1) a specific
anticholinergic effect
(antimuscarinic) at the
acetylcholine-receptor sites and
(2) a direct effect upon smooth
muscle (musculotropic)

Has a direct relaxing effect on
smooth muscle. Used to treat or
prevent spasm in the muscles of
the gastrointestinal tract in the
irritable bowel syndrome

Treatment of gastric and
duodenal ulcer, and to relieve
visceral spasms, eye drops for
mydriatic effect

Clidinium46 Anticholinergic Inhibits muscarinic actions of
acetylcholine at postganglionic
parasympathetic neuroeffector
sites primarily by inhibiting the
M1 muscarinic receptors

Has a pronounced
antispasmodic and antisecretory
effect on the gastrointestinal
tract

Used to treat peptic ulcer
disease, colicky abdominal
pain, diverticulitis, and IBS

Pipenzolate
methyl bromide47

Antimuscarinic
agent

Inhibiting muscarinic
(cholinergic) receptors on
smooth muscles and prevents
the effect of acetylcholine

Gastrointestinal motility
disorders and arrhythmia

Relaxation of smooth muscles
of the gastrointestinal tract and
genitourinary tract and reduces
the painful spasm and cramp

(Continued )



TABLE 2.6 (Continued)

Drug Spectrum of

action

Mechanism of action Therapeutic effects Clinical applications

Isopropamide48 Anticholinergic Inhibit parasympathetic nerve
impulses by selectively blocking
the binding of the
neurotransmitter acetylcholine
to its receptor in nerve cells

Relieves symptoms of spastic
and painful symptoms of
gastrointestinal conditions and
symptoms of flu, colds, and
related conditions

Used in the treatment of peptic
ulcer and other gastrointestinal
disorders marked by
hyperacidity and hypermotility

Dicyclomine49 Antimuscarinic
agent

Direct antimuscarinic activity of
the M1, M3, and M2 receptors;
and partially through
antagonism of bradykinin and
histamine; noncompetitively
inhibits the action of bradykinin
and histamine

Direct action on the smooth
muscle, and decreased strength
of contractions seen in spasms
of the ileum

Used to treat IBS

Valethamate50 Anticholinergic Symptomatically manages
conditions involving smooth
muscle spasms

Usually used to manage the
conditions involving spastic
constipation, dysmenorrhea,
and gastrointestinal tract
cramping

Pirenzepine51 Antimuscarinic
agent

Muscarinic receptor antagonist
and binds to the muscarinic
acetylcholine receptor. The
muscarinic acetylcholine receptor
mediates various cellular
responses, including inhibition of
adenylate cyclase, breakdown of
phosphoinositides and modulation
of potassium channels through the
action of G proteins

Relieves cramps or spasms of
the stomach, intestines, and
bladder.

Used to treat peptic ulcers,
gastric ulcers, and duodenal
ulcers



Oxybutynin52 Antimuscarinic
agent

Inhibiting the muscarinic action
of acetylcholine on smooth
muscle, and not skeletal muscle.
Competitively inhibits the
postganglionic type 1, 2, and 3
muscarinic receptors.

Reduces detrusor muscle
activity, relaxing the bladder
and preventing the urge to void

Used to treat the symptoms of
overactive bladder

Flavoxate53 Muscarinic
antagonist

Direct antagonist at muscarinic
acetylcholine receptors in
cholinergically innervated
organs

Symptomatic relief of
conditions associated with lack
of muscle control in the bladder

Used in various urinary
syndromes and as an
antispasmodic

Tolterodine54 Muscarinic
receptor
antagonist

Competitive antagonists at
muscarinic receptors

Tolterodine acts on M2 and M3
subtypes of muscarinic
receptors

Used to treat overactive
bladder with urinary
incontinence, urgency, and
frequency

Trihexyphenidyl55 Muscarinic
antagonist

Nonselective muscarinic
acetylcholine-receptor
antagonist, but binds with
higher affinity to the M1 subtype

Drug-induced extrapyramidal
symptoms

Used as an adjunct drug in the
management of parkinsonism
and as a treatment for
extrapyramidal symptoms
caused by drugs affecting the
CNS

Procyclidine56 Muscarinic
antagonist

Acts by blocking central
cholinergic receptors

Used to treat symptomatic
Parkinsonism and
extrapyramidal dysfunction
caused by antipsychotic agents

Used to treat parkinsonism of
various types and in the
treatment of extrapyramidal
symptoms

Biperiden57 Muscarinic
receptor
antagonist

Competitive antagonism of
acetylcholine at cholinergic
receptors in the corpus striatum,
which then restores the balance

Antisecretory, antispasmodic,
and mydriatic effects

Used to treat Parkinsonism and
control extrapyramidal side
effects of neuroleptic drugs

CNS, Central nervous system; COPD, chronic obstructive pulmonary disease; IBS, inflammatory bowel syndrome.



Conclusion

This chapter presents an overview of some chemical agents or drugs that act on a

specific receptor and regulate the normal physiological and biochemical balance,

which in turn regulates the autonomic system of the body and maintains the bal-

ance with CNS and other biochemical pathways. Some scientific studies have

already proved that neurotransmitters play a vital role in cardiovascular, smooth

muscles, glands, CNS, blood vessels, and ganglia. Sometimes neurotransmitter-

blocking agents also exhibit vital pharmacological effects, and the enzyme that

converts the neurotransmitter into an inactive form also has pharmacological

effects.
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Background

The pharmacologic effects of adrenergic medications are comparable to

those that occur in the organism when the adrenergic nerves and the medulla

are stimulated. The heart, blood vessels, and smooth muscles, such as the

bronchi, are the principal targets of these medications. Understanding these

medications and how they act in the body requires a fundamental under-

standing of the neurological system.1

The Nervous System

The nervous system is a complicated element of the human body responsible

for the regulation and coordination of bodily functions such as movement,

food processing, sleep, and waste evacuation. The central nervous system

(CNS) and the peripheral nervous system (PNS) are the two primary divi-

sions of the nervous system. The divisions of the nervous system are

depicted in Fig. 3.1. The CNS receives, integrates, and interprets nerve

impulses and is made up of the brain and spinal cord.

All nerves outside the brain and spinal cord are referred to as the PNS.

The PNS connects the CNS to all regions of the body.

Peripheral Nervous System

The somatic nervous system and the autonomic nervous system are two sub-

systems of the PNS. Sensation and voluntary movement are dealt with by the
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somatic branch of the PNS. The sensory portion of the somatic nervous sys-

tem transmits messages to the brain about the internal and external surround-

ings, such as heat, pain, cold, and pressure feelings. Walking, chewing food,

and writing a letter are all voluntary movements of skeletal muscles that the

voluntary component of the somatic nervous system is involved with.

Adrenergic Drugs

Adrenergic (or “Noradrenergic”) transmission is limited to the sympathetic

division of the autonomic nervous system. As shown in Fig. 3.2, there are

three endogenous catecholamines (CAs) that are closely linked.

Adrenaline is secreted by adrenal medulla and may have a transmitter

role in the brain.

Noradrenaline is secreted mainly at nerve endings of sympathetic nerves

and acts as transmitter at postganglionic sympathetic sites (except sweat glands,

hair follicles, and some vasodilator fibers) and in certain areas of brain.

Dopamine is a major transmitter in basal ganglia, limbic system, CTZ,

anterior pituitary, etc. and in a limited manner in the periphery.

Adrenergic medications imitate sympathetic nervous system activity.

These medications are also known as sympathomimetic medicines.

Neurohormones—epinephrine and norepinephrine (NE)—are created

Brain

Spinal Cord

Somatic Nervous
System

Autonomic Nervous
System

Peripheral Nervous SystemCentral Nervous System

Nervous System

Sympathe�c Parasympathe�c

FIGURE 3.1 Divisions of the nervous system.

Adrenaline is secreted by adrenal medulla and may have a transmitter role in 

the brain.
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Noradrenaline is secreted mainly at nerve endings of

sympathetic nerves and acts as transmitter at postganglionic

sympathetic sites (except sweat glands, hair follicles and

some vasodilator fibers) and in certain areas of brain.

Dopamine is a major transmitter in basal ganglia, limbic system, CTZ, anterior

pituitary, etc. and in a limited manner in the periphery.

FIGURE 3.2 Chemical structure and function of different endogenous catecholamines.
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naturally by the body. In medicine, synthetic formulations of these two neu-

rohormones, which are identical to those produced naturally by the body, are

employed. Synthetic adrenergic medications include metaraminol (Aramine),

isoproterenol (Isuprel), and ephedrine, among others.

Pharmacological Actions

Adrenergic medications, in general, cause one or more of the following reac-

tions in varied degrees (Fig. 3.3).

Adrenergic Nerve Receptors

α or β receptors can be found on adrenergic nerve fibers. Adrenergic medica-

tions can target only α receptors, or only β receptors, or both α receptors and

β receptors. For example, phenylephrine (neo-synephrine), isoproterenol, and

epinephrine primarily act on receptors. The variance in responses for this

group of medicines is due to whether an adrenergic agent works on α or β or

both receptors. Table 3.1 shows several types of adrenergic nerve fiber recep-

tors that correlate to each autonomic nervous system effect on the body.

α- and β-adrenergic receptors can further be divided into α1- and α2-

adrenergic receptors and β1- and β2-adrenergic receptors (β1ARs and β2ARs).
The consequences on the organism when these receptors are stimulated are

shown in Table 3.1.

Overall receptors can be distinguished into four types of superfamilies:

� Type 1—Ionotropic or ligand-gated ion channels

� Type 2—Metabotropic receptors or G protein�coupled receptors (GPCRs)

or 7-transmembrane (7-TM, serpentine or hepta-helical) receptors

� Type 3—Kinase-linked and related receptors

� Type 4—Nuclear receptors

Adrenoreceptors are part of Type 2 GPCRs. The GCPRs are the most

commonly targeted receptors by numerous therapeutic medicines, and they

represent the largest receptor family. Besides adrenoreceptors, it includes

CNS—wakefulness, quick 
reaction to stimuli, quickened 

reflexes

PNS—relaxation of the smooth 
muscles of the bronchi; constriction of 

blood vessels, sphincters of the 
stomach; dilatation of coronary blood 
vessels; decrease in gastric motility

Heart—increase in the heart rate
Metabolism—increased use of 

glucose (sugar) and liberation of 
fatty acids from adipose tissue

Adrenergic 
Drugs

FIGURE 3.3 Major pharmacological activities elucidated by adrenergic drugs.
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TABLE 3.1 Shows the list of type of adrenergic receptors and their

corresponding pharmacological action on human body.

Types of

Adrenergic

receptor

Organ and its

structures

involved

Sympathetic effects Parasympathetic

effects

β Heart � Increase in heart
rate

� decrease in muscle
contractility

� increase in speed of
atrioventricular
conduction

� Decrease in
heart rate

� Increase heart
muscle
contractility

α
Cholinergic, β

Blood Vessels
1. Skin, mucous

membranes
2. Skeletal

muscles

� Constriction
� Usually, dilatation

β Bronchial
muscles

Relaxation Contraction

β
α

Gastrointestinal
1. Muscle

motility
2. Sphincters
3. Gallbladder

� Tone decrease
� Contraction
� Relaxation

� Tone increase
� Relaxation
� Contraction

β
α

Urinary bladder
1. Detrusor

muscle
2. Trigone,

sphincter
muscles

� Relaxation
� Contraction

� Contraction
� Relaxation

α Eye
1. Radial

muscle of iris
2. Sphincter

muscle of iris
3. Ciliary

muscle

� Contraction
(pupil dilates)

� Contraction
(pupil
constricts)

� Contraction

Cholinergic
α

Skin
1. Sweat glands
2. Pilomotor

muscles

� Increased activity in
localized area

� Contraction
(gooseflesh)

β Uterus � Relaxation

α Salivary glands � Thickened
secretions

� Copious, watery
secretions

(Continued )
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dopamine receptors, muscarinic AchRs, 5-HT Serotonin receptors, and many

others including receptors for peptides and purines, chemoreceptors related

to olfaction, and pheromone sensing.

Molecular structure of G protein�coupled receptor

Several hurdles to understanding the intricacies of structure and function of

GCPR have been overcome thanks to improvements in GPCR crystallogra-

phy, protein engineering, and technological innovations, resulting in

improved insights into the molecular biology of GPCR.2

Seven transmembrane helices, an extracellular N-terminal region of

varied length, and an intracellular C-terminal domain make up the struc-

tural characteristic structure. The framework is made up of a single

polypeptide chain of 350�400 amino acid residues on average, but up to

1100 in exceptional cases. GPCRs are classified into six classes based on

the length of the extracellular N-terminus and the location of the agonist

binding domain: Class A—rhodopsin-like receptors, Class B—secretin

family, Class C—metabotropic glutamate receptors, Class D—fungal

mating pheromone receptors, Class E—cAMP receptors, and Class

F—frizzled (FZD) and smoothened (SMO) receptors.3 Due to their

centrality in illnesses, structural availability, and relative ease of accessi-

bility, Class A GPCRs are the most intensively explored GPCR drug

targets in the field of pharmacology.

Adrenergic medicines, such as noradrenaline, work by binding to a cleft

in the membrane between the helical segments of the class A receptor.

G-proteins

G-protein is a membrane protein that is made up of three subunits (α, β, and
γ). The α GTPase activity of the component catalyzes the conversion of GTP

TABLE 3.1 (Continued)

Types of

Adrenergic

receptor

Organ and its

structures

involved

Sympathetic effects Parasympathetic

effects

β Liver � Glycogenolysis

α Male
reproductive
organs

� Emission � Erection
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to GDP. The β and γ subunits are still complexes of β�γ. Prenylation, a pro-

cess between the fatty acid chain and the G-protein, holds the γ subunit

together. These membrane-bound proteins respond to GPCR activation by

relaying the message inside the cell to the effector systems that trigger a physi-

ological response. The transmembrane domain is responsible for signal trans-

mission across cell membranes via three external and three intracellular loops.4

Signal transmission appears to be dependent on the rearrangement of

transmembrane helices, particularly TM helices 5�7. The conformational

change occurs mostly on the intracellular side, but significant alterations also

occur in the extracellular and ligand-binding pockets, which are linked to the

intracellular helical conformational change.5

The G-protein exists as an α�β�γ trimer in the “resting” state, with

GDP occupying the spot on the α subunit. The confirmational modifications

(described above) open a hole on the intracellular side of the receptor onto

which the G-protein can bind when the receptor is triggered by an agonist,

resulting in a high-affinity connection between α�β�γ and the receptor.

This agonist-induced interaction of α�β�γ with the receptor occurs in

about 50Ms, causing the bound GDP to dissociate and be replaced with GTP

(GDP�GTP exchange), which causes dissociation of the G-protein trimer,

releasing α-GTP from the β�γ subunits; these are the “active” forms of G-

protein, which diffuse in the membrane and can associate with various

enzymes and ion channels, causing target activation. Depending on whether

G-protein is involved, association of α or β�γ subunits with target enzymes

or channels can result in either activation or inhibition.

Because a single agonist�receptor complex can activate numerous G-

protein molecules at once, each of them can remain connected with its effector

enzyme for long enough to create many molecules of the product, amplifica-

tion occurs. Before the final cellular response is created, the product is com-

monly referred to as a “second messenger,” and it undergoes further

amplification. When the α subunit’s natural GTPase activity causes GTP to be

hydrolyzed to GDP, signaling is halted. The resultant α-GDP then dissociates

from the effector and reunites with β�γ, bringing the cycle to a close.6�9

Difference between α and β receptors

α β

Agonist’s potency Adr$NA. Iso Iso.Adr.NA

Antagonist Phenoxybenzamine Propranolol

Effector pathway IP3/DAG m, cAMPk, K channel m cAMPk, Ca21 channel m

Coupling protein Gq/Gi/G0 Gs
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The most recent advancements in adrenergic medication mechanism

of action.

Drug-related memory reconsolidation in abstinent heroin addicts:
effects of β2-adrenergic receptor inhibition10

Reconsolidation is the process of reactivating a consolidated memory and

returning it to a labile state. A recent study found that giving humans the

β2AR antagonist propranolol before memory reactivation eliminated the fear

memory’s behavioral expression 24 h later. In this study, we looked into

whether propranolol affects drug-related memory in heroin users by altering

the reconsolidation process. On day1, 70 abstinent heroin users learned a

word list (which included 10 positive, 10 negative, and 10 neutral terms con-

nected to heroin).

Before retrieval of the word list on day 2, participants were given pro-

pranolol, a β2AR antagonist, or a placebo. On day 3, the free recall of the

word list and other psychological and physical responses were tested. In

abstinent heroin users, oral administration of propranolol prior to reactivation

of the word list hampered reconsolidation of drug-related positive and nega-

tive but not neutral terms, and these deficits were dependent on reactivation

of the word list. This research backs up previous findings that a β2AR antag-

onist alters the drug-induced memory reconsolidation process. Our findings

may have substantial implications for the understanding and treatment of

abstinent heroin addicts’ persisting and aberrant drug-related memories.

The role of the β2-adrenergic receptor on endothelial progenitor cells
dysfunction of proliferation and migration in chronic obstructive pulmo-
nary disease patients11

In individuals with moderate-to-severe chronic obstructive pulmonary

disease (COPD), cardiovascular disease is the major cause of morbidity

and mortality, with more than 44% of these patients having widespread ath-

erosclerosis at autopsy. Endothelial progenitor cells (EPCs) are thought

to have a role in the repair of damaged endothelium, hence preventing

atherosclerosis.

EPCs are thought to have a role in the repair of damaged endothelium,

hence preventing atherosclerosis. T-cell traffic and proliferation are regulated

by the β2AR, which is found on mononuclear cells in peripheral blood and

CD34(1) cells in bone. There have been few systematic studies examining

β2AR expression on EPCs in COPD patients’ peripheral blood and its

involvement in EPC migration and proliferation. As a result, the goal of this

study was to investigate the involvement of β2ARs in EPC function, as well

as whether or not this role is altered in COPD patients.

Ficoll density-gradient centrifugation was used to isolate EPCs from 25

COPD and 16 control patients, and fluorescence-activated cell sorting was

used to identify them. Western blotting and real-time PCR were used to

determine the expression of β2AR on EPCs.
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The migratory potential of EPCs treated with a β2AR agonist, antagonist,

or β2AR monoclonal antibody was determined using the transwell migration

assay. Throughout the cell cycle, the proliferation of EPCs was monitored.

Fluorescence microscopy was used to count the number of EPCs treated with

siRNA-β2AR that integrated at the wounded vascular location after arterial

injury in NOD/SCID mice. In COPD patients, data revealed a considerable

rise in the total number of β2ARs as well as enhanced expression on early

EPCs. When compared to treatment with the β2AR agonist, NE, COPD EPCs

treated with the β2AR antagonist (ICI 118551) enhanced migration to SDF-1.

These modifications were linked to an increase in CXCR4 on EPCs.

Early EPC proliferation was improved after treatment with a β2AR antago-

nist, which was linked to a reduction in intercellular reactive oxygen species

(ROS). Changes in β2AR in COPD patients affect EPC migration and prolif-

eration, resulting in a reduction in EPC repair capability in this patient

group.

α1-adrenergic drugs affect the development and expression of ethanol-
induced behavioral sensitization12

According to the incentive sensitization theory, drug-induced sensitiza-

tion in the brain’s meso-cortico-limbic circuits is the primary cause of addic-

tion. Psychomotor sensitization occurs in some animals after repeated

ethanol treatment, and it happens at the same time as incentive sensitization.

Recent research reveals that NE is involved in substance addiction and that it

plays a key part in the ethanol reinforcing characteristics.

The effects of an agonist (phenylephrine) and an antagonist (prazosin) of

α1-adrenergic receptors on the development and manifestation of behavioral

sensitization to ethanol were investigated in this study. Male Swiss mice that

had previously been given ethanol or saline were given a combination of eth-

anol (or saline) and α1-adrenergic medications. The treatment of prazosin

(0.1, 0.5, and 1.0 mg/kg) and phenylephrine (1.0 and 2.0 mg/kg) prevented

the manifestation of behavioral sensitization to ethanol. In a separate series

of tests, mice given 0.5 mg/kg prazosin plus ethanol did not acquire behav-

ioral sensitization. When confronted with ethanol alone, however, they dis-

played the same levels of sensitized locomotor activity as mice previously

treated with ethanol and saline. Treatment with phenylephrine (1.0 mg/kg)

had no effect on the development of behavioral sensitization. Based on these

findings, we concluded that altering the function of α1-adrenergic receptors

by administering agonists or antagonists affected locomotor sensitization to

the stimulant effect of ethanol, implying that the noradrenergic system’s nor-

mal functioning is critical for its development and expression.

Agonist activation of the β1-adrenergic receptor in vivo, compound 49b
restores insulin receptor signaling13

The purpose of this study was to determine whether therapy with com-

pound 49b reduces retinal alterations caused by a lack of 2-adrenergic recep-

tor activation.
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The researchers tested the effects of adrenergic agonists acting solely on

β1-adrenergic receptors due to the absence of β2ARs using retinas from 3-

month-old 2-adrenergic receptor�deficient mice treated with our novel β1-/
β2AR agonist, compound 49b.

In the process, β1-adrenergic receptor and β2ARs, as well as critical

insulin-resistant proteins such as TNF-α, SOCS3, IRS-1Ser307, and

IRTyr960, were analyzed using Western blotting or enzyme-linked immuno-

sorbent assay. Key anti- and proapoptotic proteins such as Akt, Bcl-xL, Bax,

and caspase 3 were also studied. Functional alterations were assessed using

electroretinograms, whereas changes in retinal thickness were assessed using

histological methods.

The β2AR-deficient mice was treated for two months with eye drops of

1 mM compound 49b, which is a novel β1-adrenergic receptor and β2AR
agonist, reversed insulin-resistant markers (TNF-α and SOCS3) and

increased morphological integrity (retinal thickness) and functional responses

(electroretinogram amplitude). These findings imply that activating β1AR on

retinal endothelial cells or Müller cells can compensate for the loss of β2AR
signaling on Müller cells, restore insulin signaling, decrease retinal apopto-

sis, and improve retinal function.

Since, the authors found in their previous studies with β1AR knockout

mice which showed that the opposite can also happen (i.e., stimulation of the

β2AR can compensate for the loss of Î21-adrenergic receptor activity), so

they assumed that increased activity in either of these pathways is enough to

prevent insulin resistance�induced retinal cell apoptosis.

In an animal model of attention deficit hyperactivity disorder, stimula-
tion of the postsynapse adrenergic α2A receptor enhances attention and
cognition.14

The spontaneously hypertensive rat (SHR) pups were employed as an ani-

mal model of attention deficit hyperactivity disorder (ADHD) in a 5-trial

inhibitory avoidance test. However, in this model, the involvement of norad-

renergic systems, which are important in the pathophysiology of ADHD,

have not been examined. The effects of adrenergic α2 receptor stimulation,

which has been shown to be an effective treatment for ADHD, on attention

and cognition performance in this model were studied. In addition, neural

pathways mediated by adrenergic α2 receptors were studied. Using a 5-trial

inhibitory avoidance test with SHR pups, we assessed the effects of both clo-

nidine, a nonselective adrenergic α2 receptor agonist, and guanfacine, a

selective adrenergic α2A receptor agonist. When compared to juvenile Wistar

Kyoto (WKY) rats, SHR rats had a lower transfer delay. Clonidine and guan-

facine both dramatically increased the delay of SHR transfer in juveniles.

Pretreatment with an adrenergic α2A receptor antagonist dramatically

reduced the effects of clonidine and guanfacine. Pretreatment with an adren-

ergic α2B receptor antagonist or an adrenergic α2C receptor antagonist did

not reduce the efficacy of clonidine, but it did reduce the effect of a
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nonselective adrenergic α2 receptor antagonist. Pretreatment with a selective

noradrenergic neurotoxin did not prevent the effects of either clonidine or

guanfacine. These findings imply that stimulating the adrenergic α2A recep-

tor improves the attention/cognition performance of juvenile SHR in the 5-

trial inhibitory avoidance test and that this effect is mediated by the postsyn-

aptic, not the presynaptic, adrenergic α2A receptor.

In a mouse model of Down syndrome, formoterol, a long-acting 2-
adrenergic agonist, enhances cognitive function and promotes dendritic
complexity.15

Down syndrome is linked to a considerable decline in cognitive ability.

In the Ts65Dn mouse model of Down syndrome, we previously discovered

age-dependent degeneration of the locus coeruleus, a key actor in contextual

learning. They wanted to see if medications that are already approved for

human use may help these mice improve their cognitive performance.

Targeting β2ARs appears to be an efficient technique for restoring synaptic

plasticity and cognitive function in these animals, according to their findings.

Formoterol or similar β2AR agonists with the ability to cross the blood-

�brain barrier may be attractive candidates for clinical trials to improve cog-

nitive function in individuals with Down syndrome, given their widespread

use in humans and positive effects on cognition in Ts65Dn mice.

Diadenosine tetraphosphate improves adrenergic anti-glaucomatous
drug delivery and efficiency16

The ability of the dinucleotide P(1), P(4)-Di (adenosine-50) tetraphosphate
(Ap4A) to improve adrenergic anti-glaucomatous delivery by changing cor-

neal epithelial tight junction proteins was investigated. TJ protein levels and

barrier function were determined using Western blotting and transepithelial

electrical resistance (TEER), respectively, after stratified human corneal epi-

thelial cells (HCLE) were treated with Ap4A (100 M) for 5 minutes.

When compared to nontreated (control) cells, Western blot studies revealed

a considerable drop in ZO-1 and occludin protein levels after 2 h (45% reduc-

tion of ZO-1 and 65% reduction of occludin protein levels). TEER values

were dramatically lowered [65% as compared to control levels (P .001)] 2 h

after Ap4A therapy, demonstrating an increase in ocular barrier permeability.

Topical application of Ap4A to New Zealand White rabbits 2 h before

instillation of hypotensor compounds (brimonidine, an α2-adrenergic receptor

agonist, and timolol, a β-adrenergic receptor antagonist) improved the deliv-

ery of these compounds to the anterior chamber as well as their hypotensive

effect on intraocular pressure. When Ap4A was administered topically 2 h

before the adrenergic drugs, the concentration of brimonidine in the aqueous

humor increased from 64.3 5.3 to 240.6 8.6 nM, and in the case of timolol, it

rose from 58.9 9.2 to 183.7 6.8 nM, resulting in a more dramatic impact on

IOP. As a result of increased corneal epithelial barrier permeability, Ap4A

therapy improves the entry of adrenergic anti-glaucomatous chemicals into

the eye, resulting in greater therapeutic efficiency.
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α1B-Adrenergic Receptors Differentially Associate with Rab Proteins
during Homologous and Heterologous Desensitization17

Agonists or other stimuli can cause the internalization of GPCRs. Within

seconds of cell stimulation, the process begins and adds to receptor desensiti-

zation. Endocytosis, vesicular trafficking, and endosomal fusion are all con-

trolled by the Rab GTPase family. The varied distribution of their members

on the surface diverse organelles is one of their noteworthy traits. Rab 5 reg-

ulates traffic from the plasma membrane to early endosomes in the endocytic

pathway, whereas Rab 4 and Rab 11 control rapid and slow recycling from

early endosomes to the plasma membrane, respectively. Rab 7 and Rab 9

also control traffic between late endosomes and lysosomes, as well as recy-

cling to the trans-Golgi. We investigate whether different Rab proteins are

involved in α1B-adrenergic receptor internalization triggered by agonists

(homologous) and unrelated stimuli (heterologous). Using cells coexpressing

α1B-adrenergic receptors labeled with the red fluorescent protein, DsRed,

and various Rab proteins tagged with the green fluorescent protein, fluores-

cence resonance energy transfer (FRET) was used to investigate this

potential.

When α1B-adrenergic receptors were triggered with noradrenaline, it was

shown that the receptors interacted with proteins found in early endosomes,

such as antigen 1, Rab 5, Rab 4, and Rab 11, but not with late endosome

markers, such as Rab 9 and Rab 7.

Sphingosine 1-phosphate stimulation, on the other hand, generated a brief

and transient α1B-adrenergic receptor connection with Rab 5 and a more sig-

nificant and continuous interaction with Rab 9; interaction was also detected

with Rab 7.

Furthermore, the Rab proteins’ GTPase activity appears to be necessary,

as no FRET was seen when dominant-negative Rab mutants were used.

These findings suggest that depending on the type of desensitization, α1B-

adrenergic receptors are directed to distinct endocytic vesicles (homologous

vs heterologous).

Molecular Docking and Drug Discovery in β-Adrenergic Receptors18

Improved molecular simulations with critical applications in virtual

high-throughput screening and drug discovery have resulted from advance-

ments in computer engineering, increased data availability, and the devel-

opment of novel and rapid docking techniques and software. Furthermore,

molecular docking study of protein�ligand recognition has become an

important tool in drug development. The application of molecular docking

to a specific family of GPCRs, the β-adrenergic receptors, is the topic of

this paper. These receptors are important targets in the clinic for the treat-

ment of asthma and cardiovascular illnesses. We describe the binding site

in β-adrenergic receptors to better understand important aspects of ligand

recognition and protein activation. Furthermore, we concentrate on the

identification of novel lead compounds that bind receptors, the evaluation
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of virtual screening utilizing active/inactive binding site states, and the

structural optimization of known binder families to improve β-adrenergic
affinity. We also talked about the advantages and disadvantages of using

molecular docking in β-adrenergic receptors. Molecular docking is a useful

technique in computational chemistry for analyzing ligand recognition in

depth, and it has led to significant advances in the field of β-adrenergic
receptor drug discovery and design.

The axis of β2-adrenergic receptor-ROS signaling: An underappreci-
ated aspect of β2AR function?19

Clinically, β2AR agonists are used to elicit rapid bronchodilation for the

treatment of bronchospasms in pulmonary diseases like asthma and COPD,

which both have high levels of ROS due to overexpression of ROS-

generating enzymes and chronically heightened inflammation.

Interestingly, despite the fact that β2AR has long been connected to ROS,

the role of ROS in β2AR function has not been examined as thoroughly as

other aspects of β2AR signaling. The existing body of evidence tying β2AR
activation to intracellular ROS formation, as well as the role of ROS in regu-

lating β2AR function, is discussed in this chapter. The reciprocal interaction

between the β2AR and ROS appears to give this receptor with the potential

to self-regulate signaling efficacy and ligand binding, revealing a redox-axis

that may be negatively altered in disease progression and therapeutic treat-

ment responses.

Recent advancements in the discovery of agonists for the β2-adrenergic
receptor20

GPCRs mediate the bulk of cellular responses to external stimuli, and the

β2AR is one of them. Because the agonists can relax smooth muscle, numer-

ous β2AR agonists have been created specifically for the treatment of pulmo-

nary illnesses such as asthma and chronic obstructive lung disease (COPD).

Over the last 5 years, many new natural and synthetic substances have been

discovered and produced as novel β2AR agonists. For the treatment of

asthma and COPD, β2AR agonists have been extensively developed. Novel

agonists have been created extensively in the last 5 years, using both natural

and synthetic approaches. Compounds that function as both a muscarinic

receptor antagonist and a β2AR agonist are a new trend in this field since

they may be able to act in a synergistic manner, relieving patients’ symptoms

through two different pathways.

The significance of β2-adrenergic receptors in chronic obstructive pul-
monary disease is critical21

β2ARs play a key role in the etiology and therapy of COPD. Progress has

been made in the study of β2ARs in recent years. Here, we cover the funda-

mentals of β2ARs, associated pathways, and the use of β2ARs blockers/ago-
nists, as well as β2ARs auto-antibodies in COPD. Drugs that target the

β2ARs are fast being developed, and we expect them to ameliorate COPD

patients’ symptoms and prognosis in the future.
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Conclusion

The discovery of newer adrenergic receptors using molecular tools and

employment of OMICS study has ushered a new chapter in the management

of different classes of diseases. This chapter has brought to light newer

advancements in this field.
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Introduction to inflammation and its role

The term “inflammation” has been derived from a Latin term inflammare (to

burn) (de oliveira). It is a highly dynamic process of body, which is specified as

the first line defence response of our immunological system. Inflammation is a

commutable response that is incited by external stimuli and conditions, such as

infection and tissue damage.1,2 Several advancements have been made in identi-

fying the cellular and molecular occasions that worried inside the extreme

inflammation reaction during the course of any kind of tissue injury, infection

and cardiac infraction. Inflammation process is one of the predominant inten-

sively investigated regions of experimental medicine. Starting with Adami at

McGill University,1 medical textbooks focused on the main part of inflamma-

tion, and today, many textbooks and colloquium proceedings are fully dedicated

to this topic.3 Microcirculation is most important event in inflammation process

that has been studied and analyzed. Benjamin W. Zweifach, one of the founders

of modern bioengineering from University of California, San Diego (UCSD), is

a pioneer in the field of microvascular research4 and has developed new quanti-

tative methods to study inflammation.

The immediate goal of inflammation is shielding against external parasi-

tological intrusions, alleyway of antigens, any damage or injury of cells and
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tissues. It covers the complex interplay between soluble biological mediators,

resident and infiltrating cells, and molecules belonging to the extracellular

matrix. Inflammatory response has a different kind of physiological motive

as well as pathological consequences depending on the triggering factors or

inflammatory mediators as shown in Fig. 4.1.5

Effective and controlled provocative reaction is a valuable interaction

that prompts elimination of harmful stimuli and the restoration of normal

physiology, which is precisely controlled by a complex molecular event.2 In

many cases, it was found that controlled inflammation is preferable (for

instance, in protection against germs). However, it can become unsuitable if

dysregulated (for instance, septic shock).5 The physiological causes of

inflammation that are governed by the process of infection are very much

clear. There exist several other types of inflammatory cascades only found

under prominent pathological conditions, but there is a lack of clear under-

standing of their physiological effects. The most prominent initiators of an

inflammatory reaction are infection and tissue damage. A variety of factors

can trigger inflammation process and trigger the recruitment of white blood

cells as well as plasma proteins in the affected tissues.6 Tissue stress or tis-

sue dysfunction can also cause an adaptive response, which is referred to as

para-inflammation. Inflammation can be broadly divided into two categories.

The first is acute inflammation, characterized by short duration and fast

onset. It is exhibited with transudation of fluid and plasma proteins and emi-

gration of leukocytes, mainly neutrophils. The second is chronic inflamma-

tion, characterized by longer duration of inflammation and histological

FIGURE 4.1 Different triggers and physiological and pathological consequences of inflamma-

tory reaction in body.5
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manifestation identified by the presence of lymphocytes and macrophages,

blood vessels, fibrosis, and tissue necrosis.7

This response, which occurs between the initial homeostatic state and the

classic inflammatory response, is primarily based on macrophages residing

in the tissue. The cause of the chronic inflammatory situation in modern

human diseases is likely to be associated with para-inflammation.5

Furthermore, the events that cause local chronic inflammation, particularly in

chronic infections and autoimmune diseases, are still unclear, whereas the

causes and mechanisms of chronic systemic inflammation, which occurs in

many diseases, are poorly understood.8

Pathophysiology of inflammation and inflammatory pathway

Multiple mediators form a complex regulatory network that coordinates the

inflammatory response. Any inflammatory event is distinguished by five car-

dinal events: (1) redness (rubor), which occurs as a result of increased vascu-

larity, (2) swelling (tumor), which occurs as a result of fluid exudation, (3)

heat generation (calor), which occurs at the site of inflammation as a result

of increased blood flow and the release of inflammatory mediators, (4) pain

(dolor), which is caused by inflammatory exudates stretching pain receptors

and nerves and the release of chemical mediators, and (5) loss of function.7

It is useful to classify these signals into functional categories and distinguish

inducers and inflammatory mediators in order to analyze these extremely

complex networks. An inducer is a signal that triggers an inflammatory

response. They trigger special sensors, which then trigger certain inflamma-

tory mediators and change the functional state of tissues and organs (which

is a crucial factor of inflammation), so that they can adapt to the conditions

indicated by the specific inflammation triggering conditions. Therefore, the

natural “pathway” of inflammation is composed of sensors, mediators, and

effectors. Each component determines the type of inflammatory response;

inflammation inducer can be divided into exogenous and endogenous;

inflammation inducers trigger the generation of many inflammatory media-

tors, which causes alteration of functions of many tissues and organs.5 Many

of these inflammatory mediators have a common effect on vasculature and

white blood cell conscription. Tissues and cells are the effectors of an

inflammatory response, and their functional states are specifically affected

by inflammatory mediators.9 Responsiveness to certain inflammatory media-

tors (such as tumor necrosis factor alpha (TNF-α) and IL-1) is almost ubiqui-

tous, although these mediators have very distinguished effects in different

tissue and cell types; the inflammatory response is triggered by two stages:

(1) acute and (2) chronic, each stage seems to be mediated by different

mechanisms.10

Diagrammatic representation of inflammation and inflammatory response

to cells is presented in Fig. 4.2.10
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In acute inflammation, the complex immune response can be divided into

two types: vascular and cellular.11 The responses that occur in the microvas-

culature normally occur within a few minutes of tissue injury or microbial

infection in the presence of other inflammatory stimuli and are referred to as

vascular events11 These processes occur quickly and eventually lead to vaso-

dilation, which subsequently leads to increased vascular permeability. These

processes lead to the penetration of inflammatory mediators and interstitial

edema.12 The circulatory system plays a very important role in the inflam-

matory response.13,14 A group of chemotactic agents, such as microbial endo-

toxins containing N-terminal N-formylmethylthio, complement fragment C5a

and interleukins, and secretion of basophils (such as platelet-activating fac-

tor, histamine, and leukotriene B) stimulate strong leukocyte infiltration.7

Neutrophils are the first inflammatory cells to become the focal point of

acute inflammation among white blood cells.15 The infiltration of immune

cells is triggered by a complex mechanism in which white blood cells collab-

orating with the endothelium in the post capillary venules.16 The capture,

trundling, and firming of an adhesion to the microvascular endothelium are

FIGURE 4.2 Inflammatory response pathway.
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all cellular events.17 These events in the mobilization pathway are organized

by cell adhesion molecules (CAM). Intracellular adhesion molecules ICAM-1,

ICAM-2, integrins, and selectins are examples of CAMs. Three families of

selectin are there, namely, P-selectin, E-selectin (produced by endothelial

cells) and L-selectin (produced by white blood cells).18 The high-affinity

adhesion of leukocytes to endothelium is mediated by the interaction

between integrins (CDII/CDI8) expressed in leukocytes or endothelial cells

and adhesion molecules (CAM-1 and CAM-2).19 White blood cells can

escape from the post capillary venules by extending pseudopods spread

between endothelial cells and reaching the subendothelial space after a stage

of static adhesion. White blood cell extravasations and transendothelial

migration are two terms used to describe this complex process.20 Chronic

inflammation is characterized by the infiltration of mononuclear cells (such

as monocytes and lymphocytes), the proliferation of fibroblasts, collagen

fibers, and the formation of connective tissue, all of which result in 2-mm

granuloma formation.21 Tissue degeneration in chronic inflammation is typi-

cally mediated by nitrogenous spices, proteases, and other reactive oxygen

species.22 However, in addition to cancer, p53 genomic changes have been

recognized as the cause of many chronic inflammatory diseases [e.g., inflam-

matory bowel disease (IBD) and rheumatoid arthritis (RA)].23�25

Inflammatory mediators

Inflammation is caused by a series of organized dynamic responses involv-

ing cellular and vascular events as well as specific humoral secretion.

These pathways include changes in the physical location of white blood

cells (monocytes, basophils, eosinophils, and neutrophils), plasma, and

body fluids in the areas of inflammation.4 Immune cells release a set of

secreted mediators and other signaling molecules (such as histamine, pros-

taglandins (PGs), leukotrienes, oxygen, nitrogen-free radicals, and seroto-

nin) through various mechanisms and are involved during inflammation.5,7

Usually, these mediators are two types either cell-derived factors and

plasma protein�derived factors. Inflammatory mediators (Table 4.1) are

classified in different categories depending on their function and chemical

nature as shown in Fig. 4.3.26

Inflammatory diseases

Inflammation in body in response to self or non-self inducer molecules

results in the development of several critical diseases. We will discuss few

of them below and define the role of inflammation in their disease

progression.
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Rheumatoid arthritis (RA)

RA is a chronic autoimmune and systemic inflammatory disease of unknown

etiology that mainly affects joints. It is distinguished by symmetrical syno-

vial inflammation, which results in articular cartilage destruction, severe

TABLE 4.1 Summary of inflammatory mediators and their functions.

Sl.

No.

Mediators Functions

1 IL-1 Macrophages activation and T-cell activation, fever,
hypotension

2 IL-6 Acute-phase protein production, Naı̈ve B-cell and
T-cell proliferation

3 IL-8 Chemotactic signals for T-cells and neutrophils

4 TNF-α Activation of PMN and endothelial cells, shock-like
syndrome

5 PAF Activation of endothelial cells and platelets,
histamine release from platelets

6 NO Smooth muscle relaxation, generation o cytotoxic
peroxynitrile

7 PGE2 and PGI2 Vasodilatation

8 TXA2 Increased pulmonary resistance

9 LTC4, LTD4, LTE4, Increased pulmonary capillary permeability

IL, Interleukin; TNF-α, tumor necrosis factor alpha; PAF, platelet activating factor; NO, nitric
oxide; PGE2, prostaglandin E2; PGI, prostacycline; TXA, thrombaxone; LTC, leukotrine C; LTD,
leukotrine D; LTE, leukotrine E.

FIGURE 4.3 Classification of inflammatory mediators.26
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pain,27 and severe disability.28 RA affects 1% of the population29 and is

more common in women over 65 years of age. Patients with RA usually

have a higher erythrocyte sedimentation rate or C-reactive protein (CRP),

which indicates that there is an inflammatory process in the body.30 Pro-

inflammatory cytokine IL-1 is widely involved in the pathogenesis of this

disease. It persuades an inflammatory response that activates or increases the

expression of other pro-inflammatory mediators that contribute to joint dam-

age.30 Antibodies to citrullinated protein antigens (ACPAs) are used as a

marker of RA and play an important role in the disease’s pathogenesis. The

calcium-dependent enzyme peptidyl arginine deiminase catalyzes citrullina-

tion, which converts positively charged arginine into polar but neutral citrul-

line via post-translational modification.31 Compared with ACPA-positive

subgroups, RA has a distinct genetic association pattern, as well as distinct

immune cell responses to citrullinated antigens.32

Asthma

Asthma is a multifactorial disorder of the conducting airways characterized

by chronic airway inflammation, declining airway function, and tissue remo-

deling; activation of eosinophils, mast cells, and T lymphocytes are well-

known feature of asthma. Asthma is believed to be caused by a complex

interaction between genetic makeup and environmental factors (such as the

time and dose of allergens) and the combined effects of infection.33 As a

result, helper T-type (Th-2) lymphocyte-mediated inappropriate inflamma-

tory response to normally harmless allergens in the air was shown.34

Although no single gene or environmental factor can explain asthma, genetic

susceptibility to local immunoglobulin (IgE) mucosal response (referred to

as atopy) is the most important risk factor for the disease’s development.

The initial allergen exposure causes the activation of allergen-specific Th-2

cells and the production of IgE (sensitization).35 Subsequent exposure to

allergens induces the recruitment, activation, and release of inflammatory

cell mediators. Mast cells that have been sensitized to IgE and express high-

affinity IgE receptors (Fc RI) degranulate and release pre-formed and newly

synthesized mediators such as histamine, leukotrienes, and cytokines, as

shown in Fig. 4.4.36 These mediators promote smooth muscle contraction,

vascular permeability, and mucus production.

Chronic obstructive pulmonary disease

Chronic obstructive pulmonary disease (COPD) is an inflammatory disease.

During most COPD exacerbations, lung and systemic inflammation increase.

The characteristics of pneumonia in COPD are different from those in

asthma, which affects the choice of treatment. In COPD, chronic inflamma-

tion leads to the destruction of lung parenchyma and narrows the small/
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peripheral airways, leading to progressive airway obstruction that is not

completely reversible.37 The thickening of the membrane and the increase in

smooth muscle mass mainly occur in the central/large tract, leading to inter-

mittent and reversible obstruction of airflow.

Inflammatory bowel disease (IBD)

Inflammation of the inner wall of intestinal tract and further worsening and

disappearance over time is a critical attribute of IBD. IBD causes severe

intestinal inflammation, which is accompanied by an acute phase reaction

that can be detected in serum and blood. This acute phase response is of

exceptional quality. Proteins that are involved in coagulation and fibrinolysis

include plasminogen, fibrinogen, prothrombin, and coagulation factor com-

ponents of the complement system, such as (C1�C4) inhibitor pro-

inflammatory cytokine serum levels, many of which stimulate the acute

phase response elevated.38

FIGURE 4.4 Involvement of different immune cells and different mediators responsible for

asthma.
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Multiple sclerosis

Multiple sclerosis (MS) is characterized by inflammatory infiltration of spe-

cific myelin blood T cells, B cells, which secrete antibodies against myelin

components, and a variety of nonspecific monocyte effector cells that attack

non-myelinated neuronal cells. MS is a chronic inflammatory, autoimmune,

and demyelinating disease of the central nervous system.39 Inflammatory

reactions in MS are caused by the in-situ production of pro-retention and

pro-survival factors, which prevent the clearance of blood-borne inflamma-

tory cells involved in invading the central nervous system. Several chemo-

kines have pro-retention activity; inflammatory cytokines were actively

found in active MS plaques.40

Allergic rhinitis

Allergic rhinitis is a common but underestimated inflammatory disease of

the nasal mucosa, characterized by cleanliness, sneezing, runny nose, and

nasal congestion. Although allergic rhinitis is often seen as a simple seasonal

problem, it can cause persistent, mild inflammation of the mucous mem-

branes associated with infectious microbial infections. Thus, patients with

allergic rhinitis have additional difficulties with viral colds. During the pol-

len season, there are no siblings, and kindergarten or pre-school education is

delayed (for example, from 4 years old), mothers who smoke a lot in the first

year after delivery, any exposure to animal hair, house dust, mites and other

household allergens, and have high serum IgE values (under 6 years old) is

.100 IU/mL.41 In adults, excessive drinking is also a risk factor. Studies

have shown that early exposure to various infective agents, such as hepatitis

A, mycobacteria, Toxoplasma gondii, products of these pathogens (such as

endotoxin and lipopolysaccharide), or combinations thereof, can prevent the

development of atopy.42

Inflammatory disease and their treatments

The treatments of various diseases such as RA, gout, migraine, asthma, and

others are described in Table 4.2.

Classification of non steroidal anti-inflammatory drugs and
corticosteroids in broad category

In order to treat inflammatory condition, generally the most preferred treat-

ment options include the use of nonsteroidal anti-inflammatory drugs

(NSAIDs) and corticosteroids. The former is basically a non-narcotic pain

reliever and the latter is a group of synthetic hormones (steroid) capable of

reducing inflammation. NSAIDs are also used for reducing fever or pain.
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TABLE 4.2 Inflammatory disease and their treatment.

Disease

name

Treatment Comment

Rheumatoid
arthritis (RA)

NSAIDS
Ibuprofen, naproxen,
celecoxib,
meloxicam,
piroxicam aspirin,
etodolac, diclofenac,
indomethacin,
ketoprofen43

In the treatment of RA, traditional NSAIDs
are widely used
For a prolonged action, novel drug delivery
systems such as microsphere, transdermal
patch, alginate beads, nanoparticles, etc. are
preferred over conventional dosage forms43

For a patient below 65 years, without any
major complications traditional NSAIDs are
chosen. But for a high risk older patients
having age over 65 years (with renal and
cardiovascular disease) a safer treatment plan
is done with a daily dose of Acetaminophen
(,3 g/day), which may be followed up by
celecoxib or naproxen if required. But
extended release formulations should be
avoided in terms of patient safety44

Corticosteroid
Glucocorticoid
(dexamethasone,
methylprednisolone,
prednisolone,
prednisone)

Glucocorticoid is used along with
Methotrexate as the first line treatment in the
case of RA45

Gout NSAIDs
Indomethacin,
Etoricoxib,
Diclofenac,
Naproxen, Aspirin

In the treatment of gout, NSAIDS are given as
first line therapy to healthy patients with no
hepatic or gastrointestinal problems46

NSAIDs can be used alone or NSAIDs
treatment can be followed by intra- articular
corticosteroid injection or prednisolone
(oral)46

Corticosteroids
(prednisolone,
betamethasone,
triamcinolone)

Corticosteroids can be given through various
routes such as oral, intra-articular,
intravenous, intramuscular
Corticosteroids can be used either along with
NSAIDs or alone if the patients have
contraindications to the NSAIDs47

Migraine NSAIDs
Aspirin, ibuprofen,
Acetaminophen,
tolfenamic acid,
naproxen,
diclofenac,
flurbiprofen,
ketoprofen,
rofecoxib.

NSAIDs are the over-the-counter products
used for the treatment of migraine.
Acetaminophen has been observed to be
comparatively less effective than other
NSAIDs in the treatment of migraine
For emergency condition, more effective
NSAIDs are given as rectal, parenteral, or
intramuscular injection48

(Continued )
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TABLE 4.2 (Continued)

Disease

name

Treatment Comment

Corticosteroids
Dexamethasone,
methylprednisolone,
prednisolone

Though corticosteroids can reduce both the
recurrent and acute migraine headache, but
in the former one, it is slightly more
efficient49

Asthma Corticosteroids
Prednisone,
prednisolone,
methylprednisolone,
triamcinolone,
budesonide,
fluticasone

Acute incidents of asthma can be treated
with inhaled corticosteroids followed by oral
therapy50

In the treatment of asthma, usually NSAIDs
are not advisable. Most asthmatic patients
have been found to be allergic to NSAIDs. By
causing bronchospasm, NSAIDs can even
make asthma worse51

Allergic
rhinitis

Corticosteroids
Prednisone,
prednisolone,
methylprednisolone,
beclomethasone,
triamcinolone,
mometasone

Rhinitis is of two types, allergic and non-
allergic, and for both the cases,
corticosteroids are preferred the most. In this
case, corticosteroids are given through nasal
route and known as INCS (intra nasal
corticosteroids). This is used as symptomatic
treatment and after 7 h of starting therapy,
effect can be observed. Regular use up to two
weeks shows maximum efficacy52

Addison’s
disease

Corticosteroids
Hydrocortisone,
prednisone,
fludrocortisone,
prednisolone

In order to balance the missing cortisol, the
most suitable therapy for Addison’s disease is
to give a continuous therapy with
corticosteroids (glucocorticoids)

COPD
(chronic
obstructive
pulmonary
disease)

Corticosteroids
Prednisone,
hydrocortisone,
prednisolone,
methylprednisolone,
dexamethasone

With the treatment of corticosteroids,
an improvement has been observed in COPD
patients as it can reduce inflammation by
reacting on the protein named as
C- reactive53

Multiple
sclerosis

NSAIDs
Paracetamol,
ibuprofen,
diclofenac, etc.
Corticosteroids
Prednisone,
methylprednisolone,
hydrocortisone

A supportive treatment to the pain
management in case of severe MS can be
given by NSAIDs
Corticosteroid has been reported to reduce
the occurrence of relapse54
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Corticosteroids can be mainly classified into two major subclasses:55 glu-

cocorticoids and mineralocorticoids (MRs). Glucocorticoids are mainly used

in the treatment of inflammation and as an immunosuppressive agent. The

MRs are also known as salt-retaining agents, as balancing the mineral and

salt in the body is also done by them. Nonsteroidal anti-inflammatory drugs

show their action by inhibiting the cyclooxygenase enzyme system (both I

and II).

Prolonged use of both corticosteroids and NSAIDs result in severe toxic-

ity. Thus, a controlled and monitored therapy pattern is always suggested for

these two.

Classification of NSAIDs

NSAIDs are classified into six major groups (depending upon the different

chemical structures) which are mentioned in Table 4.3 along with the exam-

ples against each class.56

As NSAIDs show its function mainly on cyclooxygenase enzyme system

(both I and II), depending upon the selectivity of the NSAIDs in respect to

TABLE 4.3 NSAID classification (with example).

Sl. No. Chemical group Examples

1 Salicylic acid derivative Diflunisal
salicylsalicylic acid
acetylsalicylic acid (aspirin)
sulfasalazine
olsalazine
sodium salicylate

2 Oxicams or enolic acid derivative Meloxicam
Tenoxicam
Piroxicam

3 Para-amino phenol derivative Acetominophen

4 Heteroaryl acetic acid derivatives Ketoprofen
Ibuprofen
Neproxen
Fenoprofen
Oxaprozine
Flurbiprofen

5 Fenemates or anthranilic acid derivatives Meclofenamic acid
Mefenamic acid

6 Indole and indene acetic acid derivative Etodolac
Sulindac
Indomethacin
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these two types of cyclooxygenases (COX) enzymes, they can be classified

as follows:

Nonselective COX inhibitor

These NSAIDs are called as nonselective because irrespective of class I or

II, this particular group blocks both the types of cyclooxygenase enzymes.

Examples include acetylsalicylic acid (aspirin), ketoprofen, ibuprofen, indo-

methacin, phenyl butazone, etc.

Food Drug and Administration (FDA) has approved some of the popular

nonselective COX inhibitors, including ketorolac, diclofenac, ibuprofen,

mefenamic acid, and meloxicam.

Preferential cyclooxygenase II inhibitor

Some COX inhibitors in low dose show preferential inhibition on COX-2

enzymes. Examples include meloxicam, nimesulide, etodolac, and others.

Selective COX-2 inhibitor

Though NSAIDs show their actions by blocking both the cyclooxygenase

enzymes (I and II), but inhibiting the former one leads to irritation in stom-

ach (which is considered as NSAID’s side effect), while inhibition of the lat-

ter one gives the therapeutic effectivity of NSAIDs against inflammation.

Presently, selective NSAIDs are widely used as they show the same activity

as the nonselective one but surely lesser or no gastric irritability. Examples

include celecoxib, parecoxib, etoricoxib etc.57

Among the selective NSAIDS, rofecoxib and valdecoxib were taken up

from market because of their undesired pharmacokinetic profile in the year

2004 and 2005 respectively.

All NSAIDs are not capable of showing enough anti-inflammatory action.

The following drugs belong to the class of NSAIDs, but mainly they are

good analgesic and antipyretic but are very poor anti-inflammatory agents.

Examples include paracetamol, nefopam, metamizol etc.

Newly approved NSAID drugs as per United States Food and
Drug Administration (USFDA)

Newly approved NSAID drugs as per USFDA include Rinvoq, Xenleta,

Ubrelvy, Zeposia, Vyepti, Ponvory, Lupkynis and Mayzent.

Classification of corticosteroids

Corticosteroids are mainly classified into two major classes: glucocorticoids

and MRs.58
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Glucocorticoids

This kind of corticosteroid has a direct effect on carbohydrate, protein, and

fat metabolism. It acts as an anti-inflammatory agent by either blocking the

mediators for inflammation or by inducing anti-inflammatory mediators.

This group of corticoids also has immunosuppressant activity.

Glucocorticoids are further classified into:

1. Short acting glucocorticoids: This kind of glucocorticoid has a half-life

lesser than 12 h. Examples include hydrocortisone and hydrocortisone

acetate.

2. Intermediate acting glucocorticoids: These have a biological half-life of

12�36 h. Examples include methylprednisolone, prednisolone, triamcino-

lone, etc.

3. Long acting glucocorticoids: Their biological half-life is more than 36 h.

Examples include betamethasone, dexamethasone.

Mineralocorticoids

This is the class of corticosteroids that is produced from adrenal cortex and

is mainly involved in salt and electrolytes balance. The name mineralocorti-

coids was derived from “minerals,” as the main function of these steroidal

hormone is to balance electrolytes in our body. Examples include aldoste-

rone, fludrocortisone, desoxycorticosterone acetate etc.

Mechanism of action of corticosteroids and non steroidal
anti-inflammatory drugs

Molecular mechanism of action of each class of NSAIDs

Nonselective COX inhibitors

Pyrazolone derivative—oxyphenylbutazone, phenylbutazone

Phenylbutazone is a synthetic pyrazolone moiety showing very good antipy-

retic and nonhormonal anti-inflammatory activity, specifically for controlling

of inflammatory disease. Because of similar type of mechanism, it also

shows noticeable analgesic property by reducing the production of prostacy-

clin and prostaglandin H. Inside the system, these two are bound with the

drug and inactivated through peroxide (H2O2)-mediated deactivation, that is,

by inhibiting COX-1 and COX-2 isoenzymes. Simultaneous production of

prostaglandin decreases results in lowering inflammation toward surrounding

tissues.59 Oxyphenbutazone is a parahydroxylated analog of phenylbutazone

and is one of its active metabolites. This active metabolite is also responsible

for bone marrow suppression and the risk of Stevens�Johnson syndrome,

leading to withdrawal of the drug from market worldwide in the mid-

1980s.60
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Acetic acid derivative—indomethacin, nebumetone, ketorolac

Indomethacin is an NSAID drug having family of indoles or indene acetic

acids. It acts as a nonspecific inhibitor of the COX enzymes. Out of all other

NSAID drugs, indomethacin has a strong ability to cross the blood�brain

barrier efficiently compared to naproxen and ibuprofen,61,62 making a central

action in headache treatment plausible.63 They are also involved in maintain-

ing platelet activity-inhibition, gastrointestinal mucosa, and renal function. In

vitro studies have also revealed that indomethacin has a time-dependent

tight-binding kinetic profile, whereas naproxen has a time-dependent weak-

binding profile, and ibuprofen inhibits COX-1 and COX-2 via competitive

inhibition.64 Indomethacin inhibits the glutathione S-transferase, which

demonstrates additional mechanism for COX and phospholipase A2 inhibi-

tion in in vitro studies.65 Symptoms such as dysmenorrhea, fever, arthritis,

and other headache syndromes are among the indications for NSAIDs, par-

ticularly for indomethacin. In addition, indomethacin is used to close a patent

ductus arteriosus.

Nabumetone is a methyl ketone that is 2-butanone with a 6-methoxy-2-

naphthyl group in place of one of the methyl hydrogens at position 4. After

oral treatment, a prodrug is transformed to the active metabolite, 6-methoxy-

2-naphthylacetic acid (6MNA). 6MNA reduces the activity of the enzymes

cyclooxygenase I and II, resulting in less synthesis of prostaglandin and

thromboxane precursors. The therapeutic effects of nabumetone are due to

the decrease in prostaglandin production. The production of thromboxane A2

by thromboxane synthase is also inhibited, resulting in platelet aggregation

inhibition. It has been shown to have a lower risk of gastrointestinal side

effects than the majority of NSAIDs.

Ketorolac is an FDA-approved pain reliever that is used to treat moderate

to severe acute pain.66 It is versatile because it comes in a variety of dosage

forms, including oral, nasal spray, intravenous, and intramuscular. It is com-

monly used to manage pain after surgery. Ketorolac’s exact method of action

is unknown. Like other NSAIDs, ketorolac inhibits COX enzymes that con-

vert arachidonic acid into prostaglandins (PGs), prostacyclin, and thrombox-

ane. These chemicals are inhibited, which decreases inflammation, fever, and

pain.67 Both COX-1 and COX-2 are inhibited by ketorolac. It has demon-

strated to be more potent than the most NSAIDs.68

Salicylates—aspirin

The most extensively used medicine worldwide is aspirin. Taking aspirin

twice a day increases one’s chances of living a long life. Studies have shown

that taking aspirin on a regular basis can lessen the risk of several diseases

connected with aging and help people live longer. Aspirin was being used

for several thousands of years by the decoctions method of the plants that

contain salicylate. Heinrich Dreser, Bayer’s chief pharmacologist, gave the
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new medicine the name “aspirin” because he wanted a name that would not

be confused with salicylic acid.69

In 1976, COX or prostaglandin endoperoxide synthase (PGHS) was iso-

lated as a homogenous, enzymatically active enzyme.70 Aspirin acetylates

the hydroxyl group of one serine residue (Ser 530), which is positioned 70

amino acids from the COX enzyme’s C terminus.71 Because acetylation

causes irreversible COX inhibition, a new enzyme must be created before

further prostanoids may be made. Only the COX, and not the hydroperoxi-

dase, is inhibited when the pure enzyme is acetylated, as shown in Fig. 4.5.

This process has a 1:1 stoichiometry, meaning that one acetyl group is trans-

ferred per enzyme monomer of this dimeric protein. Aspirin acetylates pros-

taglandin endoperoxide-H synthase (PGHS) fast (within minutes) and

selectively at low concentrations. At high dosages and for prolonged periods

of time, aspirin will non-specifically acetylate a number of proteins and

nucleic acids.72 Aspirin acetylation of the enzyme results in a bulky substitu-

ent on the Ser 530 oxygen, which prevents arachidonic acid binding.73

According to a recent study by a research group74 a third cyclooxygenase

(COX-3) is selectively inhibited not only by paracetamol but also by modest

doses of NSAIDs like aspirin.74

Fenamate—mephenemic acid

Mefenamic acid is an anti-inflammatory, antipyretic, and analgesic anthra-

citic acid and an NSAID. It reduces the synthesis of precursors to PGs and

thromboxanes by inhibiting the activity of the enzymes COX-1 and COX-2.

The decrease in prostaglandin synthesis caused by prostaglandin synthase is

what causes the therapeutic effects of mefenamic acid. Mefenamic acid also

prevents platelet aggregation by decreasing the generation of thromboxane

A2 by thromboxane synthase.75

Chemically, mefenamic acid is an aminobenzoic acid (anthralinic acid)

with a 2,3-dimethylphenyl group replacing one of the hydrogens linked to

the nitrogen. Despite the fact that it is classified as an NSAID, its anti-

inflammatory activities are thought to be insignificant. It is mostly used to

treat mild to moderate pain, including as headaches, dental pain, osteoarthri-

tis, and RA, among others.76
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FIGURE 4.5 Inactivation of acetylsalicylic acid (aspirin).
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Propionic acid derivative—ketoprofen, flurbiprofen, ibuprofen,
naproxen

Profens (propionic acid derivative drugs) are a category of nonselective,

NSAIDs. They diminish pain (analgesia), fever body temperature (antipyr-

esis), inflammation symptoms (anti-inflammatory action), and cancer forma-

tion in rats. Profens are 2-phenylpropanoic acid derivatives. All of them

have a chiral core, which causes the creation of two enantiomers (R and S)

of each profen (Fig. 4.6). They are mostly found as racemates, which are

equal mixtures of the R and S stereoisomers. The most notable exception is

naproxen, which is available as its pure S-enantiomer; however, ketoprofen

and ibuprofen are also available as their pure S-enantiomers, which are

known as dexketoprofen and dexibuprofen, respectively.

S-profens are nonselective NSAIDs that block the production of PGs and

thromboxane A2. As a result, S-profens exhibit analgesic, antipyretic, anti-

inflammatory, and platelet-aggregation inhibiting properties. S-ibuprofen has a

therapeutic (total) plasma concentration of about 25 mmol/L. In a cellular COX-

2 system in human blood, the IC50 value of S-ibuprofen is 1.6 mmol/L,77 which

is adequate to produce a very high level of prostaglandin production inhibition

in vivo. For many years, R-profens were thought to be pharmacologically inert

because they are weak inhibitors of the synthesis of prostaglandins from arachi-

donic acid in vitro. A recent discovery, however, explains why R-enantiomers

exhibit anti-inflammatory and analgesic properties. R-profens have been discov-

ered to reduce endocannabinoid oxidation (Fig. 4.7).78 Arachidonoylglycerol

and anandamide (N-arachidonoyl ethanolamine) are the two most important

endocannabinoids, and they are both conjugates of arachidonic acid.

Endocannabinoids are involved in dampening pain pathways in the central ner-

vous system, and maintaining endocannabinoid levels is now thought to be nec-

essary for the R-profens’ analgesic and anti-inflammatory effects.

Enolic acid derivative—piroxicam, tenoxicam

Oxicams are 4-hydroxy-1,2-benzothiazine 3-carboxamide derivatives of the

enolic acid class, which have the fewest structural components in common

with other NSAIDs. The United States Adopted Names (USAN) Council

chose the term “oxicam” to describe NSAIDs in this category. They decrease

the action of the two COX isoforms, COX-1 and COX-2 in the treatment of

R COO

CH3
H

R-profen

R COO

HH3C

S-profen

* *

FIGURE 4.6 Basic R- and S-profen structures. The chiral centers are depicted�. Some profens’

R-enantiomers are metabolically inverted to S-enantiomers.
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both acute and chronic inflammation (COX-2). Piroxicam, the first member

of this class, was released in the United States as Feldene (Pfizer) in 1982

and quickly acquired commercial appeal, becoming one of the top 50 pre-

scribed drugs for several years. Other oxicams, such as tenoxicam, lornoxi-

cam, isoxicam, and meloxicam, were introduced after piroxicam.

Until recently, the structural basis for oxicams’ binding to COX was

unknown.79 Meloxicam and tenoxicam may bind to the COX site in a fash-

ion that places the benzothiazine ring near to the catalytic Try-385 and the

3-carboxamide directly above the constriction at the active site’s entrance,

according to two different computational simulations.80,81 However, neither

prediction explained why the S530A, R120A, and Y355F COX-2 mutants

were not inhibited by piroxicam.82

Oxicams have a planar conformation in the COX active site, which leads

to an intramolecular hydrogen bond between the carboxamide’s nitrogen

atom and the benzothiazine’s 4-hydroxyl group. Many hydrophobic contacts

and a single instantaneous hydrogen bond between the oxicam 4-hydroxyl

group and Ser-530 of the enzyme allow oxicams to bind to the active site

channel. At the catalytic apex and the constriction site, two highly organized

water molecules in the active site provide additional polar bridges between

oxicams and COX residues.

Inhibition of microsomal prostaglandin E synthase-1 (mPGES-1), which

results in a decrease in PGE2 production, has emerged as a therapeutic
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FIGURE 4.7 Synthesis of prostaglandins and related compounds. COX-1 and COX-2 are

bifunctional enzymes that perform both cyclooxygenase and peroxide activities. COX-1 cata-

lyzes the formation of PGG2 and PGH2 prostaglandin (PG) intermediates. COX-2 catalyzes the

synthesis of PG intermediates as well as PG cannabinoid intermediates from arachidonic acid

(PGG2-C and PGH2-C). S-profens, like other nonselective NSAIDs, prevent COX-1 and COX-2

from forming PG intermediates. The R-profens do not stop the production of prostaglandin inter-

mediates, but they do stop COX-2 from producing PGH2-C. Specific enzymes are responsible

for the final synthesis of PGs and PG-Cs.
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technique for the treatment of inflammatory illnesses that avoids the com-

mon side effects of NSAIDs. The widespread inhibition of prostanoid pro-

duction has been blamed for these side effects, which include

gastrointestinal, renal, and cardiovascular damage.83

In a high-throughput screen for human mPGES-1 inhibitors, a series of

benzothiopyran S-dioxides were discovered as lead compounds. With an

IC50 of 1.68 M against human recombinant mPGES-1, the most powerful

molecule in this series showed considerable inhibition, and in the IL-1-

stimulated fetal fibroblast cell assay, it showed over 26-fold selectivity for

PGE2 decrease (IC50 of 3.4 M) over PGF2α (IC50. 90 μM).84

Preferential COX II inhibitors—nimesulide, diclofenac,
aceclofenac, meloxicam, etodolac

Nimesulide belongs to the sulfonanilide class of NSAIDs. Its anti-

inflammatory, antipyretic, and analgesic properties have been demonstrated

in a variety of animal models as well as clinical trials. Nimesulide exerts its

effects through various mechanisms by the inhibition of COX-2 and selec-

tively and weakly inhibits prostaglandin synthesis. Thus, it generates weaker

analgesic properties. It has a potent anti-inflammatory activity, which results

in the inhibition of superoxide anion formation in vitro by an activated neu-

trophil. It also inhibits the release of histamine from tissue mast cells and

basophils. It reduces oxidant production from active neutrophils and acts as a

scavenger for hypochlorous acid without impairing neutrophil activity.

Nimesulide also decreases the synthesis of platelet-activating factor by

human basophils and reduces histamine release from tissue mast cells.

Furthermore, when nimesulide is introduced to human articular chondrocyte

cultures in vitro, it inhibits the production of stromelysin and limits metallo-

proteinase activity.

Diclofenac is an NSAID with analgesic, antipyretic, and anti-

inflammatory effects that is often administered. It works well for a number

of acute and chronic pain and inflammatory conditions. Diclofenac inhibits

COX-1 and COX-2 in roughly equal amounts, but evidence suggests that

COX-2 inhibition is about four times more selective than COX-1 inhibition

during in vitro studies. This number is distant from the more specific COX-2

medicines such as rofecoxib’s stated 20-fold selectivity of COX-2 inhibition,

but diclofenac’s action can be compared more appropriately to that of cele-

coxib.85,86 Diclofenac and other NSAIDs inhibit the synthesis of thrombox-

anes, particularly thromboxane-B2 (TX-B2). The principal prostanoids are

raised during an inflammatory reaction, and diclofenac is one of the most

efficient inhibitors of their production.87 However, extensive research indi-

cates that diclofenac’s pharmacologic efficacy extends beyond COX inhibi-

tion to encompass multimodal and, in some cases, new modes of action.
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Meloxicam’s ability to inhibit COX-2 preferentially is largely dependent

on the drug’s structure. Meloxicam’s selectivity against COX-2 was signifi-

cantly reduced when it was converted to the 40-isomer (the methyl substitu-

tion on the thiazole group occurs at position 4 rather than position 5). The

40-isomer showed COX-1 selectivity.88 Meloxicam’s anti-inflammatory prop-

erties were compared to those of other well-known NSAIDs in a rat model

of progressive and destructive joint disease. The acute symptoms of

adjuvant-induced arthritis in rats are linked to COX-2 expression,89 and

inflammation is also immunologically mediated. Meloxicam is more effec-

tive at reducing inflammation than the other drugs examined in this

study.90,91 Meloxicam, in low doses, avoided not just edema but also the

degradation of bone and cartilage. Piroxicam, on the other hand, showed

similar activity at larger doses, but diclofenac and tenidap were only margin-

ally effective in preventing bone and cartilage degradation at levels that con-

trolled swelling.90,91

Etodolac demonstrated a remarkable anti-inflammatory impact in a vari-

ety of experimental settings, including UV erythema, carrageenin-induced

edema, and adjuvant arthritis swelling. In these models, the effective dose of

etodolac was several folds higher that of indomethacin. Etodolac attenuated

prostaglandin E2 formation in a concentration-dependent manner, and its

inhibitory potency was about one-fifth of that of indomethacin. Etodolac also

caused a marked reduction of granuloma formation and leukocyte functions

such as lysosomal enzyme release, active oxygen generation and chemotaxis.

These effects of etodolac were observed at similar doses of indomethacin.

Etodolac suppressed inflammatory pain but not non-inflammatory pain, and

had an antipyretic effect but did not lower normal rectal temperature.

Selective COX-2 inhibitors—celecoxib, etoricoxib, parecoxib

Medicines with names that end in “coxib,” such as celecoxib or etoricoxib,

are thought to have the highest selectivity in their effect on COX-2 enzymes

and were developed to reduce gastrointestinal toxicity associated with the

use of traditional NSAIDs, but they have been criticized by some for having

less favorable cardiovascular effects than nonselective agents.92 The name

coxib has no pharmacological significance. The results of several in vitro

assay techniques that measure selectivity ratios for COX-1 and COX-2

enzymes might be quite varied.64,93

Celecoxib is used in anti-inflammatory, analgesic, and antipyretic nonste-

roidal anti-inflammatory medication (NSAID). Ankylosing spondylitis, oste-

oarthritis, RA, and acute pain are among the conditions for which it has been

approved.94,95 Celecoxib’s anti-inflammatory and pain-relieving actions are

due to its specific suppression of prostaglandin (PG) synthesis via PG G/H

synthase-2 (encoded by gene PTGS2). Although the two PTGS isoforms,

PTGS1 and PTGS2, are bifunctional enzymes that have both COX and
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hydroperoxidase activity, they are often referred to as COX enzymes.86,96

Celecoxib belongs to the COX-2-selective inhibitors subclass of NSAIDs,

sometimes known as coxibs.97,98

Merck Frosst introduced rofecoxib into medical practice in 1999.99 It eas-

ily passes through the central nervous system and has strong analgesic, anti-

pyretic, and anti-inflammatory properties. The ratio of IC50 against COX-1

in platelets to IC50 against COX-2 in monocytes in the human whole blood

assay is 38, indicating strong selectivity for COX-2 over COX-1.100

In several European nations, etoricoxib is prescribed to treat osteoarthri-

tis, RA, and gout episodes. Etoricoxib has been studied in a number of clini-

cal trials for these conditions, as well as ankylosing spondylitis, low back

pain, and various types of acute pain. Etoricoxib was no more efficacious

than other NSAIDs such ibuprofen, naproxen, or diclofenac in these condi-

tions. In comparison to naproxen, etoricoxib had a greater overall fatality

rate in clinical trials.

Parecoxib is the first injectable COX-2-selective inhibitor and is used to

treat immediate postoperative pain. It is a prodrug that hydrolyzes to valde-

coxib, which has selectivity for COX-2 that is comparable to rofecoxib. Both

intravenous and intramuscular administrations of parecoxib at a starting dose

of 40 mg has been approved.101

Aniline derivatives (analgesics and antipyretics)

Paracetamol, metamizole, propiphenazone, nefopam

Peripherally acting, non-opioid (non-narcotic) or moderate analgesics

account for more than 90% of the analgesics used. Aspirin and other acidic

NSAIDs, non-acidic pyrazole medications like propyphenazone and dipyrone

(metamizole), and aniline derivatives like paracetamol are all derived from

three categories of chemicals (acetaminophen).

Although paracetamol is nearly as effective as aspirin as an analgesic and

antipyretic, it is not a real anti-inflammatory medication. Thus, aspirin and

other NSAIDs are significantly preferable for RA and dental pericoronitis.

For people who are allergic to aspirin or other NSAIDs, acetaminophen is

often the medicine of choice.102 Paracetamol and other aniline derivatives

are not very effective analgesics, but they are good antipyretics.103

Antipyretic analgesics are thought to be unlikely to cause stomach irrita-

tion, bleeding, or perforations at therapeutic levels, which are common side

effects of aspirin-like medicines. Furthermore, unlike NSAIDs, these medica-

tions have no effect on platelet aggregation or bleeding time in

patients.104,105 They also have little or limited anti-inflammatory properties.

As a result, it has been proposed that acetaminophen is a modest inhibitor of

peripheral COX-1 and COX-2, with the majority of its therapeutic effect

focused on the central nervous system106,107 (Table 4.4).
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Anti-inflammatory mechanism of corticosteroids

The adrenal glands manufacture and secrete corticosteroids in response to

pituitary adrenocorticotropic hormone, which is regulated by hypothalamic

corticotropin releasing hormone. Major endocrine system activities, such as

stress management and homeostasis control, are governed by these hor-

mones. Cortisol (glucocorticoids) and aldosterone are the major corticoster-

oids generated by the adrenal cortex (MRs).

Residents cells, notably mast cells and resident macrophages, induce

inflammation at the site of damage by releasing pro-inflammatory mediators

such as bioactive amines, lipid mediators, and cytokines such as IL-1 and

TNF-α. These mediators increase capillary permeability, vasodilation, and

TABLE 4.4 Newly approved drugs as per USFDA with their mechanism of

action and use.

Sl

No

Drug Mechanism Uses

1 Rinvoq Janus kinase (JAK) inhibitor
preventing the
phosphorylation and
activation of signal
transducers and activators of
transcription (STATs)

Treatment of adults with
moderately to severely active
rheumatoid arthritis who have
had an inadequate response or
intolerance to methotrexate

2 Xenleta Inhibits bacterial protein
synthesis through interactions
with the A- and P-sites of the
peptidyl transferase center in
domain V of the 23s rRNA of
the 50S subunit

Treatment of adults with
community-acquired bacterial
pneumonia caused by
susceptible microorganisms

3 Ubrelvy Calcitonin gene-related
peptide receptor antagonist

Indicated for the acute
treatment of migraine with or
without aura in adults

4 Zeposia Sphingosine 1-phosphate
receptor modulator

Treatment of relapsing forms of
multiple sclerosis (MS)

5 Vyepti Calcitonin gene-related
peptide antagonist

Indicated for the preventive
treatment of migraine in adults

6 Ponvory Sphingosine 1-phosphate
receptor modulator

Treatment of relapsing forms of
MS

7 Lupkynis Calcineurin-inhibitor
immunosuppressant

Treatment of adult patients with
active lupus nephritis

8 Mayzent Sphingosine 1-phosphate
receptor modulator

The relapsing forms of MS
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leukocyte emigration into wounded tissues, causing redness, swelling, dis-

comfort, and heat, as well as establishing a chemotactic gradient to guide

and activate recruited cells to the injury site.

A new evaluation of the anti-inflammatory effects of glucocorticoid-

induced genes was published.108 Dual Specificity Phosphatase 1 (DUSP1)

and IκB class of genes includes IL-10, a potent immunomodulatory and anti-

inflammatory cytokine,109 Glucocorticoid-induced leucine zipper (GILZ), a

protein whose mechanism of action (Fig. 4.8) is unknown but which interacts

with, and inhibits the function of annexin AI (AnxA1), a calcium-dependent

phospholipid binding protein110 and AP-1 and NF-κB.111 Although GILZ

knockout mice have not been reported, AnxA1-deficient mice exhibit defec-

tive glucocorticoid suppression of inflammation in zymosan-induced perito-

nitis, antigen-induced arthritis, and carrageen-induced edema.112

The ability of glucocorticoid receptors (GRs) to inhibit the activity of

NF-κB and AP-1, as well as other important immunomodulatory

FIGURE 4.8 Glucocorticoids’ anti-inflammatory properties- Manifestation to pathogens ends

up in a quick activation of the immune reaction. Glucocorticoids suppress the expression of pro-

inflammatory cytokines by immune cells, therefore modulating the inflammatory response.

Furthermore, glucocorticoids can suppress the production of adhesion molecules, preventing neu-

trophils from rolling, adherence, and extravasation to the site of inflammation. Annexin-1

expression is also induced by glucocorticoids. Neutrophil detachment and apoptosis are aided by

the production of annexin-1. Chronic glucocorticoid exposure changes the gene expression pro-

file of resident macrophages from pro- to anti-inflammatory, and promotes macrophage phago-

cytic activity. Finally, glucocorticoids affect T cells by inhibiting the generation of Th1- and

Th2-derived cytokines and causing necrobiosis.
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transcription factors, has been a major focus of research into the mechanisms

behind glucocorticoids’ anti-inflammatory actions. Although transactivation

by GR was implicated in NF-κB repression—promoting production of the

NF-κB inhibitor proteins (IκB),113,114 this was limited to select cell types

and did not appear to be a universal mechanism.113�116

Glucocorticoids reduce the severity of several of the early stages of an

inflammatory reaction. They also promote inflammation resolution, albeit the

mechanisms by which they do so have gotten less attention than those linked

to inhibition of the initial reaction.117 Many of glucocorticoids’ anti-

inflammatory and immunosuppressive effects are due to the transcriptional

effects of glucocorticoid receptor agonism, which changes the transcription

of several genes in leukocytes, either directly or indirectly.118

Corticosteroids have anti-inflammatory and immunosuppressive effects

by disrupting numerous processes in the immune system’s upregulation. The

majority of their suppressive activity is limited to cell-mediated immunity.

Corticosteroids are thought to suppress cytokine synthesis, antigen presenta-

tion, and lymphocyte proliferation via binding to GRs found all over the

body.119 When corticosteroids are given, they cause lymphocytopenia, which

causes circulating lymphocytes to be redistributed to other lymphoid com-

partments. Within 4 h of delivery, a single dose of corticosteroids causes

lymphocytopenia, which normalizes within 24�48 h through redistribution

into the circulation away from the periphery, rather than destruction.

Monocytes and eosinophils, which ordinarily collect at the inflammatory

site, also decrease when corticosteroids are administered. Corticosteroids

cause neutrophilia by releasing neutrophils from the bone marrow into the

bloodstream, reducing neutrophil migration out of the bloodstream, and

demarginating neutrophils from the vascular lining.120

MRs are a group of hormones that originate in the adrenal cortex

(Fig. 4.9A). These hormones maintain electrolyte and water balance. They

also control sodium and potassium retention in the kidneys within the body.

Generally, aldosterone is the only functioning natural MR found in humans.

Aldosterone is a steroid hormone that binds to the MR receptor in the

body. Changes in blood perfusion, which are sensed by main cells in the jux-

taglomerular apparatus, potently boost hormone production and secretion.121

Cholesterol is the precursor of aldosterone production, which is primarily

driven by angiotensin II. This leads to increase in sodium retention by the

kidneys. The actions of aldosterone are mediated by binding to the MR in

target tissues, mainly in the kidney. When aldosterone is produced and

secreted, epithelial cells in the renal tubule122 or vascular smooth muscle

cells123 respond by inducing the expression of water-absorption genes like

epithelial sodium channel (ENaC), sodium-potassium ATPase, and serum/

glucocorticoid regulated kinase 1 (SGK1).124,125

In terms of immunological response, aldosterone stimulation has been

shown to increase pro-inflammatory responses (Fig. 4.9B) in a variety of
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tissues.126,127 T and B lymphocytes, monocytes, neutrophils, and CD341
hematopoietic progenitors have all been found to exhibit MR in human leu-

kocytes.128 Furthermore, clinical investigations have shown that MR antago-

nistic therapy can improve patient outcomes in cardiovascular illnesses,

owing to the avoidance of inflammatory damage.129

The existing literature links aldosterone-induced MR activation to the pro-

motion of inflammation and fibrosis, but the majority of these studies focused

on the development of hypertension or the generation of inflammatory media-

tors. Animal models, on the other hand, frequently show elevated levels of cir-

culating aldosterone.130 Because detrimental effects were avoided only when

MR antagonists, rather than GR antagonists, were utilized, it is critical to

emphasize that GCs can produce tissue damage and hypertension as a result of

MR activation.131,132 In conclusion, the inflammatory profile is directly linked

to MR activation, and evidence suggests that MR activation is associated to

other diseases such as chronic kidney disease, obesity, and autoimmune.

FIGURE 4.9 (A) Excess MR activation has negative effects on circulating and intra-tissue

immune cells. In circulating peripheral blood mononuclear cells (PBMCs) and immune cells

invading the heart, over activation of MR increases CD81 T cells and T helper 17 (Th17) cells.

MR antagonism, on the other hand, can reduce Th17 polarization and increase the T regulatory

cell (Treg) phenotype. Dendritic cells stimulate these subgroups of cells (DCs). Dendritic cells

express MR and are encouraged to create polarizing cytokines by aldosterone, which can activate

CD81 T cells and stimulate CD41 T cells to adopt the Th17 phenotype. PD-L1 stands for

programmed death ligand 1; IFN-gamma stands for interferon gamma; IL stands for interleukin;

TGF-beta stands for transforming growth factor beta. (B) Pro-inflammatory effect of aldosterone.

Excess aldosterone has been linked to an inflammatory phenotype in the past. Aldosterone pro-

motes inflammatory and oxidative alterations in patients with primary aldosteronism, whereas

MR antagonism or regulating aldosterone levels promotes to a return to homeostatic conditions.

In vitro tests show that aldosterone stimulates the production and production of proinflammatory

cytokines in myeloid immune cells. The polarization of adaptive immune response toward the

Th17 phenotype is directly affected by this regulation of innate immune cells.
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Patients with aldosterone-producing adenomas and resistant arterial

hypertension released considerably higher quantities of IFN-γ, IL-2, and

TNF-α from lymphocytes and IL-6, TNF-α, and IL-1 from monocytes pro-

duced at the start of the trial, according to a recent study.133 During the 24

months of the clinical investigation, there was a considerable decrease in the

levels of all cytokines, all the way down to levels corresponding to essential

hypertensive (EH) and healthy controls, after two months of spironolactone,

eplerenone, or adrenal ectomization therapy.134 Irita et al. found that primary

aldosteronism (PA) patients had greater levels of osteopontin (OPN) than EH

patients, with no differences in other markers of systemic inflammation such

TNF-α, IL-6, or CRP.135 Furthermore, when compared to EH patients, PA

patients had higher serum levels of IL-10 and TNF-α, as well as lower blood

levels of Transforming growth factor beta-1 (TGF-β1). Spironolactone treatment

restored serum levels of all three cytokines in PA patients.136 Furthermore,

when compared to EH patients, normotensive and normal pregnant women, PA

patients, and pre-eclamptic women had greater titers of autoantibodies against

angiotensin II receptor 1 (AT1AA) in their serum.137,138

Contraindications of corticosteroids

Corticosteroids are immensely used nowadays to sake the damaged critical

body organs. Though it is used to save the organs, it has some contraindica-

tions too. Some diseases are exacerbated by the corticosteroids.139 These dis-

eases are (1) congestive heart failure (CHF), (2) psychosis, (3) renal failure,

(4) epilepsy, (5) herpes simplex keratitis, (6) osteoporosis, (7) diabetes melli-

tus, (8) tuberculosis and other infections, (9) hypertension, (10) viral and

fungal infections, and (11) Peptic ulcer.

Contraindications of nonsteroidal anti-inflammatory drugs

After prolonged used of NSAIDs, humans may suffer from various diseases.

People should cautious with the following conditions to use of NSAIDs: (1)

upsetting of bowel syndrome, (2) persons who have had past gastrointestinal

problems (or have a family history) and also the over age of 50, (3) peptic

ulcer/stomach bleeding, (4) acute hypertension, (5) Crohn’s disease, (6) car-

diovascular disease history such as ischemic attack, stroke, coronary artery

disorder, coronary artery bypass surgery, CHF, (7) in third trimester of preg-

nancy, (8) allergic or anti-allergic-type NSAID hypersensitivity, and (9) kid-

ney disease.

Conclusion

In the treatment of inflammation the discovery of COX iso-enzyme are

highly useful. COX-1 and COX-2 both have an important role in the recent
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advancement of treatment of inflammation. COX-1 is important for the syn-

thesis of prostaglandin in the gastrointestinal tract, and COX-2140 maintains

the mucosal integrity of gastrointestinal tract, derived from prostaglandin.

COX-2 is used to inhibit selectively renal and cardiovascular toxicity

whereas, COX-1 is for tissue homeostasis and cytoprotection.

One of the promising mechanisms of action of glucocorticoids are to

inhibit the transcriptional effects of NF-κB and another one is to inhibit

IKK2 (inhibitor kappa B kinase 2) by small molecules. From these mechan-

isms, IKK2 inhibitors have more promising effects in the treatment which

are act indirectly by inhibiting NF-κB also. It is identified that IKK2 has

more significant clinical benefits than the inhibitors of NF-κB. Inhibitors of

NF-κB shows some side effects, while the inhibitors of IKK2 shows less

times of side effects in the treatment of inflammation in high doses, topical

uses and systemic uses of corticosteroids. To reduce the side effects of corti-

costeroids, transactivation events of anti-NF-κB has been reported in

research scientific studies. Clinical studies are being conducted to reduce the

side effects potential of drugs and new compounds in the treatment of

inflammations, and results are eagerly expected.
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Introduction

Diabetes mellitus, a metabolic disorder in which a person has high blood glu-

cose level, has become a matter of serious concern because of its worldwide

prevalence. Depending upon the etiology, diabetes mellitus is of different

types:

� Type 1 diabetes is insulin-dependent diabetes mellitus;

� Type 2 diabetes is non-insulin-dependent diabetes mellitus.

� Gestational diabetes is another type of diabetes that occurs during

pregnancy. 1

Biochemical background of diabetes mellitus

In the human body, glucose is the primary source of energy, which is required

by the cell to function, which circulates in the blood as a source of mobilizable

fuel for the cells. The release of insulin, a pancreatic hormone, maintains

the blood glucose level in the body. The hormone binds to its receptor sites on

the peripheral site of the cell membranes. It helps the entry of glucose into

respiring cells and tissues via the requisite channels. Then the catabolic pro-

cess takes place where the insulin converts the glucose into pyruvate through

glycolysis. It also upregulates glycogenesis from excessive cytosolic glucose

and lipogenesis from excessive cytosolic acetyl coenzyme A (acetyl-COA).
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The hormone glucagon antagonizes these actions of insulin. Below threshold

level, glucose remains in the systemic circulation instead of entering the cells.

The body attempts to arrest hyperglycemia by drawing water out of the cells

and into the bloodstream. The excess sugar is excreted through urine. Thus,

diabetes is accompanied with constant thirst and polyuria as the cells try to get

rid of the extra glucose, which ultimately leads to glucosuria. With the pro-

longed persistence of hyperglycemia, the body cells remain devoid of glucose

because of the lack of insulin. This ultimately forces the cells to seek alterna-

tive mobilizable energy sources. At this point, the cells uptake the fatty acids

stored in adipose tissue. The fats are not fuel source for the red blood cells,

kidney cortex, and the brain because red blood cells lack mitochondria in

which beta-oxidation pathway rests. Also, the fatty acids cannot pass through

blood�brain barrier. To provide energy to such cells and tissues, the acetyl-

CoA arising from catabolism of fatty acids is diverted to ketogenesis to gener-

ate ketone bodies, which can serve as alternative fuel sources for such cells

and tissues. These ketone bodies are also passed through the urine, thereby

leading to ketonuria, which characterizes diabetes mellitus. Build-up of ketone

bodies in the blood produces ketosis.2�9

Classification of diabetes

Type 1 diabetes mellitus

β cells’ destruction in the pancreas leads to the development of type 1 diabetes

mellitus (T1DM), which accounts for approximately 10% of all patients with

DM. There are two forms of T1DM. One is an immune-mediated disease with

autoimmune markers such as islet cell antibodies, insulin autoantibodies, and

autoantibodies to glutamic acid decarboxylase. As many as 852 90% of

patients with fasting hyperglycemia are positive for one or more of these mar-

kers. Strong human leukocyte antigen (HLA) associations also exist.

A second form of T1DM, now called idiopathic diabetes, has no known

cause. Only a minority of patients fall into this group.

Idiopathic diabetes is genetic disorder, but it lacks autoimmune markers

and is not associated with HLA. Although it can occur at any age, T1DM.

The rate of pancreatic destruction is variable and is generally more rapid in

infants and children and slower in adults.10 (Fig. 5.1)

Pathophysiology of type-1 diabetes

Type 2 diabetes mellitus

Type 2 diabetes mellitus (T2DM) is a metabolic disorder that occurs as a

result of either insulin resistance and/or insulin deficiency.11

Excess calorie intake is also a major cause of metabolic disorder, which

ultimately leads to abnormal insulin secretion or insulin resistance. To retain
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glucose homeostasis, the body demands insulin, and if pancreatic β-cells are
unable or fail to secrete enough insulin to compensate the demand, the blood

glucose level will be elevated gradually. Chronic hyperglycemia, which is

strongly associated with long-term damage, dysfunction, and failure of dif-

ferent organs, especially the eyes, kidneys, nerves, heart, and blood vessels

results in increasing levels of morbidity and mortality. Poor lifestyle, pro-

gressive reduction of physical activity, and changes of dietary habits are the

primary factors leading to the development. The vast majority of patients

with diabetes suffer from T2DM.12

Pathophysiology of Type 2 diabetes

Baynes.13 (Fig. 5.2)

Other specific types of diabetes14

Genetic defects in insulin action

1. Type A insulin resistance

2. Leprechaunism

3. Rabson�Mendenhall syndrome

4. Lipoatrophic diabetes

Diseases of the exocrine pancreas

1. Pancreatitis

2. Trauma/pancreatectomy

Gene�c Suscep�bility 

Ineffective Immune Response Ineffective Defense Barriers 

Insulating Agent eg. Pancreotropic Virus

Autoimmune Process Begins T- Lymphocytes Macrophage

CD4 Ag

INF - Gamma Interleukin 1 

Precipitating Factors
Or Stressors 

B-Cell Destruction 

> 90% Destruction 

Type 1 Diabetes Mellitus 

TNF-α 

FIGURE 5.1 Pathophysiology of type-1 diabetes.
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3. Neoplasia

4. Cystic fibrosis

5. Hemochromatosis

6. Fibrocalculous pancreatopathy

7. Others

Endocrinopathies

1. Acromegaly

2. Cushing’s syndrome

3. Glucagonoma

4. Pheochromocytoma

5. Hyperthyroidism

6. Somatostatinoma

7. Aldosteronoma

8. Others

Drug or chemical-induced

1. Vacor

2. Pentamidine

3. Nicotinic acid

4. Glucocorticoids

5. Thyroid hormone

6. Diazoxide

7. Adrenergic agonists

8. Thiazides

9. Dilantin

10. Interferon

11. Others

Diabetic gene
Adipokinase
Inflammation
Hyperglycemia
Free fatty acid
Other factor

Beta cell dysfunction

Decrease Insulin Release or Insulin Resistance

Glucose Production
Lipolysis

Glucose uptake

Blood Glucose

Fatty acid

Insulin release

FIGURE 5.2 Pathophysiology of type-2 diabetes.
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Infections

1. Congenital rubella

2. Cytomegalovirus

3. Others

Uncommon forms of immune-mediated diabetes

1. “Stiff-man” syndrome

2. Anti-insulin receptor antibodies

3. Others

Other genetic syndromes sometimes associated with diabetes

1. Down’s syndrome

2. Klinefelter’s syndrome

3. Turner’s syndrome

4. Wolfram’s syndrome

5. Friedreich’s ataxia

6. Huntington’s chorea

7. Laurence�Moon�Biedl syndrome

8. Myotonic dystrophy

9. Porphyria

10. Prader�Willi syndrome

11. Others

Gestational diabetes mellitus

This condition occurs during pregnancy, and normalizes after parturition.

Females who develop T1DM during pregnancy and females with undiag-

nosed asymptomatic T2DM that is discovered during gestational period are

classified with gestational diabetes mellitus (GDM). This disorder has its

onset in the third trimester of the pregnancy.13 (Fig. 5.3)

Etiology

Genetic component

Genetic connection plays an important role in T2DM. Concordance among

monozygotic twins is close to 100%, and about 25% of those with the dis-

ease have a family history of diabetes mellitus. Recently, genes discovered

to be significantly associated with developing T2DM include TCF7L2,

PPARG, FTO, KCNJ11, NOTCH2, WFS1, CDKAL1, IGF2BP2, SLC30A8,

JAZF1, and HHEX. KCNJ11 (potassium inwardly rectifying channel, sub-

family J, member 11), encodes the islet adenosine triphosphate (ATP)-sensi-

tive potassium channel Kir6.2, and TCF7L2 (transcription factor 7-like 2)
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regulates proglucagon gene expression and thus the production of glucagon-

like peptide-1.15

Susceptibility loci

In addition to a considerable number of genetic components associated with

T2DM, segregation analysis also suggests the polygenic nature of T2DM.

Numerous genome-wide association studies conducted in different countries

and ethnic groups have reported linkage signals at the same or different chro-

mosomes with T2DM and have successfully identified approximately 75 sus-

ceptibility loci related to T2DM.16

Obesity and Physical Inactivity

A strong correlation exists between lifestyle and diabetes mellitus. Lifestyle-

related factors plays an important role in the development of T2DM, such as

sedentary lifestyle, physical inactivity, smoking, and alcohol consumption.

Development of T2DM diet is also considered to be a risk factor. Studies

have shown that a low-fiber diet with a high glycemic index is positively

associated with a higher risk of T2DM, and specific dietary fatty acids may

affect insulin resistance and the risk of diabetes in varying degrees.16

Insulin resistance

An increase in free fatty acid (FFA) concentration has important physiologi-

cal consequences of T2DM. During pregnancy, FFA level is increased,

which induces insulin resistance, and glucose is conserved for the developing

FIGURE 5.3 Etiology of diabetes.
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fetus. Thus, FFA plays both physiological and pathological role in the body.

Excess amount of FFA in blood may cause serious metabolic syndrome.

More than 80% of people with T2DM are obese and insulin resistant.

Obesity and insulin resistance may be linked with some mediators including

FFA, tumor necrosis factor-α (TNF-α), leptin, and adiponectin. Adipocytes

are considered to be a site of insulin resistance. Insulin resistance leads to

lipolysis and increased concentration of circulating FFA and development of

insulin resistance in skeletal muscles and liver. Thus, there is a strong associ-

ation between increased plasma FFA, intra-myocellular lipid accumulation,

and insulin resistance.17

Oxidative stress in diabetes mellitus

Oxidative stress plays an important role in the development of vascular com-

plications mainly in T2DM. Reactive oxygen species (ROS) level elevates in

diabetes because of decrease in destruction and increase in the production of

enzymatic and non-enzymatic antioxidant defense system, for example, cata-

lase (enzymatic/non-enzymatic, superoxide dismutase, and glutathione perox-

idase GSH�Px). The alteration in the level of these enzymes makes the

tissues susceptible to oxidative stress, leading to the development of diabetic

complications. According to epidemiological studies, diabetic mortalities can

be explained notably by an increase in vascular diseases other than

hyperglycemia.

Pathophysiology of oxidative stress in diabetes

Scientific evidence supports the role of oxidative stress in the pathogenesis

of both types of diabetes. Generation of free radicals in diabetes by non-

enzymatic glycation of proteins, glucose oxidation, and increase in lipid per-

oxidation lead to damage of enzymes and cellular machinery, as well as

increase insulin resistance because of oxidative stress. According to the latest

research, lipid is the apolipoprotein component of low-density lipoprotein

(LDL) that forms insoluble aggregates oxidatively because of hydroxyl

radical-induced cross-linkage between apo-B monomers responsible for oxi-

dative damage in diabetic complications. For a diabetes mellitus patient, the

main source of free radicals is oxidative stress in mitochondria. During this

process, a component of the used oxygen is reduced to water, and the

remaining oxygen is transformed to oxygen free radical (O.), which is an

important ROS that is converted to other RSs such as ONOO2, OH, and

H2O2. Insulin signaling is modulated by ROS/reactive nitrogen species

(RNS) in two ways. In response to insulin, the ROS/RNS are produced to

exert its full physiological function and the ROS and RNS have got negative

regulation on insulin signaling, interpreting them to the development of insu-

lin resistance.18
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The metabolic syndrome (MetS) is a major and escalating public health

and clinical challenge worldwide and is caused by surplus energy intake,

increasing obesity, and sedentary life habits. MetS confers a fivefold increase

in the risk of T2DM and twofold the risk of development of cardiovascular

diseases. Patients with the MetS are at two- to fourfold increased risk of

cerebrovascular accident, a three- to fourfold increased risk of myocardial

infarction, and twofold the risk of death as compared to those without the

syndrome regardless of a previous history of cardiovascular events. MetS is

considered to be the first-order risk factor for atherothrombotic complica-

tions.19 (Table 5.1)

β-cell demise and dysfunction

β-cell destruction or dysfunction occurs because of cytokine-induced inflam-

mation, obesity, insulin resistance, and overconsumption of saturated fat and

FFAs. A progressive decline or destruction of β-cell, leads to β-cell exhaus-
tion and precedes β-cell demise. Loss of β-cell mass and function are central

to the development of both types of diabetes.20

Classification of antidiabetic drugs

TABLE 5.1 Classification of anti-diabetic drugs and their probable

mechanism of action.

Nature of treatment Drugs Mechanism of actions

Oral class

Sulfonylureas Glimepiride
Glipizide
Glyburide

KATP � Channel blockers.
Enhance insulin secretion.

Biguanides Metformin AMPK activator.
Decreased hepatic glucose metabolism

Meglitinide/
Phenylalanine

Repaglinide
Nateglinide

KATP � Channel blockers.
Short lasting insulinemic action.

α- Glucosidase
inhibitors

Acarbose
Miglitol
Voglibose

Decrease GI glucose absorption.

Dipeptidyl peptidase-4
inhibitors

Sitagliptin
Alogliptin
Linagliptin,
Vildagliptin.

Prolong and potentiate the action of
GLP-1.

Thiazolidindiones Pioglitazone
Rosiglitazone
troglitazone

PPARγ (Peroxisome proliferator-
activated receptor gamma) activators
Decrease insulin resistance
Increase glucose utilization.

(Continued )
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Sulfonylureas

Sulfonylureas (SUs) stimulate the quick release of insulin from pancreas at

any concentration of glucose by binding to a specific site on the β-cell KATP

channel complex. The binding of SU causes the inhibition of the KATP chan-

nel, which leads to depolarization of the cell membrane and a series of events

that follow insulin secretion. In this event, SU inhibits the sulfonylurea recep-

tor (SUR), which is a subunit of ATP-sensitive K1 channel in the pancreatic

β-cell membrane. Normally, at a hyperpolarized state, insulin is not secreted,

but when there is plasma glucose elevation, glucose enters the cell and

because of enhanced glucose metabolism, cellular ATP increases. This causes

TABLE 5.1 (Continued)

Nature of treatment Drugs Mechanism of actions

Dopamine (D2)
receptor agonist

Bromocriptine Increases renal glucose excretion.

SGLT-2 inhibitors Dapagliflozine
Canagliflozin
Empagliflozin

Reduce insulin resistance by acting on
hypothalamic dopaminergic control of
the circadian rhythm of hormone.
Lower HbA1c level.

Parenteral drugs

Insulin Regular
insulin
Lispro
Aspart
Glargine
Degludec

Increases glucose utilization, decreases
hepatic glucose production, and other
anabolic actions

GLP-1R (glucagon-like
peptide-1 receptor)
agonists

Liraglutide
Albiglutide
Semaglutide
Exenatide

Increase insulin, decrease glucagon,
slow gastric emptying, satiety.

Amylin agonist Pramlintide Slow gastric emptying, decreases
glucagon

Other treatment

Medical nutrition
therapy and physical
activity

Diabetic diet Decrease insulin resistance, increase
insulin secretion.

Inhaled insulin Afrezza
(insulin
regular
human)

Increases glucose utilization, decreases
hepatic glucose production, and other
anabolic actions
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the decrease in the K1 conductance followed by depolarization brought about

by the activation of Na1 and Ca1 channels. Ca1 augmentation causes the

vesicular insulin present inside the membrane to be released by exocytosis.21

The exocytosis can be enhanced by the activation of cAMP pathway where

elevated cAMP leads to inhibition of the KATP channel. SU, therefore, acts on

this particular SUR-1 and blocks them, further inhibiting the hyperpolarization

and facilitating the depolarization of the pancreatic β-cell membrane to aug-

ment the release of insulin. It is also mediated by Ca21/calmodulin-dependent

protein kinase II (CaMK II).22 These enzyme phosphorylates proteins such as

synapsin-I, microtubule-associated protein (MAP-2), soluble NSF (N-ethylma-

leimide-sensitive furoin protein), attachment protein, i.e., SNAP, vesicle-

associated membrane protein, and other unknown components that regulate

the SNAP receptor/fusion protein complex. Critically, the regulation of the

interaction between the granules and the cytoskeleton is presumed to be via

CaMKII-dependent phosphorylation of synapsin-I.23 SU causes the brisk

release of insulin at any concentration of glucose, which develops the risk of

precipitating untoward hypoglycemia if the glucose level is low. In T2DM, the

kinetics of insulin release in response to glucose or meals is delayed and sub-

dued. The SUs primarily augment the second-phase insulin secretion with little

effect on the first phase.24 The SUR subunit (SUR-1), expressed in glucose-

responsive neurons of the hypothalamus and pancreatic cells, is an ATP-

binding cassette protein or transport ATPase. It houses about 17 different

transmembrane domains (TMD) and two nucleotide-binding folds (NBF).

Each of them is constituted by a Walker motif A and B. They are the specific

binding sites of (Mg21) ADP/ATP25�27 Another SUR subunit, i.e., the KIR6.2

subunits have two TMDs, and they also contribute to the conduction of K1.

SUR2A/B are the variants of the SUR2A gene, and this gene is expressed

mainly in cardiac/skeletal muscle cells, whereas SUR2B is expressed in vascu-

lar/nonvascular smooth muscle cells. K-channel openers (KCO) bind to SURs

at the TMDs 12�17, which surround the central core region of the drug-like

tolbutamide-binding site.28 SURs are responsible for defining the sensitivity of

the KATP complexes with TMDs for its sensitivity toward both SUs and KCOs

with SUR1 mediating high sensitivity for SUs and low sensitivity toward

KCOs and vice versa, SUR2A/2B mediating low sensitivity for SUs and high

sensitivity for KCOs. The cooperative interactions between NBFs 1 and 2 of

SUR1 in the open state of the KATP are disrupted by the conformational

change induced by the binding of SUs, for example, glibenclamide embodies

TMDs 1�5. This conformational change repositions TMD 2 of KIR6.2,

because it is closely associated with TMD 1�5 of SUR1. Thus, SU binding to

SUR1 apparently induces an association between SUR1 and KIR6.2, which is

required for keeping KIR6.2 in a (partly) open state. Binding of ATP to

KIR6.2 facilitates and/or stabilizes the glibenclamide-induced relative dissocia-

tion of SUR1 and KIR6.2. Thus, ATP-binding favors the closed state of the

KATP.
29
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Effect of amaryl in adipose cells: regulation of key metabolic
proteins/enzymes

Phosphorylation of GLUT4 is a potential mechanism for regulation of the

distribution of GLUT4 between the plasma membrane and the intracellular

GLUT4 vesicles. Amaryl activates either serine or more specifically

threonine-related protein phosphatase, which dephosphorylates GLUT4. The

dephosphorylation may reduce the internalization rate of GLUT4. The

impaired internalization, in conjunction with the constitutive externalization

of GLUT4 even in the absence of insulin, ultimately will lead to a net flux

of GLUT4 molecules from the intracellular GLUT4 vesicles to the plasma

membrane. The Amaryl-induced GLUT4 dephosphorylation and, in conse-

quence, translocation may be particularly prominent in insulin-resistant adi-

pocytes because of their high content of phosphorylated GLUT4.30�32 (Figs

5.4�5.6)

Biguanides

As compared to SUs, the occurrence of hypoglycemia with metformin, which

is the only member of the biguanide for use today, is rare in diabetic

patients. Phenformin and buformin were also there in market, but because of

high risk of lactic acidosis, it was withdrawn from the market during the

1970s. Metformin effectively reduces the production of hepatic glucose,

which significantly suppresses the gluconeogenesis. Metformin possesses the

property to reduce the mitochondrial respiration, which causes the number of

FIGURE 5.4 Depiction of SUR, KATP-channel, and voltage-gated Ca21 channel in the β-cell.
Binding of SU to its receptor closes the K1 channel because glucose metabolism increases ATP:

ADP ratio, which causes the ATP to bind to its specific site and inhibit the entry of K1. This

leads the cell to be in a depolarized state that opens voltage-gated calcium channel. Increase in

intracellular calcium triggers exocytosis and release of insulin occurs.
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ATP molecules to decrease but AMP molecules to increase. It has been

observed recently that metformin causes activation of AMP-dependent pro-

tein kinase (AMPK) because of which various actions of metformin are

mediated, for example, the elevation of fatty acid oxidation in the liver and

decreased lipogenesis in adipose tissues, glucose uptake by skeletal muscles,

promotion of peripheral glucose utilization. Metformin interferes with the

mitochondrial enzyme, glycerol phosphate dehydrogenase, which changes

the redox state of the cell. Recent mechanism observed for metformin

FIGURE 5.5 Properties of KATP and features of SUR and KIR6.2.

FIGURE 5.6 Theoretical model depicting open and closed state of KATP channel.

106 How Synthetic Drugs Work



includes diminishing the effect of glucagon. This mechanism is thought to be

because of the inhibition of conversion of lactate and glycerol to glucose and

improving the lipid balance in the liver by reducing the lipid level. In the

normal individual whose plasma glucose level is normal, metformin has rela-

tively low effect on blood glucose. Therefore, it does not have a direct effect

on pancreatic cells or other hormones for releasing the insulin. This is the

reason why hypoglycemia is uncommon with metformin administration.

However, if an individual is mildly hyperglycemic, then metformin will defi-

nitely lower the blood glucose level. It is due to the reduction of hepatic glu-

cose production and uptake of glucose.33

Metformin

The inhibition of gluconeogenesis may also be due to the effects on pyruvate

carboxylase and other enzymes, which also accompany the mild mitochon-

drial inhibition and this effect is ATP-/ADP-/AMP-independent.34,35 Lactic

acidosis is rare with metformin because mitochondrial inhibition due to met-

formin is a self-limiting process as it depends on the condition of mitochon-

dria being active.36

LKB1�AMPK-dependent pathway is a key molecular effector of metfor-

min. Metformin has a signal transduction effect on 5’-AMPK. AMPK has the

ability to sense the change in cellular energy and regulate homeostasis of

energy. AMPK becomes active whenever there is increase in cellular ADP:ATP

and/or AMP:ATP ratios either by decreasing the catabolic production of ATP

(e.g., via nutrient deprivation and exposure to mitochondrial toxins) or by pro-

moting ATP consumption (e.g., by muscle contraction). The activation of down-

stream processes led by AMPK activation (e.g., promotion of glucose uptake

and fatty acid oxidation in muscle and inhibition of lipid synthesis in the liver)

elevates the therapeutic effects of metformin.37 The stimulation of AMPK by

metformin is in close relation with the inhibition of glucose production.

Metformin also decreases the levels of sterol regulatory element-binding pro-

tein-1 (SREBP-1), which is an important transcriptor factor in lipogenesis.38 It is

to be noted that AMPK is indirectly activated by metformin. The activation of

AMPK takes place when there is an increase in AMP:ATP and ADP:ATP

ratios. This has been concluded in one of the studies where the cell line consid-

ered expressed AMPK complexes having Arg531.39 This complex was insensi-

tive to the effects of ADP and AMP on phosphorylation. This proves that the

metformin acts indirectly and not by direct phosphorylation.33

Metformin and organic cation transporters

Instead of metabolizing, metformin is excreted in the urine and bile in an

unchanged form. The active transport of metformin takes place by important

organic cation transporters. Although metformin exerts its major effect
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through inhibition of hepatic glucose production, enhanced glucose disposal

has also been described. This is because metformin promotes glucose trans-

port independent of the insulin receptor-mediated proximal signaling path-

way in skeletal muscle. In spite the fact that metformin may accumulate in

skeletal muscle and tissues over longer periods of time to bring about some

effects, the potent and preferential effects of metformin in the liver can

be explained by the fact that the drug is supplied directly from the gut by the

portal vein, which means that an immense concentration of rally taken met-

formin reaches the liver than other peripheral organs/tissues. Also, because

of the high level of OCT1 (Organic Cation transporter-1) expression, it

actively transports metformin to its site of action, in hepatocytes. 40�42

The fact that metformin suppresses the hepatic gluconeogenesis is

because mitochondrial inhibition is widely accepted,21 but the most recent

mouse genetic studies indicate that suppression of gluconeogenesis depends

more directly on the mitochondrial respiration and/or on AMPK-independent

cellular responses to reductions in ATP availability, such as the recently

described effects on cAMP-PKA signaling. In addition, it should be noted

that AMPK might play a key role in long-term effects of metformin by

improving lipid metabolism and mitochondrial function in the liver. The gly-

cemic response to metformin is highly variable, even after controlling for

differences in adherence to medication.33 (Fig. 5.7)

KATP channel modulators (nonsulfonyl ureas): meglitinides

Repaglinide

Insulin release is promoted by repaglinide when taken orally. It exhibits its

action in a way similar to SUs by inhibiting ATP-sensitive K1 channel.43 Its

advantage is that it is well absorbed orally and attains high plasma level

within 1 h, which then normalizes the meal time glucose fluctuation.

Metabolism of repaglinide takes place in the liver with the help of CYP3A4

enzyme. Small amount of drug is also metabolized by the kidney, so it is to

be noted that this drug should be dosed carefully in renal insufficient

patients. Hypoglycemia is a major drawback of repaglinide. Certain drugs

may potentiate the action of repaglinide by displacing it from plasma

protein-binding sites (β blockers, chloramphenicol, coumarin, Monoamine

oxidase inhibitors, non-steroidal anti-inflammatory drugs, probenecid, salicy-

lates, and sulfonamide) or altering its metabolism (gemfibrozil, itraconazole,

trimethoprim, cyclosporine, simvastatin, clarithromycin).21

α-Glucosidase inhibitors

α-Glucosidase inhibitors like acarbose reversibly inhibit α-Glucosidase, an
enzyme that causes the digestion of carbohydrates in the small intestine.
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FIGURE 5.7 (A, B) Schematic diagram of the anti-hyperglycemic action of metformin on the liver

cell. Part (B) shows a simplified version of (A). Metformin is transported into hepatocytes mainly via

OCT1, resulting in an inhibition of the mitochondrial respiratory chain (complex I) through a currently

unknown mechanism(s). The resulting deficit in energy production is balanced by reducing the con-

sumption of energy in the cell, particularly reduced gluconeogenesis in the liver. This is mediated

mainly in two ways. First, a decrease in ATP and a concomitant increase in AMP concentration

occur, which is thought to contribute to the inhibition of gluconeogenesis directly (because of the

energy/ATP deficit). Second, increased AMP levels function as a key signaling mediator that has

been proposed to (1) allosterically inhibit cAMP�PKA signaling through suppression of adenylate

cyclase, (2) allosterically inhibit FBPase, a key of gluconeogenic, and (3) activate AMPK. This leads

to inhibition of gluconeogenesis (1 and 2) and lipid/cholesterol synthesis (3), which may contribute to

the longer term metabolic and therapeutic responses to the drug. FBPase; fructose-1,6-bisphophatase.

Insight into the mechanism of action of anti-diabetic drugs Chapter | 5 109



Therefore, α-Glucosidase inhibitors slower down the rate of digestion and

absorption of carbohydrates from the brush border of small intestine

mucosa.44 The additional effect of the drug is to facilitate the release of the

glucoregulatory hormone glucagon-like peptide (GLP-1) into the circulation,

which may be responsible for lowering the glucose level. The drugs in this

class are acarbose, miglitol, and voglibose (not available in the U.S.).21

Dipeptidyl peptidase-4 inhibitors

Dipeptidyl peptidase-4 (DPP-4) is widely distributed throughout the body. It is a

serine protease found on vascular endothelial cells as an ectoenzyme, on the surface

of T lymphocytes, and in a circulating form. The structural change in the DPP-4

inactivates GLP-1 and glucose-dependent insulinotropic polypeptide (GIP) and

reduces the insulin secretion in T2DM patients. The drugs available in the U.S.

such as sitagliptin, saxagliptin, linagliptin, and alogliptin, and vildagliptin in the E.

U. inhibits this DPP-4 enzyme. Alogliptin, linagliptin, and sitagliptin are competi-

tive inhibitors of DPP-4; vildagliptin and saxagliptin bind the enzyme covalently.

All five drugs can be given in doses that lower measurable activity of DPP-4 by

more than 95% for 12 h. This causes a greater than twofold elevation of plasma

concentrations of active GIP and GLP-1 and is associated with increased insulin

secretion, reduced glucagon levels, and improvements in both fasting and postpran-

dial hyperglycemia. Inhibition of DPP-4 does not appear to have direct effects on

insulin sensitivity, gastric motility, or satiety; chronic treatment with a DPP-4 inhib-

itor also does not affect body weight. DPP-4 inhibitors, used as monotherapy in

T2DM patients, reduce A1c levels by an average of about 0.8%.21

Mechanism of action

DPP-4 inhibition is a glucose-lowering treatment for T2DM. The classical

mechanism for DPP-4 inhibitors is that they inhibit DPP-4 activity in periph-

eral plasma, which prevents the inactivation of the incretin hormone GLP-1 in

the peripheral circulation. This in turn increases circulating intact GLP-1,

which results in stimulated insulin secretion and inhibited glucagon secretion.

This leads to increased glucose utilization and diminished hepatic glucose pro-

duction. This brings about the reduction in the postprandial glucose level and

reduces HbA1c. However, additional non-classical pleotropic mechanisms of

DPP-4 inhibitors have recently been discovered, and it is confirmed that DPP-

4 inhibition can reduce hyperglycemia and increase insulin secretion by a

mechanism independent of inhibition of DPP-4 activity in peripheral plasma.45

Dipeptidyl peptidase-4 inhibition in the gut

The first mechanism is that DPP-4 inhibitors (e.g., sitagliptin) inhibit the

action of DPP-4 in the gut (duodenum, jejunum, ileum) where DPP-4 is
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localized to capillaries, which are in close association with the entero-

endocrine cells and the nerve endings in the enteric autonomic nervous sys-

tem. Inhibition of gut DPP-4 activity thus prevents the inactivation of intact

GLP-1 immediately after its release from the L-cells, which raises the active

form of the hormone in the tissue level. This in turn may activate the auto-

nomic nerves as well as result in increased portal GLP-1 levels to augment

the activation of portal GLP-1 receptors. Therefore, sitagliptin at low doses

inhibits DPP-4 in the intestine compartment, which prevents the inactivation

of GLP-1 immediately after its release from the L-cells, rather than having

an effect on inactivation of GLP-1 in the peripheral circulation by inhibiting

DPP-4 activity in peripheral plasma. This will eventually reduce the blood

glucose level without inhibiting the circulating peripheral plasma DPP-4

activity.46

The second mechanism that contributes the lowering of the glucose level

involves inhibition of DPP-4 activity in the islet, which prevents inactivation

of locally produced intact GLP-1 in the islets, thereby augmenting insulin

secretion and inhibiting glucagon secretion and possibly preventing islet

inflammation. There is accumulating evidence that GLP-1 is expressed in

islets, which is not surprising considering its coding in the proglucagon

sequence in a-cells. It has, however, been thought that proglucagon is pro-

cessed to glucagon in a-cells because of cell-specific expression of the pro-

cessing enzymes prohormone convertase. Marchetti et al.47 recently

demonstrated in human islets that GLP-1 may also be expressed in a-cells. It

has also been shown that under certain conditions, such as high glucose,

GLP-1 production is increased in a-cells because of a specific overexpression

of prohormone convertase 1/3. Therefore, in subjects with diabetes, there is a

possibility that GLP-1 is produced in islets to such a degree that it will be of

relevance after DPP-4 inhibition. This assumption has become even more

likely because of accumulating evidence that DPP-4 is also expressed in

islets. In line with these observations, Shah et al.48 recently showed that long

term incubation of isolated human islets with high glucose, palmitate, and

cytokines increases apoptosis and impairs insulin secretion and that the DPP-

4 inhibitor linagliptin prevents this by stabilizing and increasing GLP-1

secretion along with inhibited islet DPP-4 activity. These findings therefore

suggest that a local islet mechanism may contribute to the increased insulin

secretion during DPP-4 inhibition. A local islet effect may also have anti-

inflammatory effects, which may be of importance since local islet inflam-

mation may contribute to the development of b-cell deterioration in T2DM.

This may be caused by cytokines released from infiltrating immune cells. An

additional mechanism may be that hyperglycemia may cause a secretion of

interleukin-1b from b-cells. A recent study by Dobrian et al. reported that

sitagliptin reduces expression of inflammatory cytokines in islets from

dietary-induced obesity in mice.49 We also found recently that chronic treat-

ment of high-fat�fed mice with vildagliptin prevented fat-induced pancreatic
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inflammation and peri-insulitis. This may be mediated by the two incretin

hormones since it has been shown that treatment of splenic T-cells with both

GLP-1 and GIP diminishes pancreatic infiltration of T-cells after splenic T-

cells are injected into nonobese diabetic mice. Hence, in addition to stimulat-

ing insulin secretion and inhibiting glucagon secretion through preventing

GLP-1 inactivation in islets, DPP-4 inhibition may also prevent islet inflam-

mation as a mechanism for improving islet function.50

The third mechanism involves the prevention of the inactivation of other

bioactive peptides apart from GLP-1, such as GIP, stromal-derived factor-1a,

and pituitary adenylate cyclase-activating polypeptide, which may improve

islet function.51

Recent studies have suggested that there are islet-independent glycemic

effects of GLP-1 mediated by the hepatic portal system. Infusion of GLP-1 was

found to reduce hepatic glucose production independent of changes in insulin or

glucagon levels. The local prevention of GLP-1 inactivation by DPP-4 inhibition

in the gut and hepatic portal system may increase portal GLP-1 levels, allowing

for such a direct effect of GLP-1 to suppress hepatic glucose output through

activating portal GLP-1 receptors, which is also evident from several experimen-

tal studies. Indeed, there is a higher increase in circulating levels of intact GLP-

1 in the portal vein than in the peripheral circulation. Altogether, these findings

suggest that DPP-4 inhibition may increase portal GLP-1 levels, which reduces

hepatic glucose output and increases peripheral glucose utilization by islet hor-

mone�independent mechanisms. Therefore, these pleiotropic effects may con-

tribute to the effects of DPP-4 inhibition.45

Thiazolidinediones

Thiazolidinediones are ligands for the PPARγ receptor, a nuclear hormone

receptor that has two isoforms and is involved in the regulation of genes

related to glucose and lipid metabolism. Two thiazolidinediones are currently

available to treat patients with T2DM, rosiglitazone, and pioglitazone; a third,

troglitazone, was removed from the market in 2000 due to hepatotoxicity.21

Mechanism of action

Thiazolidinediones activate peroxisomal proliferator-activated receptor gamma

(PPAR)γ receptors, which are expressed primarily in adipose tissue with lesser

expression in cardiac, skeletal, and smooth muscle cells, islet β-cells, macro-

phages, and vascular endothelial cells. The endogenous ligands for PPARγ
include small lipophilic molecules such as oxidized linoleic acid, arachidonic

acid, and the prostaglandin metabolite. Ligand binding to PPARγ causes hetero-

dimer formation with the retinoid X receptor and interaction with PPAR

response elements on specific genes. The principal response to PPARγ activa-

tion is adipocyte differentiation.52�54 PPARγ activity also promotes uptake of
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circulating fatty acids into fat cells and shifts of lipid stores from extra-adipose

sites to adipose tissue. One consequence of the cellular responses to PPARγ
activation is increased tissue sensitivity to insulin. Pioglitazone and rosiglitazone

are insulin sensitizers and increase insulin-mediated glucose uptake by 30%�
50% in patients with T2DM. Although adipose tissue seems to be the primary

target for PPARγ agonists, both clinical and preclinical models support a role

for skeletal muscle, the major site for insulin-mediated glucose disposal, in the

response to thiazolidinediones. In addition to promoting glucose uptake into

muscle and adipose tissue, the thiazolidinediones reduce HGP (hepatic glucose

production) and increase hepatic glucose uptake. It is not clear whether

thiazolidinedione-induced improvement of insulin resistance is due to direct

effects on key target tissues (skeletal muscle and liver), indirect effects mediated

by secreted products of adipocytes (e.g., adiponectin), or some combination of

these. Thiazolidinediones also affect lipid metabolism. Treatment with rosiglita-

zone or pioglitazone reduces plasma levels of fatty acids by increasing clearance

and reducing lipolysis. These drugs also cause a shift of triglyceride stores from

non-adipose to adipose tissues and from visceral to subcutaneous fat depots.

Pioglitazone reduces plasma triglycerides by 10%�15%, raises high-density

lipoprotein cholesterol levels, and increases LDL cholesterol. In contrast, rosigli-

tazone has minimal effects on plasma triglycerides, and the only consistent

effect on circulating lipids is an increase of LDL cholesterol.55

Thiazolidindiones can reduce the hyperglycemic state by 40 mg/dL.

Thiazolidinediones reduce insulin resistance associated with nondiabetic con-

ditions such as obesity. PPARγ is a transcription factor that regulates the

expression of specific genes of fat cells. This drug primarily acts on the adi-

pose tissue as PPARγ is enormously expressed there. It binds and activates

the PPARγ. It is a nuclear receptor that acts as transcription factor upon acti-

vation by regulating the transcription and expression of specific genes. There

are endogenous ligands of PPARγ such as unsaturated fatty acids and spe-

cific prostanoid, which activates the PPARγ and causes heterodimerization

with the retinoid X receptor. This leads to the binding of the activated com-

plex resulted from heterodimerization to the specific DNA segments to

induce transcription of PPAR- responsive elements (PPRE). Thus, thiazolidi-

nedione also expresses the number of adipocyte-specific genes (lipoprotein

lipase, fatty-acid binding protein, glucose FFA, GLUT4, etc.), which con-

cludes that the activation or expression of PPARγ is associated with adipo-

genic differentiation. Thiazolidinediones selectively stimulate the lipogenic

activities in fat cells that results in greater insulin suppression of lipolysis.

This would leave less FFAs available for other tissues. Thus, insulin desensi-

tizing effects of FFAs in muscle and liver would be reduced as a result of

thiazolidinedione treatment. This is known as “fatty acid steal phenomenon.”

Thiazolidinediones also alter the expression and release of adipocytokines. It

also reduces resistin, leptin, and TNFα which have potential in decreasing

insulin sensitivity.55,56 (Figs. 5.8 and 5.9)
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FIGURE 5.9 Family of PPARs and ligand specificity. Font size reflects expression levels in

specific tissues. Cellular mechanism of action of thiazolidinediones. Ins, Insulin; IR, insulin

receptor; RXR, retinoid X receptor; TZD, thiazolidinedione; see text for details.

FIGURE 5.8 Interference of thiazolidinediones with factors released from adipose tissue (see

text for details).
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Bromocriptine

It is a dopamine (D2) receptor agonist. This formulation has been approved for

the treatment of T2DM. Bromocriptine actually gained importance after its ther-

apeutic effect was established for treating Parkinson’s disease and hyperprolacti-

nemia. Bromocriptine has a moderated influence on blood glucose level, and it

may also exhibit CNS (central nervous system) action. The dose range for bro-

mocriptine is 1.6 to 4.8 mg, taken with food in the morning within 3 h of awak-

ening. Side effects include nausea, fatigue, dizziness, orthostatic hypotension,

vomiting, and headache.21 Bromocriptine has the ability to activate the inflam-

matory signal IL-6/JAK2/p-STAT3/SOCS3 and exhibit its action on the molecu-

lar level of the muscles. It also enhances the PPAR-γ/adiponectin signaling that

results in activation of the insulin signaling pathway (p- IR/p-AKT/GLUT4).57

Na1�Glucose transporter-2 inhibitors

Na1�Glucose Transporter-2 (SGLT2) is an Na1�glucose cotransporter

located almost exclusively in the proximal portion of the renal tubule. It is a

high-affinity, low-capacity transporter that moves glucose against a concen-

tration gradient from the tubular lumen using energy generated from Na1
flux through the epithelial cells. Renal retention of glucose is nearly com-

plete in nondiabetic persons, and SGLT2 accounts for 80%�90% of this rec-

lamation; the remainder is recovered by SGLT1 more distally in the tubule.

Early studies in diabetic animals demonstrated that hyperglycemia could be

nearly ameliorated by the naturally occurring compound phlorizin, an SGLT

inhibitor. In accordance with this proof of principle, drugs that are specific

inhibitors of SGLT2 have been developed to treat diabetes.58 These agents

block glucose transport in the proximal tubule and lower blood glucose by

promoting urinary loss. SGLT2 inhibitors reduce the rate of glucose reclama-

tion in the proximal tubule and shift the renal threshold for glucose excretion

from about 180 to 50 mg/dL (10 to 2.8 mM). In monotherapy, they reduce

A1c by 0.7%�1.0%, cause weight loss of 2�4 kg, and decrease blood pres-

sure by 2�4 mm Hg. There are currently three SGLP2 inhibitors available

for clinical use—canagliflozin, dapagliflozin, and empagliflozin—with sev-

eral other members of this class still in development. These agents are indi-

cated for use in combination with other oral agents and insulin; such use

leads to an additional decrease of A1c of 0.5%�0.7%. SGLT2 inhibitors are

available in combination with metformin and DPP-4 inhibitors; a combined

SGLT1/SGLT2 inhibitor is under investigation.21

GLP-1 agonist

Insulin secretion is stimulated after meals by gastrointestinal hormones incre-

tins (GLP-1 and GIP). However, GIP stimulates insulin release inefficiently

as compared to GLP and lower blood glucose T2DM. Signaling system of
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GLP-1 is a major target of GLP-agonists. GLP-1 and glucagon are derived

from preproglucagon (a 180�amino acid precursor having five domains,

which are processed separately). An amino-terminal signal peptide is

followed by glicentin-related pancreatic peptide, glucagon, GLP-1, and

GLP-2. Processing of the protein is sequential and occurs in a tissue-specific

fashion. Pancreatic α-cells cleave proglucagon into glucagon and a large

C-terminal peptide that includes both of the GLPs. Intestinal L-cells and spe-

cific hindbrain neurons process proglucagon into a large N-terminal peptide

that includes glucagon or GLP-1 and GLP-2. GLP-2 affects the proliferation

of epithelial cell lining the gastrointestinal tract. Teduglutide, a GLP-2 ana-

log, is approved for treatment of short-bowel. When GLP-1 agonist is given

intravenously to diabetics, GLP-1 stimulates insulin secretion and inhibits

glucagon release. It also delays gastric emptying, reduces food intake, and

normalizes fasting and postprandial insulin secretion. Natural GLP-1 peptide

can also exhibit this function, but DPP-4 enzyme rapidly inactivates GLP-1.

Therefore, GLP-1 therapeutic agents are taken for obtaining the benefits of

GLP-1. GLP-1 receptor agonists Albiglutide, Dulaglutide, Exenatide, and

Liraglutidehave been approved for treatment of diabetic patients in the U.S.

Recently, Semaglutide has also been approved.21,59

Exenatide

Exendin-4 is a naturally occurring 39�amino acid reptilian peptide with 53%

sequence homology to GLP-1. This peptide is a potent GLP-1 receptor agonist

(GLP-1RA) that shares many of the physiological and pharmacological effects

of GLP-1. It is not metabolized by DPP-4 and thus has extended activity follow-

ing injection. Synthetic exendin-4, exenatide, is approved for use as monother-

apy and as adjunctive therapy for patients with T2DM not achieving glycemic

targets with other drugs. Evidence from clinical trials has indicated that exena-

tide can also be used in conjunction with basal insulin. An extended-release

form of exenatide is administered by subcutaneous injection once a week with

greater effectiveness than twice-daily treatment.21

Liraglutide

The liraglutide peptide is a long-acting GLP-1 agonist. When Lys34Arg substi-

tutes Lys26 with an addition of α-glutamic acid spacer coupled to a C16 fatty

acyl group to its structure, it becomes resistant to DPP-4 degradation. The bind-

ing of albumin takes place with the fatty acid side chain that extends the half-

life, which makes the drug to be administered only once a day. The mechanism

may be that the fatty acid offers some protection from cleavage of the N-

terminus by DPP-4. The pharmacodynamic profile of liraglutide mimics GLP-1

and exenatide. In clinical trials, liraglutide caused both improvement in glyce-

mic control and weight loss. In a single comparative trial, liraglutide reduced
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A1c about 30% more than exenatide. Liraglutide is indicated for adjunctive

therapy in patients not achieving glycemic control with oral agents. Liraglutide

can be added to oral agents or basal insulin. In a recent report, liraglutide

reduced the risk of cardiovascular death, nonfatal myocardial infarction, or non-

fatal stroke in patients with T2DM and established cardiovascular disease.

Similar positive effects on cardiovascular risk have also been demonstrated in a

trial of semaglutide, a compound in development with similarities to liraglutide.

Other GLP-1 receptor agonists (exenatide and lixisenatide; approved in E.U.)

are neutral with regard to cardiovascular risk in the trials completed to date.

Albiglutide

Albiglutide is a fusion protein that includes two sequential GLP-1 moieties linked

to human albumin; the GLP-1 sequences are modified to prevent DPP-4 cleavage.

Albiglutide is also indicated for patients with T2DM with suboptimal glucose con-

trol and can be used in conjunction with oral agents and basal insulin.

Overall, all GLP-1RAs share a common mechanism, activation of the

GLP-1 receptor, a member of glucagon receptor family of GPCRs (class B

GPCRs). GLP-1 receptors are expressed by β-cells, cells in the peripheral

and central nervous systems, the heart and vasculature, kidney, lung, and

gastrointestinal mucosa. Binding of agonists to the GLP-1 receptor activates

the cAMP-PKA pathway and several GEFs. GLP-1 receptor activation also

initiates signaling via PKC and PI3K and alters the activity of several ion

channels. In β-cells, the end result of these actions is increased insulin bio-

synthesis and exocytosis in a glucose-dependent manner. Activation of

GLP-1 receptors in the CNS accounts for the effects of receptor agonists on

food intake and gastric emptying and for side effects such as nausea.60

Other glucose-lowering agents

Pramlintide: amylin analog

It is the first new class of injectable drug that acts as an amylin analog. It is

soluble as compared to natural amylin. Native amylin is an islet amyloid

polypeptide that possess a 37�amino acid peptide produced in the pancreatic

β-cells and secreted with insulin. A synthetic form of amylin with several

amino acid modifications is pramlintide, which improves bioavailability. It

has been developed as a drug for the treatment of diabetes. It acts centrally

through the amylin receptor in specific regions of the hindbrain. The activa-

tion of the amylin receptor results in the reduced secretion of glucagon. It

further slows the gastric emptying rate and provides satiety. It is injected

subcutaneously with an insulin regimen to control and improve the glycemic

control without weight gain. 21,61 (Fig. 5.10)
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Introduction

Steroid hormones are lipophilic (fat-soluble) molecules that have a signifi-

cant role in the signal transduction pathway, thus regulate a wide range of

cellular processes and biological functions. All classes of steroid hormones

are derived from cholesterol precursors, as shown in Fig. 6.1. The major

classes of steroid hormones can be classified into corticosteroids (glucocorti-

coids and mineralocorticoids) and sex hormones (estrogens, progesterone,

and androgens). The corticosteroids are secreted from adrenal glands,

whereas sex hormones are secreted by gonads (i.e., testes and ovaries, e.g.,

estrogens, progesterone, and testosterone) as well as the adrenal gland (e.g.,

androgens). Generally, males and females have similar sex hormones, but

their secretion sites, concentration, and site-of-action differ. Testosterone, an

androgen, is predominantly a male sex hormone and anabolic steroid

secreted from testes. However, the testes and adrenal cortex also secrete a

small amount of estrogen (or oestrogen) and progesterone. In females, ova-

ries and also placenta (during pregnancy) produce estrogen and progesterone,

with an additional small amount of testosterone from the ovaries and adrenal

gland. Estrogens, progesterone, and androgens are implicated in many vital

cellular processes, as described in Table 6.1. The changes in concentration

(either too high or too low) of these sex hormones or a deficit in the step of

their biosynthesis could lead to serious health issues, including disorders of

sexual development, infertility, and cancers.
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Synthesis of endogenous estrogens, progesterone, and androgens

The interconversions of estrogen, progesterone, and androgens from parent

cholesterol molecule with intermediates are described in Fig. 6.1. The steroid

nucleus undergoes hydroxylation and hydrocarbon side-chain cleavage by

cytochrome P450 17A1 (also known as P450c17, CYP17A1, 17α-hydroxy-
lase, 17,20-lyase, or 17,20-desmolase) in presence of NADPH and O2. The

resulting pregnenolone is changed to Progesterone via 3β-hydroxysteroid
dehydrogenase (3β-HSD). Pregnenolone also undergoes hydroxylation, in

which 17α-hydroxylase introduces hydroxyl group at C-17 position of preg-

nenolone, leading toward the formation of 17α-hydroxypregnenolone.
Similarly, 17α-hydroxylase also catalyzed the hydroxylation of progesterone

and forms 17α-hydroxyprogesterone. 17α-Hydroxypregnenolone is con-

verted into dehydroepiandrosterone (DHEA) by the removal of hydrogen

from C3-OH, via the catalyzation of 3β-HSD, also known as Δ5-4 isomerase.

The dehydrogenation of DHEA, and androstenedione results in the conver-

sion of Testosterone (by 3β-HSD) or Estrone (by cytochrome P450

FIGURE 6.1 Biosynthesis of estrogens, progesterone, and androgens from the parent molecule

of cholesterol.

124 How Synthetic Drugs Work



TABLE 6.1 Characteristics of estrogen, progesterone, and androgen.

Hormone

group

Hormone(s) Major

secretion

site

Receptor(s) Function(s) Associated disease

Estrogen Estrone (E1) Ovaries ERs: ERα, ERβ,
mER (i.e., GPER)

Development of female secondary
sexual characters and female fertility:
breast, thickening of endometrium and
vaginal wall, vaginal lubrication,
maturation of follicles, regulates
gonadotrophin secretion.

Various types of cancer
(breast, ovarian,
colorectal, prostate,
endometrial),
osteoporosis,
neurodegenerative
diseases, cardiovascular
disease, insulin
resistance, lupus
erythematosus,
endometriosis, and
obesity

Estradiol (or 17β-
Estradiol) (E2)

Estriol (E3)

Estetrol (E4)

Progesterone Progesterone Ovaries PRs (PgR), PR-A,
PR-B, and PR-C

Important for menstruation, pregnancy,
and sperm production. Prepares the
endometrium for the potential of
pregnancy after ovulation,
development of fetus, breast
development, milk production.
Implantation and maturation of
fertilized ovum.

Irregular menstrual
cycle, infertility,
obesity, breast cancer,
endometrial cancer,
liver diseases,
cardiovascular diseases,
breast tenderness,
fibrocystic breasts,
gallbladder problems,
etc.

Placenta
mPR (mPRα,
mPRβ, mPRγ,
mPRδ, and mPRE)

(Continued )



TABLE 6.1 (Continued)

Hormone

group

Hormone(s) Major

secretion

site

Receptor(s) Function(s) Associated disease

Androgen Testosterone Gonads
(testes and
ovaries)

AR; NR3C4, IGF-
1R, mARs
(GPRC6A and
ZIP9)

Development of male secondary
sexual characters, including facial hair,
body hair growth, and voice change.
Stimulates puberty, hair growth in the
pubic underarm areas, and
spermatogenesis. Stimulates the
production of skeletal muscles and
bone as well as red blood cells.
Masculinization of the fetus.

Androgenic alopecia,
Androgen insensitivity
syndrome, precocious
puberty in boys,
hypersexuality,
paraphilias, BPH,
prostate cancer, and
hyperandrogenism in
women such as in
PCOS.

Dihydrotestosterone

Androstenedione Adrenal
cortex

Androsterone

AR, Androgen receptor; BPH, benign prostatic hyperplasia; ERs, estrogen receptors; GPER, G protein�coupled ER; IGF-1R, insulin-like growth factor 1 receptor; mARs,
membrane ARs; mER, membrane ER; mPR, membrane progesterone receptor; NR3C4, nuclear receptor subfamily 3, group C, member 4; PCOS, polycystic ovary
syndrome; PRs, progesterone receptors.



aromatase). 17α-Hydroxyprogesterone is also converted into androstenedione

via cytochrome P450. Testosterone can also be converted into 5α-dihydrotes-
tosterone (DHT) or 17β-Estradiol (E2), by 5α-reductase and P450c17,

respectively. Another estrogen, estrone (E1) is formed either from estradiol

via P450 aromatase or testosterone via 17β-hydroxysteroid oxidoreductase.

Estrone is converted into estriol (E3) and the reaction is catalyzed via cyto-

chrome 450 3A4 (CYP3A4).1,2

Mechanism of action of endogenous steroid sex hormones
(estrogens, progesterone, and androgens)

Sex hormones, that is, estrogens and progesterone, are transported by the

blood from their site of secretion to their targeted cells. Some hormones, for

example, testosterone, have specific localized effects through paracrine

secretion. Corticosteroid-binding globulin (CBG) (e.g., progesterone) and sex

hormone�binding globulin (SHBG) (estrogen and androgen) can act as a

nonspecific carrier and reversibly bound to carry the specific steroid hor-

mones. As sex hormones are lipophilic molecules, they can freely diffuse

across the phospholipid layer of the plasma membrane of its target cells. On

entry of the hormone into the cell, it is bound to its specific receptor local-

ized on the cell membrane or distributed in the cytosol or nucleus (the recep-

tors of the hormones described in Table 6.1) and forms a hormone-receptor

complex. (Note: The cells without hormone receptors cannot be influenced

by the action of hormones.) This hormone-receptor complex forms a dimer

and causes a conformational change in the receptor, revealing its DNA-

binding domain. The hormone-receptor complex is translocated to the

nucleus, where it binds to the targeted regulatory DNA sequence, referred to

as the hormone-response element (HRE).3 The hormone-receptor complex

interacts with HRE through a zinc finger motif and regulates the transcrip-

tion, synthesis of messenger RNA (mRNA), and protein.4�6 In addition,

coactivators and corepressors also regulate the pathway either by activating

or inhibiting the transcription of the specific gene, respectively.

Role of estrogen, progesterone, and androgen in diseases

Hormonal imbalance in females

Menstruation and fertility are significantly controlled by the activity of estro-

gen and progesterone. Estrogen regulates the menstrual cycle by controlling

the growth and maturation of the uterine lining and also the maturation of

the egg prior to ovulation. Progesterone balances the effects of estrogen. It is

secreted by the corpus luteum in the ovary after ovulation during the second

half of the menstruation cycle. It prepares the endometrium, matures the

Molecular mechanism of action of estrogens, progestins Chapter | 6 127



uterine lining, and maintains the possible pregnancy. If the egg is not fertil-

ized, the estrogen decreases and tends to start the menstrual cycle.

Due to the integral role of each hormone, the slight imbalance in the con-

centration (i.e., too much or too little) of these hormones could disastrously

affect normal cellular functioning and physiology of the human body. Such

as, in women, the low levels of estrogen typically cause irregular periods or

menopause symptoms. Menopause is marked as the end of the menstrual

cycle when no menstruation occurs for 12 consecutive months, and women

could no longer be pregnant. A woman’s hormones level naturally changes

throughout life, menstrual cycle, pregnancy, and even at different times of

the day.

� Decreased estrogen: The levels of estrogen decrease naturally as woman

ages, especially when a woman reaches menopause. The low levels of

estrogen at menopause can cause hot flashes, night sweats, vaginal dry-

ness, loss of sex drive, mood swings, etc. The drop in estrogen levels

might be a risk factor for cardiovascular disorders, stroke, osteoporosis,

and fractures.7

� Decreased progesterone: The low levels of progesterone result in irregu-

lar or missed periods, difficulty conceiving, ectopic pregnancy, spotting,

miscarriage, and infertility.

� Increased estrogen: When the balance of progesterone is inadequate, it

tends to increase estrogen levels, causing estrogen dominance. Estrogen

dominance could be a risk factor for breast cancer, ovarian cancer,

tumors of testes and adrenal glands, liver diseases, acne, loss of sex drive,

obesity, and depression.

� Increased progesterone: However, the high levels of progesterone are not

associated with any serious medical issues, as during pregnancy, proges-

terone level increases, although ovarian cancer, ovarian cyst, congenital

adrenal hyperplasia, and hydatidiform mole are associated with high pro-

gesterone levels.8

� Decreased testosterone: The abnormally low levels of testosterone in

women can cause muscle weakness, fatigue, stress, sexual dysfunction,

irregular menstruation, vaginal dryness, bone loss, weight gain, and fertil-

ity issues. The low levels of testosterone in women can cause HSD disor-

der (HSDD), in which women have a lack of interest in sexual activity,

frustration, and lack of self-confidence.9,10

� Increased testosterone: On the other hand, increased testosterone level is

linked with infertility, obesity, ovarian cancer, or diabetes.

Polycystic ovary syndrome

Polycystic ovary syndrome (PCOS) is a hormonal disorder in teen girls and

young women that causes abnormalities in the estrogen and androgens

metabolism in the ovaries and produces abnormally uncontrolled increased
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levels of male sex hormones (androgen), primarily testosterone.11 PCOS is

the common cause of infertility as it disrupts egg development and release,

causing anovulation. PCOS could be caused by insulin resistance, in which

cells do not properly utilize insulin. The cells of muscles, liver, and liver

cannot utilize glucose for energy production. When the blood glucose level

increases, it triggers the pancreas to secrete more insulin, causing hyperinsu-

linemia.12 Extra insulin contributes to hyperandrogenism, that is, increases

production and activity of androgen like testosterone, causing difficulty with

ovulation. Several genes are also linked to PCOS, and it runs in families.13

The abnormality in the functions of hypothalamic�pituitary�gonadal axis

and the hypothalamic�pituitary�ovary (HPO) axis is also a pathological fac-

tor of PCOS that causes the excessive secretion of adrenal and ovarian

androgen. The levels of luteinizing hormone (LH), a hormone responsible

for stimulating ovulation, also increase and exert chronic low-grade inflam-

mation also leads to the pathogenesis of PCOS. In PCOS inflammation, C-

reactive protein increases, which is also associated with diabetes, insulin

resistance, and heart diseases. In PCOS, ovaries may enlarge, or numerous

small cysts form in the ovaries. PCOS also causes menstrual dysfunction

(irregular menstrual cycle or missed periods). Due to increased androgen

levels, women experience male pattern baldness, severe acne, and hirsutism

that results in excessive body hairs in male-like patterns on the face, chest,

and stomach. PCOS also results in alopecia, acanthosis nigricans (skin dark-

ening around neck, armpits, or breast), diabetes, heart disease, high blood

pressure, obesity, and obstructive sleep apnea.

Hormonal imbalance in males

Males also experience natural hormonal imbalance that affects bodily func-

tions. As men age, they are more likely to experience an imbalance in testos-

terone levels. The changes in androgens, particularly testosterone,

considerably affect the sexual activity and erection.14 The decline in the

androgen, specifically testosterone, in aging men causes hypoandrogenism

and leads to men’s menopause. This condition is also referred to as andro-

pause, late-onset hypogonadism, low testosterone, or androgen decline in the

aging male.15 Testosterone deficiency syndrome or low testosterone level (as

less than 300 ng/dL) can cause erectile dysfunction, reduced bone and mus-

cle mass, low sex drive (libido), low semen volume and blood count,

decreased energy, strength, loss of body and facial hair, smaller testicle size,

increased body fats and breast size (gynecomastia), cognitive decline, depres-

sion, and mood changes.

Too much testosterone also causes health complications.10 The abnor-

mally high testosterone levels in men are associated with low sperm counts,

shrinking of the testicles, high blood pressure and cholesterol, heart muscle

damage, liver problems, enlargement of the prostate, weight gain, increased
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appetite, increased muscle mass, blood clotting, acne, aggressive behavior,

mood swings, irritability, etc.

As men age, the testosterone level decreases naturally, and estrogen level

increases. But abnormally high levels of estrogens are much concern. The

high estrogen production causes slow production of sperms and leads to

infertility.16 Too much estrogen also causes gynecomastia, in which male

breast enlarges, and breast fat tissue becomes abnormally high. Other com-

plications due to high estrogens level are prostate cancer, low sex drive,

erectile dysfunction, slowed growth of body, penis, testicles, reduced body

hairs, reduced muscle and body mass, feeling exhausted, hot flashes, etc.

The low levels of estrogen in men are not much concerned. Hypogonadism,

in which testosterone decreases, also lowers estrogen production and may

lead to loss of libido, delayed ejaculation, fat accumulation, bone loss, osteo-

porosis, insulin resistance, depression, etc.

Progesterone acts as a precursor to synthesize testosterone and balance

estrogen levels. If progesterone decreases, the testosterone also decreases.

Progesterone also matures sperm cells.17 The symptoms of decrease in pro-

gesterone levels are similar to that of decrease in testosterone levels, that is,

erectile dysfunction, low libido, low semen volume, decreased energy,

strength, reduced bone and muscles mass, loss of body and facial hair,

weight gain, increased body fats, cognitive decline, depression, and mood

swings. The increase in progesterone level causes an increase in the estrogen

level, thus having similar symptoms as results in high estrogen levels.

Cancer

Estrogen, progesterone, and androgen and their precursors have also been

associated with pathophysiology and modulate disease activity. Besides

essential roles in the normal physiology of cellular processes, these hor-

mones play a critical role in the etiology of several hormone-sensitive or

-dependent cancers. Not all cancers are caused by estrogen, progesterone,

and androgen, but only a few cancers are dependent on hormones for growth

or survival, including breast cancer,18 ovarian cancer,19 uterus/endometrial

cancer,20 and prostate cancer.21 Steroid hormones, specifically estrogen and

progesterone, are essential for breast development and growth at puberty.

However, increased lifetime exposure to endogenous estrogen and early

menarche (first menstruation cycle), late menopause, estrogen replacement

therapy, obesity, or late first full-term pregnancy, are associated with an

increased risk of breast cancer in pre- and postmenopausal women.18

Estrogen carcinogenesis: Estrogen acting via estrogen receptors (ERs)

causes mutation, which errors in DNA replication and induces cancer cell

proliferation in breast cancer. Estrogen, their catechol metabolites, and ER-

mediated signaling pathways significantly contribute to cancer initiation and

development of cancer. In extrahepatic tissues, endogenous estrogens,
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estrone (E1) and estradiol [or 17β-estradiol (E2)], are metabolized into 2-

OHE1(E2) and 4-OHE1(E2). The 2-OHE1(E2) and 4-OHE1(E2) methylation

are catalyzed by the catechol-O-methyltransferase (COMT) at 2-OH, 3-OH

[sites of 2-OHE1(E2)], and 4-OH [site of 4-OHE1(E2)]. 2-OHE1(E2) and 4-

OHE1(E2) further oxidized to their catechol quinone metabolites, that is,

E1(E2)-2,3-quinones [E1(E2)-2,3-Q] and E1(E2)-3,4-quinones [E1(E2)-3,4-Q],

respectively, which covalently bind and react with DNA to form depurinat-

ing adducts. E1(E2)-2,3-Q is less reactive with DNA and produces

stable DNA adducts, whereas E1(E2)-3,4-Q forms higher levels of depurinat-

ing DNA adducts. 2-OHE1(E2) methylation by COMT has inhibitory effects

on cell proliferation, thus reducing genotoxicity. E1(E2)-3,4-Q reacts with

DNA and forms the depurinating estrogen-DNA adducts, 4-OHE1(E2)-1-

N3A, and 4-OHE1(E2)-1-N7G. These depurinating adducts induce mutation

in DNA and oxidative stress, leading toward cancer initiation and develop-

ment. The glycosyl bond cleavage removes depurinating DNA adducts form-

ing an apurinic site and leading toward the cancer cascade.22,23

Progesterone carcinogenesis:

Progesterone acts via binding to its receptor, progesterone receptors

(PRs), which dimerize and interact with progesterone response element, and

transcription pathway to regulate gene expression. PR has two predominant

isoforms: PR-A (94 kDa) and PR-B (116 kDa), which are transcribed by the

two promoter regions of a single-same gene, PR gene (PGR). Both promoter

regions have different transcriptional and functional roles. PR-A is consid-

ered a transcriptional inhibitor of PR-B, which functions as a transcriptional

activator. In normal tissues, both isoforms of PR are expressed in an equiva-

lent ratio. However, the ratio of PR-A and PR-B is uneven in brain cells,

which alters the transcription and thus dysregulates gene expression. The

dysregulated transcriptional activities and differential cellular signaling plau-

sibly contribute to the cancer pathology. The precancerous cells have

increased kinase activity that phosphorylates PR-B leading to the hyperactiv-

ity of PR-B. The PR-B isoform exerts dysplastic phenotypes, induces cell

proliferation in breast cancer, and regulates the extracellular signal transduc-

tion pathway in response to progesterone.24,25

Androgen carcinogenesis: Androgens perform function by binding to the

androgen receptors (ARs) and regulating transcription that primarily influ-

ences the development of sexual characteristics at puberty and maintenance

of the function of the male reproductive system. Androgens are also involved

in the development of male-specific phenotype during embryogenesis, regu-

late spermatogenesis, early prostatic development, and are also responsible

for the growth and proper functioning of the prostate gland. Since the activa-

tion of ARs by androgens is vital for the development and survival of the

prostate, such a pathway is also crucial for the initiation and progression of

the oncogenic potential of prostate cancer and metastatic pathway. Low

levels of testosterone are associated with a higher risk of prostate cancer and
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deterioration of metastatic prostate cancer. AR is a ligand-dependent tran-

scription activator, and the AR signaling axis has a significant role in pros-

tate carcinogenesis. In nonmalignant normal prostate, AR activates

transcriptional program for genes, such as prostate-specific antigen, required

for normal prostate functioning. However, AR is the primary mediator of the

cell cycle, growth, and survival of cancerous cells. Increased production of

ARs and low circulating testosterone level facilitate the survival and cell pro-

liferation of prostate cancer and depletion of androgens. Increased AR

expression could be caused by mutations in the ligand-binding domain

(LBD), amino terminus, and DNA-binding domain, resulting in gene amplifi-

cation and increasing transcriptional pathways. ARs are only activated by

testosterone and DHT. However, mutations increase the sensitivity of ARs to

low concentrations of androgens, weak adrenal androgens (DHEA), weak

androgen precursors, other steroid hormones (estradiol, estrogen, progester-

one, and cortisol), and even antiandrogens that results in promiscuous bind-

ing and activation of ARs. The binding and activation of ARs by nonsteroid

molecules are ligand-dependent activation, and ligand-independent binding

activates downstream signaling of the ARs. This type of activation is outlaw

activation. Deregulated growth factors, such as epidermal growth factor,

insulin-like growth factor, and cytokines (i.e., IL-6), activate the outlaw acti-

vation and result in an outlaw pathway, in which growth and survival of can-

cer are no longer dependent on ARs. The AR-mediated signal transduction

pathway is also regulated by coactivators and corepressors that act as signal

intermediates between ARs and transcriptional pathways. Alterations in the

expression levels of the coactivators and corepressors facilitate aberrant AR

activity and lead to the oncogenic potential of cancer. This imbalance in

coactivators and corepressors also sensitizes ARs to lower androgen levels.

Thus AR signaling transduction initiates and develops prostate cancer. 26,27

Synthetic estrogens, progestins, and androgens for treatment
of hormone-related diseases

Hormonal therapy

Currently, synthetic hormones have been widely used as pharmaceuticals to

treat hormonal disorders and diseases caused by hormonal disorders.

Exogenous or synthetic steroid hormones are used as pharmaceutical agents

in hormone replacement therapy to treat menopausal symptoms and hor-

monal birth control methods (hormonal contraception). Hormones, either

endogenous or synthetic, have potential to treat to treat menopausal symp-

toms, cancer, hypogonadism, etc. Hormone replacement therapy, or meno-

pausal hormone therapy, treat symptoms associated with female menopause

that include vasomotor hot flashes, vaginal dryness, mood swing, depression,

anxiety, sleep disturbance, night sweats, osteoporosis, sexual dysfunction,
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reduced libido, irritability, and others. The main hormonal medications

involved in menopausal hormone therapy are estrogen, progesterone, and

progestins (synthetic progesterone). Testosterone, sometimes, also are used

for postmenopausal therapy. Androgen replacement therapy, also known as

testosterone therapy, is used to counter the effects of low testosterone levels

or hypogonadism in males. Hormonal therapy is also used to treat various

hormone-sensitive cancers, including breast, endometrium, and prostate.28

Hormone antagonists are utilized in hormone therapy for cancer to inhibit

secretion and block the activity of hormones, thereby reducing the develop-

ment and progression of a cancerous mass. Hormones are also exploiting as

contraceptives, that is, for preventing pregnancy, known as hormonal contra-

ception. Hormonal contraceptives contain estrogen and progestins, or a com-

bination of both that inhibits follicle-stimulating hormone (FSH) and LH

secretion, suppresses ovulation, and thickens cervical mucus to block sperm

penetration.29 Synthetic hormones are widely used as pharmacological agents

and have an almost similar mode of action, just like endogenous hormones.

Mechanism of action of synthetic estrogens

Synthetic estrogens have relatively slightly different chemical structures and

properties due to which they are absorbed, metabolized, and secreted by the

body differently, as compared to endogenous estrogens. As synthetic estro-

gens mimic the estrogens (as shown in Table 6.2), they act upon the endoge-

nous ERs to exert their pharmaceutical activity.

Estradiol: One of the classes of estrogen is estradiol, a steroid, and lipo-

philic compound, which can bind and activate nuclear ERs (ERα, ERβ) and

membrane ERs (GPER). Estradiol is considered more potent than estrone and

estriol. Estradiol can readily penetrate cell membrane through lipid bilayer via

passive diffusion and binds with ERs on a wide variety of tissues in the body.

The ERs are mainly expressed in the ovaries, uterus, and breast. The binding of

estradiol with ER forms estradiol-bound ER�ER complex and causes homodi-

merization (ERα�ERα or ERβ�ERβ) or heterodimerization (ERα�ERβ),
which binds with a specific DNA sequence called estrogen response elements

(ERE). The binding of estradiol-bound ER�ER complex with ERE in promoter

regions of estrogen-responsive gene regulates transcriptional program and gene

expression (Fig. 6.3). The binding of estradiol with ER causes downregulation

of the ERs through ubiquitination and proteasome degradation. Synthetic estro-

gens also control the pituitary gonadotropin secretion, FSH, and LH via a nega-

tive feedback mechanism, inhibiting follicle development and ovulation.

Gonadotropin-releasing hormone (GnRH) is the major regulator of FSH and

LH, which is released from hypothalamic neurons and binds to receptors

expressed on gonadotrophs to stimulate LH secretion. The LH stimulates the

secretion of estrogen, progesterone, and testosterone, which in turn inhibiting

GnRH secretion.30,31 This negative feedback mechanism is also utilized by
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TABLE 6.2 Properties of synthetic estrogens.

Synthetic

estrogen

type

IUPAC name Structure Form of

medication

Medical uses Side effects

EE (8R,9S,13S,14S,17R)-17-ethynyl-13-methyl-
7,8,9,11,12,14,15,16-octahydro-6H-cyclopenta
[a]phenanthrene-3,17-diol

Available in
combination
with
progestins in
form of
tablets,
transdermal
contraceptive
patch, and
contraceptive
vaginal ring

Contraception,
menopause
symptoms,
gynecological
disorders,
hypogonadism,
prostate cancer,
and breast cancer

Breast
enlargement
and
tenderness,
feminization,
and
hypogonadism

Estrone
sulfate

(3aS,3bR,9bS,11aS)-11a-Methyl-1-oxo-
2,3,3a,3b,4,5,9b,10,11,11a-decahydro-1H-
cyclopenta[a]phenanthren-7-yl hydrogen sulfate

Tablet, cream Menopausal
hormone therapy,
hypoestrogenism,
underdeveloped
female sexual
characteristic,
vaginal atrophy,
cancers

Breast
enlargement
and
tenderness,
high blood
pressure,
ovarian
cancer, etc.



Estropipate [(8R,9S,13S,14S)-13-methyl-17-oxo-
7,8,9,11,12,14,15,16-octahydro-6H-cyclopenta
[a]phenanthren-3-yl] hydrogen sulfate; piperazine

Tablet Menopausal
symptoms,
osteoporosis

Breast
tenderness or
swelling,
headache,
nausea, etc.

Estradiol
valerate

(1S,3aS,3bR,9bS,11aS)-7-hydroxy-11a-methyl-
1H,2H,3H,3aH,3bH,4H,5H,9bH,10H,11H,11aH-
cyclopenta[a]phenanthren-1-yl pentanoate

Tablet and
intramuscular
injection

Menopause,
hypoestrogenism,
androgen-
sensitive prostate
cancer,
endometriosis

Yeast
infection of
vagina,
decreased
appetite,
nausea,
stomach
upset, etc.

Estradiol
acetate

(1S,3aS,3bR,9bS,11aS)-1-hydroxy-11a-methyl-
1H,2H,3H,3aH,3bH,4H,5H,9bH,10H,11H,11aH-
cyclopenta[a]phenanthren-7-yl acetate

Tablet,
vaginal ring

Menopausal
symptoms and
vaginal atrophy

Nausea,
vomiting,
weakness,
unusual
sweating,
body pain,
etc.
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TABLE 6.2 (Continued)

Synthetic

estrogen

type

IUPAC name Structure Form of

medication

Medical uses Side effects

Estradiol
cypionate

(1S,3aS,3bR,9bS,11aS)-7-hydroxy-11a-methyl-
1H,2H,3H,3aH,3bH,4H,5H,9bH,10H,11H,11aH-
cyclopenta[a]phenanthren-1-yl 3-
cyclopentylpropanoate

Intramuscular
injection

Vasomotor
symptoms,
hypoestrogenism,
hypogonadism

Decreased
appetite,
nausea,
stomach
upset,
vomiting,
weakness,
unusual
sweating,
body pain,
etc.

Estradiol
benzoate

(1S,3aS,3bR,9bS,11aS)-1-hydroxy-11a-methyl-
1H,2H,3H,3aH,3bH,4H,5H,9bH,10H,11H,11aH-
cyclopenta[a]phenanthren-7-yl benzoate

Intramuscular
injection and
subcutaneous
injection

Irregular
menstruation,
low-estrogen
level

Breast
swelling,
decrease
appetite,
nausea,
stomach
upset,
vomiting,
weakness,
unusual
sweating,
body pain,
etc.

Note: Red color in structures shows the difference of synthetic estrogens from endogenous estradiol and estriol. EE, Ethinyl estradiol.



synthetic estrogens, due to which FSH and LH decrease and ovulation stopped

(Fig. 6.2). This effect of estradiol results in a preovulatory surge in output of

FSH and LH and is highly effective in preventing pregnancy, thus utilized for

hormonal contraception. However, estradiol is an endogenous hormone and has

low oral bioavailability. Thus estradiol is commonly synthesized as prodrug

with an ester side chain.

Ethinyl estradiol: One of the classes of synthetic estrogen is ethinyl estra-

diol (EE), which is used as oral contraceptive progestins to prevent preg-

nancy. EE is also used as a treatment of symptoms associated with

menopause, gynecological disorders, and hormone-dependent cancers. EE is

the synthetic derivative of endogenous estradiol, with enhanced bioavailabil-

ity and decreased metabolism rate. EE is an agonist to both isoforms of

nuclear ERs (ERα and ERβ) and GPER. EE binds and activates ERα and

FIGURE 6.2 Hypothalamic�pituitary�ovarian axis and negative feedback mechanism:

Hypothalamic neurons secrete GnRH, which triggers the secretion of LH and FSH from anterior

pituitary. In males, LH binds to the receptors in Leydig cells in testes and stimulates the secretion

of testosterone. In females, FSH triggers estradiol secretion from granulosa cells in primary folli-

cles and LH stimulates theca cells to secrete androgens as estrogen precursors. If fertilization

occurs, LH will stimulate the corpus luteum, which produces progesterone to sustain the preg-

nancy. In negative feedback mechanism, the resulting estradiol, progesterone, and testosterone sup-

press the secretion of GnRH and also LH and FSH. Moreover, Estrogen and progesterone appear

to have positive effects on GnRH and in turn LH and FSH during midmenstrual cycle surge (i.e.,

day 12th�14th). This negative feedback loop controls menstruation and ovulation. FSH, Follicle-

stimulating hormone; GnRH, Gonadotropin-releasing hormone; LH, luteinizing hormone.
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exerts its antigonadotrophic and contraceptive effects by inhibiting FSH and

LH synthesis, thus negatively interfering follicular development, ovulation,

corpus luteum formation, and hence possible pregnancy (Fig. 6.2). EE also

exerts antiandrogenic effects by stimulating the synthesis and production of

SHBG and inhibiting the pituitary secretion of LH.32 Through SHBG and

LH, the gonadal production of testosterone levels decreases, hence treating

acne and hirsutism. The vaginal rings are also used for hormonal contracep-

tion that contains ethinyl acetate that releases EE and progestins, which com-

bines with receptors, and receptor-mediated signaling pathway modulates

gene expression (Fig. 6.3).

Conjugated equine estrogen and estrone sulfate: Conjugated equine estro-

gen (CEE), also known as CE, is also an estrogen medication used for hor-

monal therapy of menopausal symptoms, hypoestrogenism, breast cancer,

prostate cancer, and other indications.18 Conjugated estrogen is the mixture

of estrogen hormones and agonists of the ERs, sold under the brand name of

PREMARIN (PREgnant MARes’ urine). Premarin is made from horse urine

and consists of the sodium salts of water-soluble estrogen sulfates. CEEs

have 71.5%�92% of estrogens: sodium estrone sulfate and sodium equilin

sulfate. The steroid sulfatase acts upon estrone sulfate and converts into

estrone, which in turn is converted into estradiol by 17β-dihydroxysteroid
dehydrogenase. Sodium estrone is a prodrug of estrone, and estrone is a pro-

drug of estradiol, whereas sodium equilin sulfate is a prodrug of equilin

which, in turn, is a prodrug of 17α-dihydroequilin sulfate. Moreover, syn-

thetic CEEs contain 10 estrogen derivatives, which are derived from plants;

sodium estrone sulfate, sodium Δ8,9-dehydroestrone sulfate, sodium equilin

sulfate, sodium equilenin sulfate, sodium 17α-dihydroequilin sulfate, sodium

17β-dihydroequilin sulfate, sodium 17α-dihydroequilenin sulfate, sodium

17β-dihydroequilenin sulfate, sodium 17α-estradiol sulfate, sodium 17β-
estradiol sulfate. (These plant-derived CEEs are sold as product Cenestin.)

All these estrogen derivatives mimic the endogenous estrogen and hence

bind ER (Fig. 6.3) and modulate gonadotropin secretions via a negative feed-

back mechanism, inhibiting FSH and LH synthesis and release (Fig. 6.2).

Estropipate, or piperazine estrone sulfate, is a salt of estrone sulfate and

piperazine. Estropipate is an estrogen prodrug of estrone and estradiol, which

is hydrolyzed into estrone, which, in turn, is converted into estradiol and

17β-hydroxysteroid dehydrogenase (an enzyme that catalyzed steroid metab-

olism). Hence, it is estrogen and an agonist of ERs. Estropipate treats meno-

pausal symptoms, breast cancer, prostate cancer, infertility,

underdevelopment of female sexual characteristics and prevents osteoporosis.

CEEs also increase the risk of stroke and decrease the risk of hip fracture.33

Estradiol esters: Estradiol valerate, estradiol acetate, estradiol cypionate,

and estradiol benzoate are synthetic estradiol esters or estradiol prodrugs,

which are used as a medication for hormonal therapy, hormonal contracep-

tion, low-estrogen levels, and prostate cancer. When estradiol valerate enters
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into blood or body tissue, it catalyzes into estradiol by the esterase. Estradiol

acetate is also converted into bioidentical estradiol. These estradiol functions

similarly as the endogenous estrogen activate ER and modulate gene expres-

sion (Fig. 6.3).34 Estradiol binds with a target cell receptor, and a ligand

enters the nucleus of the target cell. The ligand interacts with the estrogen

response element, regulating transcriptional cascade and mRNA forms. The

mRNA translates into a specific protein that expresses the effects of estradiol

upon the target cell. Estradiol also inhibits FSH and LH, which in turn sup-

presses ovulation, leading toward contraception. Estradiol undecylenate also

decreases testosterone levels.

FIGURE 6.3 Mechanism of action of estrogens. (A) Estrogen enters the target cell and pene-

trates lipid bilayer (the uterus, ovary, breast, bone marrow, and brain) via diffusion due to their

small size and lipophilicity. (B) Inactive ERs are located in the nucleus of the cell and bounded

with the receptor-associated proteins, such as HSP90. Estrogen then enters the nucleus where it

binds ERs (ER-α, ER-β), (C) and receptor-associated proteins dissociate. The binding of estro-

gen ligands to ERs forms estrogen-receptor complex and causes dimerization, which (D) binds

with palindromic ERE and (E) regulates transcription cascade (F) and gene expression, thus

exerting its biological function. ER, Estrogen receptor; ERE, estrogen response elements; HSP,

heat-shock protein.
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Mechanism of action of progestins

The synthetic form of endogenous progesterone is known as progestin.

Progestins mimic the body’s naturally occurring progesterone and interact

with PRs and produce progesterone-like effects. They may also interfere

with estrogen and ARs, activating or blocking them, thus causing side

effects. Progestins, also known as progestogen, gestogen, progestagen, or

gestagen, have been used for menopausal hormone therapy, hormonal contra-

ception, gynecological disorders, infertility, cancers, and supporting preg-

nancy. Progestins prevent the proliferation of the endometrium, thus

supporting pregnancy. Progestins decrease estrogen levels and are used for

hormonal therapy in postmenopausal women. Progestins are also used for

hormonal birth control by preventing LH surge, suppressing ovulation, thick-

ening cervical mucus, and inhibiting sperm penetration to the uterus.

Progestins also exert antigonadotrophic effects by inhibiting the synthesis

and release of sex hormones.28 Synthetic progesterone is used alone or in

combination with a synthetic version of estrogen. Estrogen medications are

usually taken with progestins to lower the risk of cancer. Progestins could be

structural mimics of progesterone (nestorone, cyproterone acetate, etc.) or

testosterone (norethindrone, levonorgestrel, etc.) (see Table 6.3).

Progestin generations: Progestins, used in oral contraceptives, are catego-

rized as first to fourth-generation progestins on the basis of first commercial

availability (Table 6.3).

� First-generation progestins include norethindrone, norethindrone acetate

(NETA), ethynodiol diacetate, and medroxyprogesterone acetate (MPA).

� Second-generation progestins include norgestrel and levonorgestrel.

� Third-generation progestins include desogestrel, gestodene, cyproterone

acetate, and norgestimate.

� Fourth-generation progestins include drospirenone, dienogest, and seges-

terone acetate.

Each of these progestins has a slightly different affinity toward progester-

one, estrogen, ARs. The first-generation progestins are less potent and have

a less androgenic effect (improve lipid profile by decreasing low-density

lipoprotein or LDL and increasing high-density lipoprotein or HDL) than

second-generation progestins, which are more potent, and have a high pro-

gestational and androgenic effect (increases LDL and decreases HDL).

Third- and fourth-generation progestins are more potent than second genera-

tion but with less androgenic properties and side effects. Fourth-generation

progestins have almost no androgenic activity, such as acne, hirsutism, obe-

sity, and increased libido.

Progestins, being steroids (lipophilic), can pass through plasma and

nuclear membrane via passive diffusion. When progestins enter the target

cell, they bind freely to the PRs (PR-A, PR-B, and PR-C). Target tissues of
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TABLE 6.3 Properties of progestins.

Synthetic estrogen

type

IUPAC name Structure Form of

medication

Medical uses Side effects

Norethindrone (8R,9S,10R,13S,14S,17R)-17-ethynyl-
17-hydroxy-13-methyl-
1,2,6,7,8,9,10,11,12,14,15,16-
dodecahydrocyclopenta[a]
phenanthren-3-one

Tablet, film
coated

Contraception,
Endometrial
hyperplasia,
endometriosis,
hormone therapy,

Hepatic veno-
occlusive
disease, nausea,
vomiting,
weakness,
unusual
sweating, body
pain, breast
tenderness,
irregular
periods, etc.

Norethindrone
acetate

(8R,9S,10R,13S,14S,17S)-17-ethynyl-
13-methyl-3-oxo-
2,3,6,7,8,9,10,11,12,13,14,15,16,17-
tetradecahydro-1H-cyclopenta[a]
phenanthren-17-yl acetate

Tablet,
transdermal
patch,
intramuscular
injection

Endometriosis,
leiomyoma of uterus,
contraception,
hormone therapy

Acne, nausea,
vomiting,
weakness,
unusual
sweating, body
pain, breast
tenderness,
irregular
periods, etc.

(Continued )



TABLE 6.3 (Continued)

Synthetic estrogen

type

IUPAC name Structure Form of

medication

Medical uses Side effects

Ethynodiol diacetate (1S,2R,5S,10R,11S,14R,15S)-5-
(acetyloxy)-14-ethynyl-15-
methyltetracyclo [8.7.0.02, 7.011, 15]
heptadec-6-en-14-yl acetate

Tablet Contraception Acne, increased
hair growth,
breast pain,
nausea,
vomiting, water
retention, etc.

Medroxyprogesterone
acetate

(1S,2R,8S,10R,11S,14R,15S)-14-acetyl-
2,8,15-trimethyl-5-oxotetracyclo
[8.7.0.02, 7.011, 15] heptadec-6-en-14-
yl acetate

Tablet,
intramuscular
injection
suspension.

Secondary
amenorrhea,
hormonal birth
control, abnormal
uterine bleeding,
pain from
endometriosis,
endometrial and
renal carcinomas,
endometrial
hyperplasia,
osteoporosis,
vasomotor symptoms
in menopause
paraphilia in males,
and GnRH-
dependent
precocious puberty

Mood changes,
swelling in
ankles/feet,
bone pain,
vaginal
bleeding,
weakness,
nausea,
vomiting, etc.



Levonorgestrel (1S,2R,10R,11S,14R,15S)-15-ethyl-14-
ethynyl-14-hydroxytetracyclo
[8.7.0.02, 7.011, 15] heptadec-6-en-5-
one

Tablet, IUD,
subcutaneous
implant,
intrauterine
insert

Contraception,
pregnancy
prevention,
menopausal hormone
therapy

Acne, increased
hair growth,
breast pain,
nausea,
vomiting,
irregular
menstruation,
mood changes,
etc.

Desogestrel (1S,2R,10S,11S,14R,15S)-15-ethyl-14-
ethynyl-17-methylidenetetracyclo
[8.7.0.02, 7.011, 15] heptadec-6-en-14-
ol

Tablet, kit Contraception,
menopausal hormone
therapy.

Irregular
menstrual
cycle,
amenorrhea,
headache,
nausea,
vomiting, mood
changes, breast
tenderness, etc.

Gestodene (1S,2R,10R,11S,14R,15S)-15-ethyl-14-
ethynyl-14-hydroxytetracyclo
[8.7.0.02, 7.011, 15] heptadeca-6,12-
dien-5-one

Tablet (delayed
release), tablet
(film coated),
tablet (sugar
coated), kit

Contraception,
menopausal hormone
therapy.

Irregular
menstrual
cycle,
amenorrhea,
headache,
nausea,
vomiting, mood
changes, breast
tenderness, etc.

(Continued )



TABLE 6.3 (Continued)

Synthetic estrogen

type

IUPAC name Structure Form of

medication

Medical uses Side effects

Cyproterone acetate (2aR,3aS,3bS,3cS,5aS,6R,8aS,8bR)-6-
acetyl-10-chloro-5a-ethyl-3b-methyl-2-
oxo-2,2a,3,3a,3b,3c,4,5,5a,6,7,8,8a,
8b,9,10-hexadecahydrocyclopenta[a]
cyclopropa[g]phenanthren-6-yl acetate

Tablet,
intramuscular
injection

Prostate cancer,
hypersexuality in
males, severe acne,
hirsutism, and
symptoms of
androgenization

Gynecomastia
and
feminization in
men, infertility,
sexual
dysfunction,
depression,
cardiovascular
disorders, etc.

Norgestimate (1R,3aS,3bR,7E,9aR,9bS,11aS)-11a-
ethyl-1-ethynyl-7-(hydroxyimino)-1H,
2H,3H,3aH,3bH,4H,5H,7H,8H,9H,
9aH,9bH,10H,11H,11aH-cyclopenta
[a]phenanthren-1-yl acetate

Tablet, kit Contraception,
pregnancy
prevention,
menopausal hormone
therapy

Headache,
abdominal
pain, vaginal
infection, breast
tenderness,
breast pain,
vaginal
discharge,
mood changes,
etc.



Drospirenone (4aR,4bS,6aS,7S,7aS,8aS,8bS,8cR,8dR,
9aR)-4a,6a-dimethyl-
3’,4,4a,4b,4’,5,6,6a,7a,8,8a,8b,
8c,8d,9,9a-hexadecahydro-5’H-spiro
[cyclopropa4,5 cyclopenta[1,2-a]
cyclopropa[l]phenanthrene-7,2’-furan]-
2,5’(3H)-dione

Tablet (film
coated)

Contraception,
pregnancy
prevention,
menopausal hormone
therapy

Irregular
menstrual
cycle,
amenorrhea,
headache,
nausea,
vomiting, mood
changes, breast
tenderness, etc.

Dienogest 2-((8S,13S,14S,17R)-17-hydroxy-13-
methyl-3-oxo-
2,3,6,7,8,11,12,13,14,15,16,17-
dodecahydro-1H-cyclopenta[a]
phenanthren-17-yl) acetonitrile

Tablet (film
coated)

Contraception,
pregnancy
prevention,
menopausal hormone
therapy

Irregular
menstrual
cycle,
amenorrhea,
headache,
nausea,
vomiting, mood
changes, breast
tenderness, etc.

Segesterone acetate (8R,9S,10R,13S,14S,17R)-17-acetyl-
10,13-dimethyl-16-methylene-17-
(prop-1-en-2-yloxy)-
1,2,6,7,8,9,10,11,12,13,14,15,16,17-
tetradecahydro-3H-cyclopenta[a]
phenanthren-3-one

Vaginal ring,
subcutaneous
implant,
transdermal gel

Endometriosis, male
and female
contraception

Depression,
blur eyesight,
lump in breast,
breast pain,
imbalance,
trouble
speaking or
thinking, etc.

Note: Progestins may be created from progesterone or testosterone. The red color in structures shows the difference of progestins from endogenous testosterone, whereas the green
color shows a difference of progestins from progesterone.



the progestin may include the brain (pituitary gland, hypothalamus), breast

(the mammary glands), and female reproductive tract (uterus, cervix,

vagina). Moreover, progestins are also an agonist of the membrane PRs

(mPRα, mPRβ, mPRγ, mPRδ, and mPRE). Also, progestins have are weak

affinity for the androgen and ERs. The binding of progestin with PR causes

a conformational change in receptor converting into a dimer. The dimeriza-

tion increases the affinity of PR toward DNA and regulates gene transcrip-

tion leading toward the formation of mRNA. The mRNA interacts with

ribosomes to modulate gene expression (Fig. 6.4).35 The interaction of pro-

gestin with PR also suppresses GnRH by the hypothalamus, and gonadotro-

pin (FSH and LH) secretion from the pituitary gland, via a negative

feedback mechanism, thus preventing follicular development and maturation,

ovulation, and altering or seizing menstrual cycle (Fig. 6.2).36,37

FIGURE 6.4 Mechanism of progestin. (A) Progestins penetrate the cell membrane easily due

to steroid nucleus and (B) binds progesterone receptors, (C) causing conformational change and

dimerization of progestin receptor complex. (D) The dimer recognizes and binds to DNA in a

sequence-specific manner, which regulates (E) transcription. The resulting (E) mRNA translates

into the required (F) protein and exerts therapeutic response.
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First-generation progestins: Norethindrone, or Norethisterone or NET, was

one of the first progestin to be developed. NET is a potent progestin and ago-

nist of PRs with weak androgenic and estrogenic properties. Norethindrone is

a progestin and has similar effects and mechanism of action to those of the

body’s natural progesterone. Some progestins are prodrugs of norethindrone as

their structure resembles norethindrone, hence having similar progestogenic

effects.38 NETA is a prodrug of norethindrone, which upon hydrolysis by

esterase during intestinal and first-pass hepatic metabolism is converted into

norethindrone. Another progestin, ethynodiol diacetate or ethynodiol acetate,

is also a prodrug of norethindrone. After oral administration, ethynodiol ace-

tate is catalyzed by esterase into ethynodiol as intermediate and then converted

into norethindrone during intestinal and hepatic first-pass metabolism.

MPA, first-generation progestin, works by activating progesterone, andro-

gen, and glucocorticoid receptors.39 MPA is a derivative of 19-nortestosterone

progestin that is structurally related to testosterone. MPA suppresses FSH that

inhibits follicular development, and prevention of LH surge prevents ovulation

as the primary mechanism of action in preventing pregnancy. MPA also inhi-

bits sperm penetration by cervical mucus thickness, promotes thinning of the

endometrium, and reduces the likelihood of implantation.

Second-generation progestins: Norgestrel and its levo isomer, Levonorgestrel,

are second-generation progestins. They are agonists of the PRs. Norgestrel and

levonorgestrel interact with PRs and regulate GnRH, FSH, and LH secretion in a

negative feedback loop manner (Fig. 6.2). Inhibition of LH surge prevents preg-

nancy by inhibiting ovulation and thickening of cervical mucus interfere with

sperm movement and penetration.40

Third-generation progestins: Progesterone analogs desogestrel, gestodene,

and norgestimate are third-generation oral contraceptives that inhibit ovula-

tion by suppressing the secretion of FSH and LH from the pituitary gland.

Desogestrel is an inactive progestin that is rapidly and completely metabo-

lized into a biologically active metabolite, etonogestrel (C3 ketone derivative

of desogestrel), in intestinal mucosa and liver. Etonogestrel interacts with

PRs and sometimes with ERs and activates gene expression to prevent ovula-

tion. Norgestimate is prodrug of norelgestromin and to a lesser extent of

levonorgestrel and levonorgestrel acetate. Levonorgestrel, which is catalyzed

by 5α-reductase into 5α-dihydrolevonorgestrel, is an active metabolite of

levonorgestrel acetate and norelgestromin. However, gestodene is not a pro-

drug like desogestrel and norgestimate. Cyproterone acetate, an antiandro-

gen, binds ARs and suppresses LH production which in turn blocks the

synthesis of testosterone and DHT via negative feedback mechanism

(Fig. 6.2).41 By this mechanism, cyproterone acetate treats prostatic cancer.

Fourth-generation progestins: Dienogest is a fourth-generation oral con-

traceptive progestin and a derivative of 19-nortestosterone with a cyano-

methyl rather than ethinyl group at 17 α position. Dienogest prevents the

growth of the endometrium by inhibiting angiogenesis, vascularization, and
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proliferation. Dienogest antagonizes the PR with a weak affinity for PR but

high progestogenic activity. Dienogest activates PR and suppresses the

hypothalamic�pituitary�ovarian (HPO) axis and gonadotropin secretion

with moderate suppression of circulating estradiol and causes anovulation.

Dienogest increases the progesterone secretion that enhances the stability of

the endometrium. Dienogest treats endometriosis and reduces inflammation.

Dienogest also influences prostaglandin E2 (PGE2), which is a common

medication for pregnancy termination. PGE2 has a critical role in the patho-

genesis of endometriosis, a highly estrogen-dependent and antiapoptotic dis-

ease. Increased concentration of PGE2 enhances inflammation and pain

hypersensitivity leading toward initiation and development of endometriosis.

Dienogest inhibits PGE2 production and aromatase (or estrogen synthase),

an enzyme that catalyzes the conversion of androgens into estrogens. Thus

dienogest decreases estrogen level and significantly treats endometriosis.42

The fourth-generation pills, Dienogest, bind PRs and form a dienogest-

receptor complex. This dienogest-receptor complex is translocated toward

the nucleus, binds to the progesterone response element, and regulates the

transcriptional pathway for gene expression. Thus it prevents the LH surge

and FSH secretion43 resulting in anovulation. Dienogest also thickens cervi-

cal mucus, inhibiting sperm penetration. Drospirenone is a fourth-generation

progestin that resembles natural progesterone more than progestin, and its

mode of action is also the same as progesterone. Segesterone acetate, also

known as nestorone, is the derivative of 19-norprogesterone that lacks CH3

group radical at position 6. Segesterone acetate differs from progesterone

with the presence of 17α-acetoxy and 16-methylene groups. The additional

stabilizing contacts form between 17α-acetoxy, 16-methylene groups, and

PR LBD, due to which segesterone acetate has a higher potency than proges-

terone. Segesterone acetate acts as an agonist and transactivator by selec-

tively binding at PR, inhibiting follicular development, preventing LH surge,

thereby suppressing ovulation.44 It can also treat endometriosis and restrain

irregular shedding of endometriosis.

Mechanism of action of synthetic Androgens

Synthetic androgens, often testosterone, are used as pharmacological agents

to treat male hypogonadism, hypoandrogenism, impotence male, and delayed

puberty in boys. It is also used in postmenopausal women to regulate libido

and sexual desire, prevent abortion, treat HSDD and breast cancer.45

Synthetic androgens are also known as Anabolic-androgenic steroids (AAS)

or anabolic steroids that are structurally related to testosterone activate ARs

on the target cell surface just like endogenous testosterone46 (Table 6.4).

Testosterone replacement therapy is used to treat testosterone deficiency or

hypotestosteronemia. AAS or testosterone either exert biological effect by

interacting with ARs (directly or metabolites) or by conversion to estradiol
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TABLE 6.4 Properties of synthetic androgens (testosterone and dihydrotestosterone).

Synthetic

estrogen type

IUPAC name Structure Form of

medication

Medical uses Side effects

Testosterone
cypionate

(8R,9S,10R,13S,14S,17S)-10,13-
dimethyl-3-oxo-
2,3,6,7,8,9,10,11,12,13,14,15,16,17-
tetradecahydro-1H-cyclopenta[a]
phenanthren-17-yl 3-
cyclopentylpropanoate

Intramuscular
injection

Hypogonadotropic
hypogonadism or
primary
hypogonadism

Virilization or
masculinization,
prostate gland
enlargement, acne,
gynecomastia, more
frequent painful
erections and for
longer time (priapism),
mood swings,
headache, etc.

Testosterone
propionate

(8R,9S,10R,13S,14S,17S)-10,13-
dimethyl-3-oxo-
2,3,6,7,8,9,10,11,12,13,14,15,16,17-
tetradecahydro-1H-cyclopenta[a]
phenanthren-17-yl propionate

Intramuscular
injection

Androgen deficiency
in male adults either
in hypogonadism or
andropause, breast
cancer

Virilization,
irritable bladder,
priapism, irregular
menstruation

Testosterone
enanthate

(8R,9S,10R,13S,14S,17S)-10,13-
dimethyl-3-oxo-
2,3,6,7,8,9,10,11,12,13,14,15,16,17-
tetradecahydro-1H-cyclopenta[a]
phenanthren-17-yl heptanoate

Intramuscular
injection,
subcutaneous
injection

Low or absent
testosterone level,
hypogonadotropic
hypogonadism, or
primary
hypogonadism

Nausea, vomiting,
headache, hair loss,
acne, altered sexual
interest, skin color
change, oily skin, etc.

(Continued )



TABLE 6.4 (Continued)

Synthetic

estrogen type

IUPAC name Structure Form of

medication

Medical uses Side effects

Testosterone
undecanoate

(8R,9S,10R,13S,14S,17S)-10,13-
dimethyl-3-oxo-
2,3,6,7,8,9,10,11,12,13,14,15,16,17-
tetradecahydro-1H-cyclopenta[a]
phenanthren-17-yl undecanoate

Liquid filled
capsule,
intramuscular
injection

Hypogonadism, low
or absent
testosterone level

Nausea, vomiting,
headache, hair loss,
acne, altered sexual
interest, skin color
change, oily skin, etc.

Methyltestosterone (8R,9S,10R,13S,14S,17S)-17-
hydroxy-10,13,17-trimethyl-
1,2,6,7,8,9,10,11,12,13,14,15,16,17-
tetradecahydro-3H-cyclopenta[a]
phenanthren-3-one

Tablet,
capsule

Hypogonadism,
breast cancer,
menopausal
hormonal therapy

Masculinization, acne,
increased hair growth,
nausea, vomiting,
headache, hair loss,
altered sexual desire,
skin color change, oily
skin, etc.

Oxymetholone (8R,9S,10S,13S,14S,17S, E)-17-
hydroxy-2-(hydroxymethylene)-
10,13,17-trimethylhexadecahydro-
3H-cyclopenta[a]phenanthren-3-one

Tablet Anemia, HIV/AIDS
wasting syndrome

Nausea, vomiting,
diarrhea, male pattern
baldness, breast
swelling or tenderness,
acne, etc.

Fluoxymesterone (8S,9R,10S,11S,13S,14S,17S)-9-
fluoro-11,17-dihydroxy-10,13,17-
trimethyl-1,2,6,7,8,9,10,11,12,13,14,
15,16,17-tetradecahydro-3H-
cyclopenta[a]phenanthren-3-one

Tablet Hypogonadism,
delayed puberty,
breast cancer,
anemia

Masculinization, acne,
increased hair growth,
nausea, vomiting,
headache, hair loss,
altered sexual desire,
skin color change, oily
skin, etc.



Danazol (1R,3aS,3bR,10aR,10bS,12aS)-1-
ethynyl-10a,12a-dimethyl-
2,3,3a,3b,4,5,10,10a,10b,11,12,12a-
dodecahydro-1H-cyclopenta7,8

phenanthrol[3,2-d] isoxazol-1-ol

Tablet Endometriosis,
benign fibrocystic
breasts disease,
hereditary
angioedema in
males and females

Ace, decreased breast
size, vaginal dryness,
sweating, oily skin,
weight gain, etc.

Oxandrolone (4aS,4bS,6aS,7S,9aS,9bR)-7-hydroxy-
4a,6a,7-
trimethyltetradecahydroindeno[4,5-
h] isochromen-2(1H)-one

Tablet Osteoporosis,
muscle loss from
prolonged
corticosteroid
treatment, weight
gain following
surgery or trauma

Masculinization, acne,
increased hair growth,
nausea, vomiting,
headache, hair loss,
altered sexual desire,
skin color change, oily
skin, etc.

Methandrostenolone (8R,9S,10R,13S,14S,17S)-17-
hydroxy-10,13,17-trimethyl-
6,7,8,9,10,11,12,13,14,15,16,17-
dodecahydro-3H-cyclopenta[a]
phenanthren-3-one

Tablet,
intramuscular
injection

Anorexia, physique-
and performance-
enhancing purposes

Masculinization, acne,
increased hair growth,
nausea, vomiting,
headache, hair loss,
altered sexual desire,
skin color change, oily
skin, voice changes,
etc.

(Continued )



TABLE 6.4 (Continued)

Synthetic

estrogen type

IUPAC name Structure Form of

medication

Medical uses Side effects

Norethandrolone (8R,9S,10R,13S,14S,17S)-17-ethyl-
17-hydroxy-10,13-dimethyl-
1,2,6,7,8,9,10,11,12,13,14,15,16,17-
tetradecahydro-3H-cyclopenta[a]
phenanthren-3-one

Tablet Muscle loss, burn,
trauma, anemia

Masculinization, acne,
increased body hair
growth, hair loss,
altered sexual desire,
voice changes, etc.

Nandrolone
decanoate

(8R,9S,10R,13S,14S,17S)-13-methyl-
3-oxo-
2,3,6,7,8,9,10,11,12,13,14,15,16,17-
tetradecahydro-1H-cyclopenta[a]
phenanthren-17-yl decanoate

Intramuscular
injection

Anemia of renal
insufficiency,
osteoporosis,
wasting syndrome,
menopausal therapy

Masculinization, acne,
increased body hair
growth, hair loss,
altered sexual desire,
voice changes, etc.

Nandrolone
phenylpropionate

(8R,9S,10R,13S,14S,17S)-13-methyl-
3-oxo-
2,3,6,7,8,9,10,11,12,13,14,15,16,17-
tetradecahydro-1H-cyclopenta[a]
phenanthren-17-yl 3-
phenylpropanoate

Intramuscular
injection

Anemia, breast
cancer, hereditary
angioedema,
antithrombin III
deficiency,
fibrinogen excess,
growth failure, and
Turner’s syndrome

Gastrointestinal
irritation, water
retention, diarrhea,
jaundice, abdominal
pain, irregular
menstruation, etc.



and binding with ERs. Testosterone and its active androgenic metabolites,

DHT, penetrate the plasma membrane of the target cell and bind with the

ARs located in the cytoplasm. In another pathway, testosterone is reduced by

5α-reductase into DHT, which is more potent than testosterone and binds

with AR more strongly. The ARs are bounded with heat-shock proteins

(HSPs) and chaperones. When testosterone or DHT binds with AR, it forms

a testosterone-receptor complex/DHT-receptor complex, an HSP (HSP90)

detaches from the receptor, and conformational changes occur.47 This com-

plex is translocated to the nucleus and binds to the specific HRE initiating

transcriptional pathways inducing specific gene expression and androgenic

effects of the target tissue(s). Testosterones may also activate ERs, which

involve the conversion of testosterone into estradiol catalyzed by aromatase

(Fig. 6.5), with nandrolone as intermediate. Androgens can also regulate

transcription cascade through activating various cellular pathways, including

ERK, Akt, and MAPK.

FIGURE 6.5 Mechanism of AAS and diversification pathway. In diversification pathway, syn-

thetic testosterone is converted into an estrogen molecule via activity of aromatase. The estrogen

binds with ERs in the target and control gene expression (Fig. 6.3). AAS, Anabolic-androgenic

steroids.
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Esters of testosterone and DHT: Various esterified variants of testosterone

are used as intramuscular depot injection to treat low or absent testosterone that

includes testosterone acetate, testosterone cypionate, testosterone enanthate, tes-

tosterone isobutyrate, testosterone isocaproate, testosterone propionate, testoster-

one undecanoate, testosterone phosphate, and many others. Testosterone esters

are long-acting androgens, have different absorption rates and half-lives, but the

mode of action is just like testosterone. The synthetic DHT is also known as sta-

nolone or androstanolone. Similarly, DHT esters have been formed, including

androstanolone benzoate, androstanolone enanthate, androstanolone propionate,

androstanolone valerate, etc.48 Methyltestosterone, a 1-methyl AAS, structurally

resembles endogenous testosterone and acts at the molecular level just like tes-

tosterone (Figs. 6.5 and 6.6).

17α-alkylated AAS: Oxymetholone, a 17α-alkylated AAS and synthetic deriv-

ative of testosterone or DHT, is used to build muscle mass in HIV patients and

FIGURE 6.6 Mechanism of AAS and amplification pathway. In amplification pathway, syn-

thetic testosterone is catalyzed into DHT via 5α-reducatse, which binds with AR and follows the

similar pathway of AAS-testosterone. Amplification pathway mainly occurs in prostate and skin.

AAS, Anabolic-androgenic steroids; ARs, androgen receptors; DHT, dihydrotestosterone.
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treat different types of anemia.49,50 It functions similarly to testosterone and exerts

androgenic properties. Fluoxymesterone is a synthetic androgen and anabolic ste-

roid similar to testosterone and DHT, which is used to treat hypogonadism,

delayed puberty in boys, anemia, and breast cancer. Fluoxymesterone is a 17α-
alkylated AAS, and like testosterone, it activates AR and enhances protein synthe-

sis (Fig. 6.7). The anabolic activity of fluoxymesterone is associated with the

retention of nitrogen, potassium, and phosphorus. Fluoxymesterone also exerts

antitumor activity, especially against breast tumors,51 by the competitive reduction

of estrogens or prolactin receptors. Danazol is also a 17α-alkylated AAS and a

modified form of testosterone that has antigonadotrophic and antiestrogenic

effects, used for the treatment of endometriosis and benign fibrocystic breast.

FIGURE 6.7 Mechanism of action of AAS or synthetic androgens. (A) AAS, being steroids

(lipophilic), can pass through plasma membrane of the target cell via passive diffusion. (B)

Inactive ARs, located in the nucleus, are bounded with the receptor-associated proteins, such as

HSP90. AAS then enters the nucleus where it binds ARs, (C) and HSPs dissociates. The binding

of ligand (AAS) with ARs forms androgen-receptor complex and causes dimerization, which (D)

binds with hormone-response elements (HRE) and (E) regulates transcriptional program (F) and

gene expression for required biological function. AAS, Anabolic-androgenic steroids; ARs, andro-

gen receptors; HSP, heat-shock protein.
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Danazol acts as a pituitary�ovarian axis suppressant that inhibits anterior pituitary

output of gonadotrophins, suppresses mid-cycle FSH and LH surge, leading

toward anovulation (Fig. 6.2). Danazol also has an affinity to bind estrogen, pro-

gesterone, and glucocorticoid receptors and SHBG and CBG.52 By this, danazol

depresses the biosynthesis of steroids from cholesterol (steroidogenesis) in the cor-

pus luteum, as well as increases metabolic clearance of progesterone. In endome-

triosis treatment, danazol suppresses ovulation and causes the inactivation of the

endometrium by lowering immunoglobulin (IgA, IgB, IgC) concentration.

Another mechanism of action by which danazol treats hereditary angioedema is

increasing serum C1 esterase inhibitor levels. The increase in C1 esterase inhibi-

tors increases C4 synthesis that balances the biochemical deficiency in angioede-

ma and improves the complement system. Danazol suppresses gonadal hormone

secretion by inhibiting the CYP450 enzyme. Oxandrolone is also a 17α-alkylated
AAS which also exerts anabolic and androgenic activity in target cells by interact-

ing with PRs. Oxandrolone has been used to treat bone pain associated with oste-

oporosis and muscle loss due to catabolic effects of prolonged corticosteroid

therapy. It also aids in gaining weight following extensive surgery or trauma.

Various other synthetic 17α-alkylated AAS are also used as pharmacological

agents, including Stanozolol, Ethylestrenol, Methandrostenolone, and

Norethandrolone that exert their therapeutic anabolic and androgenic effects via

interacting with ARs.49

Nandrolone and prodrugs: Another class of injectable AAS and derivate

of testosterone is Nandrolone, also known as 19-nortestosterone or

19-norandrostenolone, which is used as a pharmacological agent in the form

of aliphatic fatty esters.49 Nandrolone is also an endogenous intermediate

during testosterone conversion into estradiol, catalyzed by aromatase

(Fig. 6.5). As compared to testosterone, nandrolone is demethylated at the

C-19 position and esters (decanoate and phenylpropionate) at the C-17β.
The ester salts of nandrolone include nandrolone decanoate and nandrolone

phenylpropionate53 that are used to treat senile and postmenopausal osteopo-

rosis by increasing bone density and muscle mass, breast cancer, anemia,

etc. Nandrolone decanoate is an alkylated anabolic steroid that, when admin-

istered via intramuscular injection, undergoes hydrolysis in the liver by phos-

phodiesterase 7B (PDE7B) and is converted into nandrolone. Nandrolone

phenylpropionate is also a prodrug of nandrolone that is catalyzed into nan-

drolone, an active form of drug, in first-pass hepatic metabolism.54

Nandrolone penetrates the target cell by receptor-mediated endocytosis and

binds with the AR, causing a conformational change and a complex form.

This complex enters the nucleus, where it interacts with the specific nucleo-

tide sequence of DNA, androgen response element, regulating specific tran-

scription signaling pathway and causing required change in function of the

target cell. Nandrolone decanoate also suppresses LH and FSH secretion by

the negative feedback mechanism55 (Fig. 6.2). Similar to testosterone, nan-

drolone is also converted into 3-norandrosterone by 5α-reductase, which
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causes the low androgenic activity of nandrolone. When nandrolone is

reduced via 5α-reductase, the resulting metabolite has a low affinity toward

ARs. As estradiol is the metabolite of nandrolone, therefore it has low estro-

genic activity.
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Introduction

There has always been confusion regarding the categories used to classify

sedatives, hypnotics, and antianxiety medications. The nomenclature of drugs

in human medicine is primarily concerned with their clinical applications.

Sedatives and hypnotics are considered sisters because they both induce

drowsiness in patients. Hypnotics induce sleep that is electroencephalographi-

cally similar to natural sleep, whereas sedatives induce calmness in the recipi-

ent and moderate excitement to the point where the patient cannot be easily

aroused. Antianxiety medications, also known as anxiolytic medications, are

similar in that they inhibit central nervous system (CNS) activity to alleviate

anxiety. Antipsychotic drugs are also occasionally used to refer to medications

used to treat psychosis. Sedatives may also be used to alleviate anxiety, partic-

ularly in hyperactive patients who require gentle handling for examination

positioning. Combining anxiolytics and sedatives is a common practice in the

provision of anesthesia, as they induce calmness while also facilitating anxio-

lysis. Due to the tendency of sedative drugs to cause respiratory depression,

dose administration must be carefully estimated in relation to standard cardio-

respiratory monitoring. Here in this chapter, we will focus on the mode of

action of the drugs in the discussion concerning the pathological conditions.

Generalized mode of action of anxiolytics, sedatives/hypnotics

The search for molecular and neurocircuit changes that cause anxiety has

made significant progress. Animal models are used for the study of the effects
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of chemicals on neurobiology. Despite this advancement, no mechanistically

innovative antianxiety drugs have been approved in over two decades. The

present animal models of human anxiety disorders still require significant

improvements, making medication discovery difficult.1 Current treatments are

inadequate to address this major public health issue. For instance, the effec-

tiveness of benzodiazepines (BZNs)2 or azapirones (e.g., buspirone) for panic

attacks has recently been questioned.3 Similarly, treatments for Posttraumatic

stress disorder (PTSD), generalized anxiety disorder (GAD), and seasonal

affective disorder, serotonin-selective reuptake inhibitors (SSRIs), are only par-

tially effective.4,5 Developing innovative pharmacotherapeutic agents for anxi-

ety addresses a significant unmet medical need. Over the last two decades,

there has been a tremendous effort to better understand the complicated actions

that involve neurochemical processes which govern anxiety in healthy and

pathological states.6 Clinical research has utilized neuroimaging, electrophysio-

logical, and molecular study of postmortem brains, among other techniques, to

deduce the mechanisms behind pathological anxiety and anxiety patients.

While great progress has been achieved, the precise mechanisms underlying

therapeutic interventions for the neurobiology of anxiety, particularly maladap-

tive anxiety, however remain unknown. Complementary techniques explore

anxiety pathways in animal models, laying the groundwork for understanding

the etiology and treatment of anxiety and its related problems in humans.7

Given how strongly anxiety systems are preserved throughout species,8

research involving animal models is of particular significance. However, there

are serious shortcomings to this translation, including that of the distinc-

tiveness of human brain structure and cognitive traits, as highlighted in numer-

ous studies.9,10 With these outcomes the fundamental processes related to

anxiety are progressively being uncovered and effectively replicated in other

animal models.11

The idea that sedatives/hypnotics act on lipid bilayers has long been dis-

qualified. Evidence suggests that sedatives or hypnotics work via specific

molecular mechanisms involving membrane-bounded protein components.

According to current scientific findings, sedatives act through ion channels

that are ligand-gated. The majority of hypnotic/sedative drugs in clinical

usage are GABAA (γ-aminobutyric acid type A) receptor agonists, a G pro-

tein�coupled chloride channel composed of five subunits12 (Fig. 7.1). When

triggered, the receptor permits chloride ions to enter, hyperpolarizing the

lipid bilayer (Fig. 7.2). It is not the GABA-binding region that is directly

affected by sedatives, but rather other locations on GABA subunits that are

affected.13 The actions of various drugs are mediated by different isoforms

of receptor subunits, as shown by knock-out and knock-in mice.14 The notion

that sedatives activate Kþ channels has been around for a long time, and evi-

dence is suggesting that Kþ channels are involved in at least some of the

effects of volatile drugs. When sedatives are used to stimulate Kþ channels,

they decrease excitement by either increase the conductance or/and
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polarization of the membrane (Fig. 7.2). Nitrous oxide, ketamine, and xenon,

which reduce excitatory neurotransmission, are considered as agonist for

NMDA (N-methyl-D-aspartate) receptor. The most essential prerequisites for

consciousness are alertness and awareness, and it is considered that the thala-

mus plays a critical part in these processes. The perception of external and

internal sensory information is insufficient to define awareness on its own

terms. To be conscious of an object in the external environment, the many

FIGURE 7.1 Illustration of GABA receptor with five subunits.

FIGURE 7.2 Generalized mode of action of ion channels in response to the binding of

neurotransmitter.
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features of the entity must be “bonded” together until they are transported to

working memory via several sensory paths. In various cortex regions the syn-

chronization of gamma frequency (w40 Hz) oscillations is thought to be the

mechanism by which the process of “binding” takes place.

Functional imaging methods have been used to show the dissociation of

word and phrase perception from higher cognitive processes such as semantic

ambiguity processing.15 At (or near) loss of consciousness, sedatives or anes-

thetics have the most noticeable regional effect on the thalamus, with

decreased metabolism and blood flow. All sedatives/anesthetics do not reduce

thalamic activity. Ketamine stimulates the global metabolic rate, particularly

in the thalamus. It is possible that anesthetic effects on the thalamus are pri-

marily indirect. During the administration of sedatives, spontaneous thalamic

activity is mostly regulated by signals from cortical neurons. In the vast major-

ity of cases the mediodorsal nucleus, posterior cingulate cortex, and precuneus

in the parietal lobe are suppressed while under the influence of a sedative.

Sedatives might impact the integration of the brain’s cortico-cortical regions,

operating on the parts that promote long-range connectivity.16

Anxiety and antianxiety medications

Antianxiety medications have been used for centuries. Opium and ethanol

are the first two anxiolytics having a documented history of widespread use

dating back thousands of years. Ethanol is still extensively used in self-

medication for anxiety. According to existing global clinical guidelines for

anxiety and associated disorders, the recommended initial therapies are psy-

chotherapy and medication (Table 7.1), with the decision between the two

depending on availability and/or patient preference. Table 7.1 shows the

approved drugs in the EU and United States currently under recommendation

for various anxiety disorders.

Historically, more conventional pharmacotherapeutic approaches have

focused on known neurochemical dysregulations. Numerous neurochemical

systems, which display substantial system variation in expression, collaborate

with their receptors to regulate anxiety in a highly sophisticated and precise

manner. There is evidence that these systems are disrupted in various brain

regions associated with a variety of anxiety-related diseases.17 A deep under-

standing of the neurobiological disturbances associated with various anxiety

disorders is critical for optimizing pharmacotherapeutic therapies. The

endogenous cannabinoids (eCBs), glutamate system, neuropeptides, and neu-

rosteroids are currently being examined in clinical trials.

Novel molecules with diverse pharmacological targets

Systems containing monoamines

Certain physiological and behavioral processes such as aggressiveness and

stress responses are governed by monoamine neurotransmitters such as
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TABLE 7.1 Medicines authorized in the United States or Europe for at least one anxiety, trauma-related, or

obsessive�compulsive disorder (OCD) are mentioned.

GAD SAD PTSD OCD

SSRIs

Citalopram Europe Europe Off-label Europe

Escitalopram Europe, United States Europe, United States Off-label Europe

Fluoxetine Off-label Off-label Off-label Europe, United States

Fluvoxamine Europe, United States Europe, United States Off-label Europe, United States

Paroxetine Europe, United States Europe, United States Europe, United States Europe, United States

Sertraline Europe, United States Europe, United States Europe, United States Europe, United States

SNRIs

Desvenlafaxine Off-label

Venlafaxine Europe, United States Europe, United States Off-label Off-label

Duloxetine Europe, United States Off-label Off-label Off-label

TCAs

Clomipramine Off-label Off-label Off-label Europe, United States

Imipramine

Opipramol Europe

(Continued )



TABLE 7.1 (Continued)

GAD SAD PTSD OCD

MAOIs

Moclobemide Europe

Phenelzine Off-label

Other antidepressants

Mirtazapine Off-label Off-label Off-label Off-label

Trazodone Off-label

Benzodiazepines

Alprazolam Europe, United States Off-label

Bromazepam Off-label

Chlordiazepoxide Europe, United States Off-label

Clonazepam Off-label Off-label

Clorazepate United States Off-label

Diazepam Europe, United States Off-label

Lorazepam Europe, United States Off-label

Oxazepam Europe, United States Off-label

Prazepam Off-label

GAD, Generalized anxiety disorder; PTSD, posttraumatic stress disorder; SAD, seasonal affective disorder; SSRI, serotonin-selective reuptake inhibitor; SNRI, Serotonin
and norepinephrine reuptake inhibitors; TCAs, tricyclic antidepressants; MAOIs, monoamine oxidase inhibitors.



selective serotonin (5-HT), dopamine, and noradrenaline. Numerous current

drugs for anxiety-related diseases, including serotonin and noradrenaline

reuptake inhibitors, SSRIs, monoamine oxidase inhibitors, and tricyclic anti-

depressants (Table 7.1), all affect 5-HT neurotransmission.

Vilazodone

Villazoledone (5-HT reuptake inhibitor and partial agonist of 5-HT1A recep-

tor) has been shown to affect 5-HT levels significantly in comparison to pure

SSRIs. The FDA authorized it in 2011 for serious adult depression.

Vilazodone has not been demonstrated to effectively relieve the symptoms of

PTSD and concomitant depression.18

AVN-101

In addition to 5-HT7 receptors, AVN-101 (2,8-dimethyl-5-penethyl-2,3,4,5-tet-

rahydro-1h-pyrido [4,3-B]indole hydrochloride) also has a significant affinity

for the histaminergic H1 and adrenergic 2B receptors, making it a multimodal

antagonist of the antihistamine latrepirdine. While preliminary study indicates

that it has both anxiolytic and antidepressant qualities, further research is being

done to look into it as a treatment for GAD and schizophrenia.19 In 2018 a

Phase 1b clinical trial of AVN-101 came to the conclusion that, although side

effects were very minimal, the medication was safe and well-tolerated over a

broad range of dosages and was recommended for further study.

Brexpiprazole

Brexpiprazole, an antipsychotic, a partial agonist at the dopamine D2 and D3

receptors and antagonist at the 5-HT2A, 5-HT2B, and 5-HT7, 1-adrenoceptor,

2-adrenoceptor, and histaminergic H1 receptor receptors.20 In addition, despite

being less affinitive to D1 receptor, an increase glutamatergic transmission in

the medial prefrontal cortex have been demonstrated via brexpiprazole, which

may contribute to its anxiety-reducing effects.21 It obtained its global approval

in 2015 for schizophrenia treatment and as adjunctive therapy for serious

depression.

Cyclobenzaprine VLD (TNX-102)

VLD-cyclobenzaprine, commonly known as Tonmya and TNX-102 (sublin-

gual), is a therapeutic drug manufactured by Vela Pharmaceuticals that

works by blocking the 5-HT2A, 1, and H1 receptors. It is recommended in

very low doses that allow for rapid absorption and is indicated for long-term

use with a low risk. Cyclobenzaprine has been proposed to improve sleep

quality by inhibiting 5-HT2A and H1 receptors and minimizing trauma-

related nightmares and sleep disturbances by inhibiting 1-adrenoceptors.22
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Glutamate system

Glutamate is one of the brain’s primary and most important excitatory neu-

rotransmitters, exerting its numerous biological processes via NMDA and

kainate, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)

receptors.23 This system plays a vital role in the development of

neuroplasticity-dependent memory formation, including fear extinction.

The development of anxiolytic drugs that work via glutamatergic pathways

has long been a focus of research. Despite these attempts, little is known

about the role of glutamate systems in treating anxiety disorders.17 Stress is

a known factor for anxiety that affects glutamate contents in rodents, and

indeed, humans with anxiety disorders also exhibit aberrant glutamate and

glutamate receptor levels.24

Ketamine

In addition to having considerable pain-relieving properties, ketamine is also

a dissociative anesthetic, hallucinogen, and psychotomimetic drug. Ketamine

is a combination of (S)- and (R)-NMDA receptor antagonist that acts as a

noncompetitive anti-NMDA receptor via clinging at the innermost region of

the receptor. At subanesthetic doses, ketamine reaches brain concentrations

sufficient to modulate certain NMDA receptor subpopulations.25 This aspect

appears to be essential, as anesthetic levels of ketamine do not appear to

have antidepressant properties.26 Over the past 20 years, researchers have

conducted numerous studies into the mechanisms of action of ketamine,

especially in connection to its antidepressant effects that are both immediate

and long-lasting. Ketamine has a multifaceted effect on NMDA receptor

blockage, exhibiting both direct and indirect actions as a result of its admin-

istration. The anxiolytic effects of ketamine are thought to be mediated

through a number of different potential antidepressant pathways, some of

which are not fully understood.

Xenon gas (NBTX-001)

NBTX-001 has the inert noble gas xenon as an active ingredient, which is a

commonly used anesthetic that has the advantage of generating no metabo-

lites and hence is nontoxic. From a pharmaceutical standpoint, it is a multi-

targeted agent that inhibits several neurotransmitter receptors such as the

5-HT3 receptor, the AMPA receptor, the nicotinic acetylcholine receptor, the

NMDA receptor, and the hyperpolarization-activated cyclic nucleotide-gated

channel, in addition to causing neuronal hyperpolarization.27 In addition,

xenon treatment reduces pro-inflammatory cytokine levels, such as TNF and

IL1, while increasing growth factors such as BDNF.28 Fear-related behaviors

were decreased in mice when subanesthetic doses of xenon (25% for an

hour) were administered, indicating that xenon treatment have therapeutic

potential for minimizing fear-memory reconsolidation.29
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Endocannabinoid system

Anandamide (AEA) and 2-arachidonoylglycerol (2-AG) are broken down by

three enzymes: fatty acid amide hydrolase (FAAH), monoacylglycerol lipase

(MAG-L), and COX-2. This enzyme system creates the endocannabinoid

(eCB) system. The main associated receptors are the presynaptic transient

receptor potential (TRP1), vanilloid receptor cannabis 1 receptor (CB1), and

the cannabinoid 2 receptor (CB2).30 CB1 is highly expressed in areas of the

brain associated with anxiety, facilitating eCB’s numerous behavioral and

cognitive effects. The eCB system modulates neuronal activity that is associ-

ated with stress and anxiety. As a consequence of suppressing serine hydro-

lase, the enhanced eCB signaling reduces anxiety and stress responses.31

Inhibitors of fatty acid amide hydrolase

As previously stated, the membrane-bound enzyme FAAH is responsible for

the hydrolysis of the eCB and AEA. It has been reported that the AEA levels

decreased in patients with PTSD.32 The FAAH gene’s destabilizing mutation

also raised AEA levels, lowered trait anxiety indices, and improved the

cortico-amygdala link with decreased amygdala activity in response to stress

incentives.30 In mice investigations the suppression FAAH genetically and

pharmacologically resulted in antinociceptive effects, particularly when the

environment was highly unpleasant or stressful. Sanofi has discontinued the

production of SSR-411298, a FAAH inhibitor, which was being investigated

to treat serious depression and anxiety, following a dismal Phase 2b trial in

older adults.33

Additional targets for the eCB system

It’s possible that modulators of the activity of 2-AG’s degrading enzymes,

MAG-L and COX-2, may potentially serve as anxiolytic therapeutic targets;

given that preclinical research has demonstrated the anxiolytic-like proper-

ties. 2-AG has anxiolytic-like properties. 2-AG plasma levels were lower in

individuals with PTSD or depression than in control subjects.34 Animal

model missing the enzyme diacylglycerol lipase, which produces 2-AG,

exhibits more anxiety-related behavior.35 Inhibiting MAG-L, the primary

degrading enzyme of 2-AG increases central 2-AG concentrations and lowers

anxiety-related behaviors in mice. COX-2, which degrades eCBs, could be

an alternate eCB target. AEA and 2-AG accumulate when COX-2 is sup-

pressed in the brain.36 A substantial anxiolytic effect was seen in rats when

COX-2 inhibitors were administered.30 In addition, the COX-2 inhibitors

have the potential to benefit from the suppression of pro-inflammatory cyto-

kines and chemokines, which have been associated to increased anxiety.37

However, despite the fact that Lumiracoxib and Celecoxib (COX-2 inhibi-

tors) are approved as antiinflammatory drugs, no clinical investigation

addressing the anxiolytic impact of COX-2 inhibitors has been done.
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GABA system

GABA is synthesized from glutamate decarboxylase, released from vesicles,

and reabsorbed into nerve terminals or glial cells. It is the brain’s primary

inhibitory neurotransmitter. Specifically, GABA activates postsynaptic, as

well as pre- and extrasynaptic locations on GABA receptors. Rapid GABA’s

inhibitory effects are mediated by the expansion of ligand-gated ion chan-

nel’s pore. This delays the chloride entry and causes the membrane to hyper-

polarize. The substantial structural variability and heterogeneous expression

of GABAA receptors in neural pathways and subcellular compartments in

brain enables the complex and precise inhibition of anxiety-related brain

circuits.38 The progressive and sustainable inhibition of potassium or calcium

channels is due to the coupling of inhibitory Gi proteins to the metabotropic

receptor. Animal and human studies have linked anxiety disorders’ etiology

and pathology to GABAA and GABAB receptor.17

Sedatives and hypnotics

Minors under age 10, those with learning difficulties, and individuals who

are violent enough to be a danger to medical professionals or to themselves

should receive anxiolytic medications before being sedated. Presurgical visits

by the anesthesiologist do not always relieve patient anxiety. For this reason,

use of an anxiolytic medication may assist the patient, and this may aid

the subsequent delivery of anesthesia. For day-case adult surgery, there is no

evidence to suggest that anxiolytic drugs used during surgery cause delayed

postoperative discharges.39

Sedation is frequently delivered by the technician or a nonmedical trainee

under the specialist’s guidance during small procedures such as endoscopy.

General anesthesia doesn’t have a fatality rate anywhere as high as that

linked with these procedures. One aspect that is likely to contribute to this is

the widespread use of medication combinations. Fentanyl and midazolam are

widely used together in intravenous bolus dosages because they have a pow-

erful but variable synergy regarding respiratory depression and sedation.

Midazolam’s pharmacokinetics is suboptimal if used alone, with the peak

effect occurring around 13 min after an IV bolus dosage.

Benzodiazepines

BZNs are the most frequently utilized anxiolytic and sedative medicines before

surgery. CNS 7056 and Mr04A3 are still in development and have not been

approved for clinical use, although both of these have significant pharmacokinetic

advantages over earlier drugs.40 BZNs have a high therapeutic index and are par-

ticularly effective anxiolytics with anterograde amnesia. They do this via hypnotic

pharmacodynamic interactions. The administration via intranasal and rectal routes

is as effective as the oral delivery method. Altered consciousness and coma are

among the adverse outcomes. Cardiorespiratory depression in the elderly or
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fragile may be exacerbated by BZNs pharmacokinetic and pharmacodynamic

factors. Sedative medicines are also extremely toxic to patients with reduced con-

sciousness. Sedatives are also exceedingly harmful, which is crucial in neurosur-

gery patients with space-occupying lesions because respiratory depression can

increase intracranial pressure causing CNS and respiratory depression.

Additional agents

For its antisialogogue effects, hyoscine is sometimes used as a premedication.

Barbiturates, due to the availability of safer alternatives and their limited thera-

peutic index, are rarely utilized as premedication. Anxiolytic and sedative

effects of opioid premedication are often used in people with heart disease due

to their usefulness. The drawback of premedication with opioids is that unpleas-

ant symptoms like nausea, vomiting, impaired vision, skin rash, and respiratory

distress are frequently encountered. Using transmucosal fentanyl citrate candy

as oral administration to children, effective sedation can be achieved.

In addition, chloral hydrate and triclofos are utilized for pediatric preme-

dication. Ketamine administered intramuscularly or rectally may be benefi-

cial in uncooperative children. Intravenous propofol is a safe and beneficial

technique for giving “immediate” anxiety relief and sedation during the pre-

�operative period when supplied via a patient-maintained sedation system

which is beneficial for the management of patient.41 In addition to its anxio-

lytic and analgesic characteristics, melatonin may be utilized as anesthetic

supplement because of its ability to regulate sleep and wakefulness.

Although there is limited knowledge of melatonin, current research indicates

that it may play a role in therapeutic practice in the future.42

Hypnotics are used to induce and maintain anesthesia

Selection of a hypnotic agent

In adults, anesthesia is often induced through the administration of intravenous

anesthetic drugs. Traditionally, inhalation anesthesia was used to induce seda-

tion in babies and young children; however, since topical local anesthetic

creams have been more widely available, intravenous anesthesia has seen a

rise in popularity. A single breath of sevoflurane or a progressive inhalational

induction of anesthesia is used to induce anesthesia in adults. The most often

used method of maintaining anesthesia is through the delivery of a volatile

sedative drug. This option is based on the efficacy of the pulmonary route

of elimination and relatively poor clearance rates of certain intravenous

medicines. Total intravenous sedatives are becoming more common for the

maintenance of anesthesia due to medications with favorable pharmacological

characteristics and improved delivery technologies. Individual medicines,

whether intravenous or inhalational, are chosen based on personal preference

and clinical indications. Table 7.2 highlights the most important features of

the most frequently used intravenous sedatives/anesthetics in the medical field.

Mechanism of action of sedatives, hypnotics, and antianxiety drugs Chapter | 7 171



TABLE 7.2 A summary of the most essential aspects of the most regularly used sedative drugs.

Drug Chemical group Protein

binding

Clearance

(mL/kg/min)

Metabolism Induction

dose (mg/kg)

Propofol Phenol derivative 0.97 18�4 Hepatic and extra-hepatic and inactive metabolites 1.5�2.5

Thiopentone Barbiturate 0.8 2.7�4.1 Hepatic oxidation to inactive metabolites 3�7

Etomidate Imidazole
derivative

0.76 12.5�26 Hydrolysis by plasma esterase and liver microsomal
enzymes and inactive metabolites

0.3

Ketamine Phencyclidine
derivative

20%�50% 17 Norketamine-active metabolite, hepatic enzyme
induction, and hepatic extractionratio 0.9

1.2



Sedatives/anesthetics administered intravenously

Propofol is a drug that is frequently used to induce sedation due to its quick

recovery characteristics. It is particularly useful in day cases due to its anti-

emetic and antipruritic characteristics. Propofol dramatically lowers myocar-

dial contractility and vascular resistance by reducing arterial blood pressure.

These consequences are more pronounced among the elderly and people hav-

ing impaired cardiac output. Propofol induces apnea and also affects the

reaction to hypercarbia following an inducing dosage.

In addition, when the mean arterial pressure is decreased, it leads to rapid

drops in intracranial and intraocular pressures and decreases in cerebral per-

fusion pressure. Prescription of propofol has long been associated with injec-

tion discomfort, bacterial contamination, and unexpected excitatory effects.

Individuals with uncontrolled epilepsy are mostly avoided for the administra-

tion of propofol.43

Thiopentone is the sole barbiturate for widespread usage, often reserved

for quick sequence induction or hypersensitive to propofol or its compo-

nents. Negative side effects such as fatigue, dizziness, prolonged recovery,

accumulation, nausea, and vomiting have contributed to the drug’s dwin-

dling reputation. In mildly anesthetized patients, laryngospasm and bron-

chospasm are more common than propofol. Thiopentone has been linked

to a greater ability to maintain cerebral perfusion pressure and reduce cere-

bral oxygen uptake (approximately 50%). The aforementioned adverse

effects of large dosages of thiopentone commonly result in burst suppres-

sion, and experts believe that this symptom is advantageous in cases of

focal brain injury.

Ketamine (phencyclidine derivative) causes analgesic effects, disruptive

hypnosis, and undesirable psychomimetic symptoms like hallucinations after

surgery. Although sympathetic stimulation may cause complications in indi-

viduals with ischemic heart disease, it is suitable for battlefield surgery.

It increases cerebral metabolic rate by increasing the intracranial blood flow

which makes it unsuitable for intracranial hypertension patients. Ketamine is

most frequently used for sedation during localized procedures, burn dressing

changes, and postoperative pain relief. Despite the fact that S-ketamine is

much more potent and has minimal side effects as compared to R-ketamine,

regrettably, the only version of the drug that is approved is the racemic

combination.

Etomidate is typically used in emergency cases when substantial hypoten-

sion is caused by propofol and thiopentone. An abdominal aortic aneurysm

repair procedure that uses fast sequence induction is a classic example.

Reversible adrenocortical inhibition is caused by Etomidate’s suppression of

the 11b- and 17a-hydroxylases. Consistent doses have been shown to raise

the risk of morbidity and death, while a single dose in critical patients can

cause adrenal function impairment.44,45
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Closing remarks

When evaluating the overall safety profile of a medicine, it is important to

take the broad variety of pharmacological substances into account, in addi-

tion to their pharmacokinetic and pharmacodynamic characteristics, as well

as the patient’s co-morbidity and the clinician’s knowledge of anxiolytic,

sedative, and hypnotic drugs. All of these elements have a major influence

on the outcome.

It’s possible that the hunt for anxiolytic medicines is approaching its end.

We now have a better grasp of fear-related behavior in cognitive neurosci-

ence because of a boom in research over the past decade. On the other hand,

these developments have not yet resulted in the discovery of more effective

treatments for human fear and anxiety disorders that are mechanistically

unique. As previously stated, studies on anxiety disorders and animal models

of anxiety disorders both have persistent knowledge deficits of the biochem-

istry of depression and anxiety, and each poses a significant barrier in the

development of novel anxiety medications and treatments. Because of the

fluctuating diagnostic limits of anxiety disorders, the pharmaceutical devel-

opment process has been further impeded by the lack of accurate biomarkers.

It will be critical to undertake substantial cooperation among basic and clini-

cal investigators to push the discipline toward therapy development.

Due to the possibility of severe respiratory depression with all sedative

drugs, they should be administered in conjunction with standard physiologi-

cal cardiorespiratory monitoring. Although the pharmacology of sedative/

anesthetic agents varies, they all generally have comparable clinical effects.

The majority of intravenous drugs are assumed to affect consciousness via

an action on GABAA, NMDA, or both receptors. Our grasp of the mode of

action of sedative/hypnotic agents is inadequate, in part due to the lack of

awareness. Numerous hypotheses have been offered during the last century,

but none have succeeded thoroughly in elucidating the processes at work.

There is currently an expectation that by utilizing modern imaging techni-

ques, the action of these drugs can be better understood, which will aid in

our knowledge of consciousness and cognitive functioning.
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Introduction

It has been recognized as a very difficult problem over the centuries. Epilepsy

has its origins in the Greek term “to seize” or “take hold of” since it indicates

the seizure is usually results in being taken out of control. Epilepsy is one of

the most common brain diseases or neurological disorders. The word epilepsy

refers to a category of chronic CNS disorders marked by the incidence of

recurrent seizures, which are normally followed by lack of awareness and

motion (convulsion). Epilepsy is traditionally characterized as being at least

two unprovoked seizures divided by at least 24 h, but the most recent interna-

tional consensus concept allowed a sole epileptic seizure whether there is an

inherent predisposition to have epileptic seizures. Although some causes of

an initial seizure in the aged lead to recurrent seizures, several others prolong

the issue.1,2

Several numbers of herbs have been extensively used in Ayurvedic medici-

nal practice for the treatment of epilepsy, asthma, cramps, diabetes, microbial

infection, inflammation, tumor, wound healing, and rheumatism. Experimentally

drugs with a potential antiepileptic activity are assessed by injecting medullary

stimulants or by applying a maximal electrical shock.3�5 Drugs that antagonize

chemically induced seizures are effective in petit mal epilepsy and which protect

against electrically induced seizures in grand mal epilepsy. A plant containing

phytoconstituents, namely, flavonoids shows CNS activity as well as atropine

also possesses antiepileptic activity. Atropine is one of the important alkaloids,
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which acts as active constituents. Extract of herbs that contain the atropine

could be demonstrated significant antiepileptic activity on animal models.

Traditionally several herbs were used for treating asthma, epilepsy, and other

ailments. However, antiepileptic activity of some herbs has not been documen-

ted in the scientific literature. So in this view, the option is open to investigate

the possible antiepileptic properties of the herb.6,7

Pathophysiology and pathogenesis of epilepsy

Individuals vary in their vulnerability to having an epileptic seizure. Any

individuals could have a smaller resistance to epileptic seizures, making

them highly vulnerable to the disease. Every brain, when excessively stimu-

lated, can cause seizures. The phenomenology of seizures differs from one

individual to another individual and multiple seizure types can appear in the

same person. Epilepsy is a disease that may be influenced by several intra-

cranial structural,8 cellular, or molecular factors and presents in several

forms. The irregular hypersynchronous electrical behavior of nerves in

epileptic seizures9 is often triggered by an inconsistency of excitation and

inhibition in the brain10; originally, only a limited fraction of nerves fire

anomalously. Too much stimulation or suppression of a huge number of

cortical neurons causes seizures. Medical symptoms are determined by the

direction of the focus, the magnitude of irritability in the adjacent brain

region, and the frequency of the impulse.11,12

Since synapses play such an important role in mediating contact between

neurons in the human brain, a seizure may result from poor synaptic perfor-

mance.13 A seizure could be caused by a decline in inhibitory synaptic function

or an increase in excitatory synaptic function. A significant depolarization of

the nerve cell membranes is correlated with a spurt of electrical impulses in the

depolarization change. The capacity of sodium channels to rebound from inacti-

vation is believed to be reduced, which inhibits high-frequency shooting. The

popping event that occurs when the nerve cell membrane is depolarized for a

longer period is caused by an influx of extracellular calcium, which causes the

opening of voltage-dependent sodium channels, entry of Na1 , and emission

of repeated action potentials. Based on the type of cell, gamma-aminobutyric

acid (GABA) receptors and chloride entry or potassium efflux mediate the

resulting hyperpolarizing after potential.14,15

Synced hyperexcitability may be caused by a variety of mechanisms,

such as:

1. Changes in ion channel dispersion, quantity, form, and biophysical char-

acteristics in nerve cell membranes.

2. Alterations to receptor biochemistry.

3. Mechanism differentiation in genetic expression and secondary messenger.

4. Alteration in Ion concentrations outside of the cell.
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5. Glial cell variations in neurotransmitter uptake and metabolism.16

6. Alterations in inhibitory circuit proportion and process information.

However, transitory inequalities in the major neurotransmitters glutamate

(excitatory), GABA (inhibitory), and several other neuromodulators like

noradrenaline, acetylcholine, and 5-hydroxytryptamine can take a part in

causing seizures in prone patients.17�19

Throughout a seizure, hypersynchronous discharges can originate in a

small, isolated area of the cortex, but then propagate to the surrounding

areas.20 The onset of a seizure is marked by two occurrences that happen

at the same time:

1. Nerve impulse pulses with a strong intensity

2. A neural network hyper synchronization

Seizures involve three constraints which from a huge physiologic

standpoint:

1. A group of neurons that are excitable in a pathological way.

2. To disperse the discharge, there are several pathologically overexcited

neurons and a raise in excitatory glutaminergic function via repetitive

contacts.

3. A decrease in the expression of GABAergic projections that is usually

inhibitory.

Once there is enough activity to attract nearby neurons, seizure prolifera-

tion happens, that’s when a partial seizure extends across the brain. It often

causes a lack of surround inhibition, allowing seizure activity to extend into

nearby regions via specific cortical associations and farther out via long

association pathways like the corpus callosum.21 Hyperpolarization and an

area of adjacent repression produced by inhibitory nerves usually avoid the

expansion of exploding activity.

Following are the consequences of repeated discharges:

1. a rise in outer membrane K1 that depolarizes adjacent nerves and blunts

hyperpolarization.

2. Ca11 aggregation in presynaptic terminals contributes to increased neu-

rotransmitter production.

3. Ca11 increase in the number and neural induction is caused by

depolarization-induced activation of the N-methyl-D-aspartate (NMDA),

an excitatory amino acid receptor.22�24

It is hypothesized that the expansion of excitation to the subcortical, tha-

lamic, and brainstem centers is accompanied by the tonic phase and the loss

of consciousness by an increase in the overactive signals of autonomic func-

tion. In states of convulsions, the brain may assist in ending seizures and

postrelated anxiety may occur. This deed helps to control the convulsions by

affecting adenosine A1 receptors.25 The emergence of astrogliosis as a

marker in epileptics’ brains,26 as well as the detection of astrocytes as
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essential effectors of neural development, indicates that astrocyte impairment

may serve a significant purpose in epilepsy pathogenesis.27

Role of GABA

The excitatory postsynaptic potential (EPSP) is the major symbol of stimula-

tion in the brain,28 while the inhibitory postsynaptic potential (IPSP) is the

major symbol of inhibition.29 A precise equilibrium between EPSP and IPSP

regulates the neural membrane potential.30 An epileptic seizure will occur if

this equilibrium is disrupted. GABAergic induction may be presynaptic or

postsynaptic, depending on whether it is released from GABAergic neuronal

endings and GABA is catabolized by GABA-transaminase postsynaptically.

GABA receptors are known as GABAA, GABAB, or GABAC. The GABAA

receptor is the very well GABA receptor subclass.31 It is indeed ligand-gated

chloride ion channels and “ionotropic receptor” that opens after GABA is

released via presynaptic neurons and mediates rapid postsynaptic inhibi-

tion.32 Numerous neuromodulator medications, including benzodiazepines

and barbiturates, work on this receptor. Abnormalities in synapses GABA

discharge or the postsynaptic GABA receptor may induce GABA process

impairment. Throughout the cerebrospinal fluids of epileptic patients,

decreased GABA and elevated glutamate levels were detected.33 When excit-

atory pathways prevail, whether, by enhanced stimulation or reduced inhibi-

tion, neural hyper synchronization arises. Many neurons will also be

stimulated (high-frequency depolarization or repolarization) as the pathologi-

cal neuronal hypersynchronous activation occurs, resulting in the epileptic

seizure (Fig. 8.1).34,35

Role of glutamate

Because neurons in a certain region of the brain fire under an unexpectedly

synchronous pattern, a seizure occurs. Within that mechanism of neuronal

excitation, upwards of 100 neurotransmitters or neuromodulators are being

discovered to perform a function. Synaptic impulses produced by the excit-

atory neurotransmitters glutamate and aspartate are responsible for action

potentials in particular. Excitability amino acids, particularly L-glutamate,36

function on even more than 50% of the brain’s nerve terminals, contributing

significantly to seizure propagation. For epileptogenic disorder, there is

indeed a spike in glutamate production throughout the brain. Stimulation

is caused by neurotransmitter amino acids produced from the nerve terminals

and acting on postsynaptic NMDA and non-NMDA receptors.37 By regulat-

ing excess neural potassium levels and suppressing excitatory neurotransmit-

ters including glutamate, glial cells serve an essential homeostatic function

throughout the regulation of neuroexcitation. Ions like magnesium can

indeed affect neuronal excitability (Fig. 8.2).38�40
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Remote stimulation of excitatory circuits causes neural synchronization.

Contraction happens after NMDA receptors are activated, allowing more

calcium to reach the cells and increasing stimulation. Perhaps, there is a

FIGURE 8.1 GABA synthesis and mechanism of action.

FIGURE 8.2 Glutamate action.
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decrease only in the operation of inhibitory circuits that are downward con-

trolled throughout high-frequency stimulation as most of these excitatory

mechanisms improve.

General treatment

Drugs never eradicate seizures, but they do assist in seizure prevention. Epilepsy

also has a societal stigma attached to it, and being diagnosed with it will lead to

community isolation a lower standard of life, stress, and the deterioration of pre-

existing mental illnesses.41 Whenever a drug is abruptly discontinued, the indi-

vidual can have further epilepsy which is quite difficult to control. Brain surgery

can be recommended if pharmaceutical services were unable to prevent seizures.

Earlier drugs including phenytoin, valproic acid, carbamazepine, and ethosuxi-

mide are commonly prescribed as first-line treatments to many seizure problems

around the globe because they are usually as efficient as newer therapies and are

far more affordable. While several of the current medications are already being

implemented as first-line monotherapy, the majority of the modern medications

can be utilized as an add-on or replacement treatment (Fig. 8.3).42,43

Commonly used antiepileptic drugs:

1. Barbiturate (e.g., phenobarbitone)44

2. Deoxybarbiturate (e.g., primidone)45

FIGURE 8.3 Origin of generalized and partial seizure.
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3. Hydantoin (e.g., phenytoin)46

4. Iminostilbene (e.g., carbamazepine)47

5. Succinimide (e.g., ethosuximide)48

6. Aliphatic carboxylic acid (e.g., valproic acid)49

7. Benzodiazepines (e.g., clonazepam)50

8. Phenyltriazine (e.g., lamotrigine)51

9. Cyclic GABA analog (e.g., gabapentin)52

10. Newer drugs (e.g., vigabatrin and topiramate)53�56

Phenobarbital mechanism of action

Potentiation of synapses repression by an act just on GABAA receptor is

most probably the process by which phenobarbital prevents seizures.

Phenobarbital stimulates exposures to iontophoretically implemented GABA,

according to intracellular studies of mice cortical or spinal cord nerve cells.

Such results were identified at therapeutically important phenobarbital levels.

Phenobarbital enhanced the GABAA receptor�mediated activity by increas-

ing the duration of spikes of GABAA receptor�mediated currents without

altering the intensity of spikes, according to studies of single channels in

outside-out patches differentiated from mice spinal cord nerve cells.

Phenobarbital restricts repeated regular firing at levels above clinical doses,

which may explain a few of the anticonvulsant benefits of elevated pheno-

barbital concentrations obtained through status epilepticus treatment.57,58

Bromide (potassium bromide/sodium bromide)

Bromide is also a viable first-line treatment option (in patients with hepatic

dysfunction). The antiepileptic properties of bromide are unknown.

Hyperpolarization of the postsynaptic membrane is thought to be how the

treatment works. Oral delivery of bromide salts helps in fast absorption.

Since these are not attached to plasma proteins, they may easily move

across membranes. Bromide’s elimination half-life is extremely large

(about 28 days). Thus, after taking 16 weeks of treatment, the patient might

be in a stable condition. Renal efflux is based on the presence of concurrent

chloride ingestion.59

Phenytoin mechanism of action

It is indeed a safe and efficient anticonvulsant that has been recognized as

diphenylhydantoin for years.60 Phenytoin reduces the frequency at which

electrical signals are elicited by repeated depolarization of neurons. The

whole result is induced by a lowering of the level at which voltage-activated

Na1 channels recover from inactivation, which is based on both voltage

and usage. Phenytoin seems to have a stabilizing effect on neural membranes
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that further prohibits regular brain cells from detonating repeatedly through-

out epileptic depolarization transitions, which are characterized by asynchro-

nous and extremely high depolarization over which action potentials are

transposed. These were accomplished by extending the inactive condition of

voltage-sensitive neuronal Na1 channels, which controls the neuron’s

refractory duration. Such results can be seen at doses within the therapeutic

drug spectrum.61

Benzodiazepines mechanism of action

Because of its fast removal half-life and quick (5�7 days) emergence of resis-

tance to their antiepileptic activity, benzodiazepines are unsuccessful in the long

therapy of canine epilepsy. The tendency of benzodiazepines to promote GABA-

mediated neural suppression accounts for a substantial part of their anticonvulsant

efficacy, and other nonsedating benefits. The benzodiazepine receptor is an

essential component of the GABAA receptor, according to molecular cloning

and recombinant receptor research. Benzodiazepines operate on subtypes of

receptor site and enhance the rate, but never the length, of openings at GABA-

activated Cl� channels at pharmacologically appropriate doses.62 Diazepam and

several other benzodiazepines, along with phenytoin, carbamazepine, and valpro-

ate, can suppress prolonged increased stimulation of nerves at larger doses.63 All

such doses are far greater than those linked with antiseizure or antianxiety

symptoms in ambulatory individuals because they correlate to doses reached in

patients following diazepam therapy with status epilepticus.64�66

Carbamazepine mechanism of action

It is prescribed as first-line therapy for intermittent and tonic�clonic sei-

zures. The pathways that cause carbamazepine’s health effects are not well

known. Carbamazepine, like phenytoin, inhibits the repeated discharge of

electrical impulses elicited by prolonged depolarization. It tends to be driven

by just a slower rate of voltage-activated Na1 channel reactivation after

downregulation. Carbamazepine does have actions in cerebrospinal fluid

(CSF) of patients at doses in the therapeutic drug scale. In those doses, car-

bamazepine has a specific impact without any influence on random action or

reactions to iontophoretically applied GABA or glutamate. In pharmacologi-

cally impactful doses the carbamazepine metabolite 10,11-epoxycarbamaze-

pine also restricts persistent recurrent shooting,67 indicating how this

metabolite can contribute to carbamazepine’s antiseizure efficiency.68�70

Ethosuximide mechanism of action

It is used to treat absence epilepsy as first-line therapy. In neuronal cells,

ethosuximide lowers low-threshold Ca21 currents (T currents). The
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thalamus is involved in the production of 3-Hz spike-and-wave patterns,

which are common in absence seizures. A huge T pulse in the thalamus

underpins blasts of electrical impulses and is thought to perform a part in

thalamic oscillatory operation including 3-Hz spike-and-wave activity.

Ethosuximide blocks the T current at therapeutically appropriate doses.

Ethosuximide decreases this current without affecting the voltage depen-

dency of steady-state downregulation or the recovery period.71 At therapeuti-

cally significant doses, ethosuximide may not suppress repeated repetitive

shooting or improve GABA reactions. The latest research supports the

hypothesis that ethosuximide acts by inhibiting T currents to suppress

absence seizures.72�74

Valproic acid mechanism of action

Valproic acid has phenytoin and ethosuximide-like actions on separated

nerve cells. Valproate prevents persistently repeated discharge caused by

depolarization of mouse cortical or spinal cord neurons at clinically appropri-

ate doses. The activity tends to be driven by a delayed regeneration of

voltage-activated Na1 channels from downregulation, close to that of phe-

nytoin and carbamazepine. Valproic acid has little effect on neural reactions

to GABA applied iontophoretically. Valproate causes minor decreases in the

low-threshold (T) Ca21 current in nerve cells derived from the nodose gan-

glion at medically significant but considerably larger amounts than others

who restrict repeated firing; this action on T currents is close to that of etho-

suximide in thalamic neurons. These acts of restricting persistent frequent

shooting and decreasing T currents can come together to make valproic acid

more efficient toward partial and tonic�clonic seizures, as well as absence

seizures. One more pathway that could lead to valproate’s antiseizure effects

is GABA metabolism.75 About the fact that valproate has little influence on

GABA reactions, it does improve the volume of GABA which can be

retrieved from the brain after the drug has been given to animals.76

Gabapentin mechanism of action

A GABA compound is chemically conjugated to a lipid-soluble cyclohexane

ring, making it an anticonvulsant drug. Gabapentin was created to be a cen-

trally acting GABA agonist with greater lipid solubilization that would

enable it to pass through the blood�brain barrier more easily. With the elec-

troshock seizure model, gabapentin prevents tonic hind limb expansion.

Gabapentin even prevents pentylenetetrazol-induced clonic epilepsy. In each

of these studies, its effectiveness is comparable to that of valproic acid,

although it differs from phenytoin and carbamazepine. Gabapentin’s antiepi-

leptic mode of action remains unclear. Gabapentin can encourage nonvesicu-

lar GABA discharge via a pathway that is currently unknown.77�81
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Newer antiepileptic drugs

Mechanism of action of eslicarbazepine acetate

It is available in prodrug form. S-licarbazepine is its active metabolite, also

referred to as eslicarbazepine. It is the active enantiomer of the monohydroxy

derivative of oxcarbazepine. Eslicarbazepine exerts its mechanism of action

by blocking the sodium channels and giving stability to the inactivated state

of the voltage-gated sodium channel. A 2015 scientific study pointed out that

it differs from carbamazepine, in enhancing the slow inactivation of voltage-

gated sodium channels.82 Eslicarbazepine acetate is found to be efficacious

as a first-line monotherapy in focal seizures. Eslicarbazepine acetate is not

accompanied by a spike in CSF while this CSF spike occurs in oxacarbaza-

pine which further explains the reason behind its adverse effect.83

Levetiracetam

Levetiracetam acts by attaching to the SV2A (synaptic vesicle protein) even-

tually causing nonspecific decrease in the release of neurotransmitter during

hyperactivation of neurons.84 It is successfully used as a first-line treatment

in cases of focal and generalized tonic�clonic seizures (GTCS) and its IV

formulation is popularly employed as second-line treatment for status

epilepticus.85�87

Brivaracetam

Its mechanism of action is similar to Levetiracetam (attachment to SV2A).

Its efficacy and selectivity is 20 times higher than Levetiracetam and was

approved by the USFDA for the management of partial-onset seizures in

case of 16 years and older patients.88

Lacosamide

Lacosamide acts by blocking sodium channels, causing enhancement of slow

inactivation thereby differing from most of the drugs which act as sodium

channel blockers (enhancer of fast sodium channel inactivation). It is

employed for the management (as mono and adjunctive therapy) of focal

seizures.89

Perampanel

Perampanel is a selective noncompetitive antagonist of α-amino-3-hydroxy-

5-methyl-4-isoxazolepropionic acid (AMPA) glutamate receptor. Perampanel

is used in patients with focal seizures (both as adjunctive and monotherapy)

and as adjunctive in the management of primary GTCS.90�93
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Cannabidiol

In 2018 cannabidiol was first introduced in the booming pharmaceutical market

of the United States. It neither possesses the affinity for cannabinoid receptor CB1

nor psychoactive properties typical of tetrahydrocannabinol. It causes an enhance-

ment of the activity of GABA mediated through the GABA-A receptor allosteric

modulation and an increase in currents produced by low GABA level. The

USFDA approved this drug in the management of Lennox�Gastaut syndrome or

Dravet syndrome�associated seizures in patients of 2 years or more of age.94�96

Stiripentol

This drug was approved by the USFDA in 2018. It was used to manage the

Dravet syndrome�associated seizures in patients taking clobazam. It acts

directly on GABA-A receptor and CYP enzyme inhibition causing augmen-

tation in the level of clobazam and its metabolite.97

Conclusion

Antiepileptic medications generally used can successfully manage epileptic

seizures in around 50% of people, another 25% may demonstrate progress,

and the rest 25% of anticonvulsant medications have little substantial advan-

tage. Besides that, unpleasant side effects from widely prescribed medica-

tions make recovery complicated and would need the development of newer

antiepileptics. Investigating naturally existing molecules that could relate to

different molecular groups is one path to finding new antiepileptic treat-

ments. In the traditional medicine system, many plants and herbs claimed to

have antiepileptic activity without any scientific evidence. So it is my opin-

ion that we should try to extract active pharmaceutical ingredients from the

herb that will be responsible for the treatment of epilepsy.
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diagnostic characteristics in status epilepticus]. Neurologia. 1997;12(Suppl 6):25�30.

Spanish. PMID: 9470434.

188 How Synthetic Drugs Work

https://doi.org/10.1007/s11606-020-06504-8
http://www.ncbi.nlm.nih.gov/pubmed/33515191
http://refhub.elsevier.com/B978-0-323-99855-0.00008-7/sbref6
http://refhub.elsevier.com/B978-0-323-99855-0.00008-7/sbref6
http://refhub.elsevier.com/B978-0-323-99855-0.00008-7/sbref6
http://refhub.elsevier.com/B978-0-323-99855-0.00008-7/sbref6
http://refhub.elsevier.com/B978-0-323-99855-0.00008-7/sbref7
http://refhub.elsevier.com/B978-0-323-99855-0.00008-7/sbref7
http://refhub.elsevier.com/B978-0-323-99855-0.00008-7/sbref7
https://doi.org/10.12688/f1000research.17714.1
https://doi.org/10.12688/f1000research.17714.1
http://www.ncbi.nlm.nih.gov/pubmed/31700611
https://doi.org/10.1684/epd.2017.0925
http://www.ncbi.nlm.nih.gov/pubmed/28830845
https://doi.org/10.1103/PhysRevE.99.032408
http://www.ncbi.nlm.nih.gov/pubmed/30999501
http://refhub.elsevier.com/B978-0-323-99855-0.00008-7/sbref11
http://refhub.elsevier.com/B978-0-323-99855-0.00008-7/sbref11
http://refhub.elsevier.com/B978-0-323-99855-0.00008-7/sbref11
http://refhub.elsevier.com/B978-0-323-99855-0.00008-7/sbref11
http://refhub.elsevier.com/B978-0-323-99855-0.00008-7/sbref11
http://refhub.elsevier.com/B978-0-323-99855-0.00008-7/sbref12
http://refhub.elsevier.com/B978-0-323-99855-0.00008-7/sbref12
http://refhub.elsevier.com/B978-0-323-99855-0.00008-7/sbref12
http://refhub.elsevier.com/B978-0-323-99855-0.00008-7/sbref12
https://doi.org/10.3389/fnins.2019.01135
https://doi.org/10.3389/fnins.2019.01135
http://www.ncbi.nlm.nih.gov/pubmed/31780880
http://refhub.elsevier.com/B978-0-323-99855-0.00008-7/sbref14
http://refhub.elsevier.com/B978-0-323-99855-0.00008-7/sbref14
http://refhub.elsevier.com/B978-0-323-99855-0.00008-7/sbref14
http://refhub.elsevier.com/B978-0-323-99855-0.00008-7/sbref15
http://refhub.elsevier.com/B978-0-323-99855-0.00008-7/sbref15
https://doi.org/10.1002/jnr.1040
https://doi.org/10.1002/jnr.1040
http://www.ncbi.nlm.nih.gov/pubmed/11241581
https://doi.org/10.1016/j.lfs.2020.118826
http://www.ncbi.nlm.nih.gov/pubmed/33259863
http://refhub.elsevier.com/B978-0-323-99855-0.00008-7/sbref18
http://refhub.elsevier.com/B978-0-323-99855-0.00008-7/sbref18
http://refhub.elsevier.com/B978-0-323-99855-0.00008-7/sbref18
http://refhub.elsevier.com/B978-0-323-99855-0.00008-7/sbref18
http://refhub.elsevier.com/B978-0-323-99855-0.00008-7/sbref19
http://refhub.elsevier.com/B978-0-323-99855-0.00008-7/sbref19
http://www.ncbi.nlm.nih.gov/pubmed/31536218
https://doi.org/10.1016/j.neuroscience.2003.11.003
http://www.ncbi.nlm.nih.gov/pubmed/14960354
http://www.ncbi.nlm.nih.gov/pubmed/9470434


23. Farrokh S, Bon J, Erdman M, Tesoro E. Use of newer anticonvulsants for the treatment of

status epilepticus. Pharmacotherapy. 2019;39(3):297�316.

24. Farrokh S, Tahsili-Fahadan P, Ritzl EK, Lewin 3rd JJ, Mirski MA. Antiepileptic drugs in

critically ill patients. Crit Care (London, Engl). 2018;22(1):153.

25. Weltha L, Reemmer J, Boison D. The role of adenosine in epilepsy. Brain Res Bull.

2019;151:46�54. Available from: https://doi.org/10.1016/j.brainresbull.2018.11.008. Epub

2018 Nov 20. PMID: 30468847; PMCID: PMC6527499.

26. Hanin A, Lambrecq V, Denis JA, et al. Cerebrospinal fluid and blood biomarkers of status

epilepticus. Epilepsia. 2020;61(1):6�18. Available from: https://doi.org/10.1111/epi.16405.

Epub 2019 Dec 11. PMID: 31828792.

27. Goswami JN, Vaidya PC, Saini AG, De D, Radotra BD, Singhi PD. Drug reaction with

eosinophilia and systemic symptoms in a child on multiple antiepileptics. Turk J Pediatr.

2017;59(2):197�199.

28. Schiller Y, Bankirer Y. Cellular mechanisms underlying antiepileptic effects of low- and

high-frequency electrical stimulation in acute epilepsy in neocortical brain slices in vitro.

J Neurophysiol. 2007;97(3):1887�1902. Available from: https://doi.org/10.1152/

jn.00514.2006. Epub 2006 Dec 6. PMID: 17151229.

29. Garland SJ, Gallina A, Pollock CL, Ivanova TD. Effect of standing posture on inhibitory

postsynaptic potentials in gastrocnemius motoneurons. J Neurophysiol. 2018;120

(1):263�271. Available from: https://doi.org/10.1152/jn.00555.2017. Epub 2018 Apr 4.

PMID: 29617216; PMCID: PMC6093953.

30. Danober L, Pape HC. Mechanisms and functional significance of a slow inhibitory poten-

tial in neurons of the lateral amygdala. Eur J Neurosci. 1998;10(3):853�867. Available

from: https://doi.org/10.1046/j.1460-9568.1998.00092.x. PMID: 9753153.

31. Karpova MN, Kuznetzova LV, Klishina NY. [GABA and its receptors in pathogenesis of

epilepsy]. Usp Fiziol Nauk. 2015;46(3):46�59. Russian. PMID: 26506642.

32. Barbara GS, Zube C, Rybak J, Gauthier M, Grünewald B. Acetylcholine, GABA and gluta-
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Introduction to Parkinson’s disease

Parkinson’s disease (PD) is a neurodegenerative disorder with approximately

10 million victims worldwide. Mostly, people above 60 years of age are

affected by PD. Bradykinesia, tremor, loss of postural reflexes, and rigidity

are cardinal signs and symptoms of PD.1 The disorder is represented by

familial and sporadic types, and the former, with genetic basis, accounts for

only less than 10% of total PD cases.2 Many genes have been associated

with the onset of PD, PARK1 gene, coding for alpha-synuclein (α-Syn).
(a presynaptic protein), was the first gene identified for its association with

the disorder.3,4 Etiologically, it is a slow-processing, multifactorial condition

involving several genetic and environmental factors.5 Age is the most impor-

tant risk factor for the onset of PD; this disease is more common among

women as compared to men with an estimated ration of 3:2. Many environ-

mental pollutants including pesticides and insecticides have also been associ-

ated with the progression of PD.6 Recently, dysregulation of gut�brain axis

by alteration in gut microbiota has also been linked with the onset of PD.7

However, PD continues to be an enigmatic disorder with no available cure or

preventive therapy.6 Owing to about 70% loss of dopamine-producing neu-

rons at the stage of visible symptoms and overlapping clinical features with

other neurodegenerative disorders, the early diagnosis of disease has always

been a topic of research and debate.8 The identification of subtypes of PD

during diagnosis is also an important consideration to select and start thera-

pies. There is no established diagnostic marker for the early diagnosis of

PD.9 The International Parkinson and Movement Disorder Society has pro-

posed a diagnosis system based on the Queen’s Square Brain Bank Criteria,
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which has been used since last few decades.10 These criteria have shown

very good specificity (95%) and sensitivity (96%) for the diagnosis of PD.

Pathophysiologically, PD is caused by the degeneration and dysfunctioning

of substantia nigra (SN) neurons resulting the deficiency of neurotransmitter

dopamine and by accumulation of α-Syn in Lewy bodies (LBs).11 Recently,

the expression pattern of calcium-binding protein S100B, responsible for the

regulation of dopamine metabolism and neuroinflammation, has been associ-

ated with the pathophysiology of PD and also considered as an important

biomarker for the early diagnosis of disease.12 In addition to the accumula-

tion of LBs by the aggregation of α-Syn, the accumulation of Tau aggregates

has also been linked with the progression of PD.13 Dysregulation of long

noncoding RNAs and microRNAs in brain tissues has been linked with the

onset of PD in the animal models.14 PD has been managed by Levo-DOPA

(L-DOPA) supplementation to compensate for the deficiency of dopamine in

the patients since the 1970s. The disease has been treated by the application

of inhibitors of any of the following enzymes: catechol-O-methyltransferase

(COMT), peripheral L-amino acid decarboxylase, or monoamine oxidase B

(MAO B).15 These medicines have their specific mechanisms of action, mer-

its, and disadvantages. The present chapter describes the subtypes of PD,

genes, genetic and environmental factors responsible for the disorder, patho-

physiology of disease, and mechanism of action of different drugs used to

treat PD.

Parkinson’s disease symptoms, and its subtypes

PD was first described by James Parkinson, who was a political activist,

as well as an expert in geology, paleontology, and medicine. In his book An

Essay on the Shaking Palsy, published in 1817, he described the disease with

prominent characteristics, including festinant gait, classic Parkinsonian pos-

ture, and tremor.16 At present, the disease has features including mood dis-

turbance, dementia, cognitive dysfunction, sleep�wake dysregulation,

dysautonomia, and pain. James Parkinson described the disease on the basis

of the nonmotor symptoms encapsulated in Table 9.1.

196 How Synthetic Drugs Work



PD is divided into subtypes on the basis of Lewis study principle,17 after

the evaluation of medical record of first 5 years after disease diagnosis.

According to the above criteria, the subtypes are defined as follows:

1. Earlier disease onset (EDO): when disease onset and diagnosis occur at

an age below 55 years.

2. Tremor dominant (TD): tremor is the sole, initially sustained or dominant

symptom that dominates over bradykinesia and rigidity. It can occur at

an age of 55 years or above.

3. Non-TD: predominant motor feature being bradykinetic with mild or no

rest tremor. Onset at an age of 55 or above.

4. Rapid disease progression without dementia: unusually rapid progression,

no dementia, irrespective of age; death within 10 years from the first PD

symptoms.

The subtypes of PD are not distinct entities but have overlapping features

that collectively represent the multidimensional spectrum of disorder.18

Currently, there are no well-established biomarkers for the early diagnosis of

PD. Several neuropsychological and neuroimaging tools and procedures have

been applied for the diagnosis of disease. Computerized axial tomography

and magnetic resonance imaging are useful methods for the efficient diagno-

sis of PD.

TABLE 9.1 Parkinson’s description of nonmotor symptoms.16

Sr.

no.

Nonmotor

symptom

Parkinson’s original description

1 Sleep
disturbances

Sleep disturbance with tremulous motion of hands and
limbs during sleep, frequently with agitation and alarm.

2 Speech
problems

The words of patient are often scarcely intelligible.

3 Constipation The bowels are commonly torpid, require stimulating
medicines. Sometimes, the expulsion of feces from the
lower area of large intestine needs mechanical aid.

4 Sialorrhea The patients fail to direct saliva to the back part of the
fauces; hence, it is continually draining out via mouth.

5 Dysphagia The patient is no longer able to feed himself/herself, and
once the food is inside his/her mouth, the muscles of
mouth cavity, tongue, and pharynx cannot perform their
role properly to retain food inside the mouth cavity and
while swallowing.

6 Incontinence The patient loses control, and urine or feces pass out
involuntarily.
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Epidemiology and risk factors for Parkinson’s disease

PD is the second most common neurodegenerative disease worldwide.19

Age is the most important factor for the onset of PD; it is gender-biased

disorder.20,21 Application of certain pesticides in the rural areas also

contributes to promote PD, whereas smoking has inverse association

with the onset of disease.22 Family history has a positive association

with the incidence of PD; it has been estimated that first-degree relatives

of PD patients have up to threefold increased chances to have the dis-

ease.23 Familial forms of PD are found among 5%�15% cases. There

are several genes associated with PD, a few important have been tabu-

lated in Table 9.2.

Mutation of LRRK-2 (leucine-rich repeat kinase-2)

� When a mutation occurs in LRRK-2 gene, downregulation of endo-

some lysosome pathway occurs, due to which α-Syn amount increases

and they form clumps called LBs, which cause death of dopaminergic

neuron.

� It can also lead to decrease in RAS and MAP-K, which ultimately leads

to decrease in the dopaminergic transmission.

TABLE 9.2 Genes associated with the onset of Parkinson’s disease.

Name

of

gene

Gene

locus

Protein name Chromosome References

PINK1 PARK6 PTEN-induced putative
kinase I

1p35�37 24,25

PRKN PARK2 Parkin 6q25�27 26

UCHL1 PARK5 UCHL-1 4p14 27

DJ-1 PARK7 Protein DJ-1 1p36 28

LRRK2 PARK8 Leucine-rich repeat
serine/threonine-protein
kinase-2

12p11�q13 29

SNCA PARK1/4 α-Syn 4q21�23 30

VPS35 PARK17 Vacuolar protein sorting-
associated protein 35

16q11 31

PLA2G6 PARK14 A2 phospholipase 22q13 32

FOXB7 PARK15 F-box protein 7 22q12�13 33
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� When a mutation occurs there, it can form a protein called “Tau,” which

forms neurofibrillary tangles and affects dopaminergic neuron.

Mutation in PARK-2

� It causes the downregulation of E3 ubiquitin ligase, whose function is to

fragment the α-Syn peptide. When it is disturbed so that concentration of

α-Syn peptide increases, clumps called LBs will occur and ultimately

result in the death of dopaminergic neuron.

Mutation on DJ-1 gene

� Also called Parkinson-7 protein, with neuroprotective function from oxi-

dative stress by forming protein, which has antioxidant as well as

mitochondrial-regulating property but when mutated can reduce the num-

ber of proteins, and thus, reactive oxygen species (ROS) increases as

well as mitochondrial function is disturbed as result cell death of dopami-

nergic neuron occurs.

Contamination of synthetic opioids:

� MPPP (1-methyl-4-phenyl-4-propionoxypiperidine) was developed for its

analgesic activity because it a synthetic opioid, but when contaminated, it

got converted to MPTP (1-methyl 4-phenyl 1,2,3,6-tetrahydropyridine),

which has neurotoxin effect, thus leading to PD.

Substantia nigra and its association with neuronal
components

This history of investigations on pathophysiology begins in 1952 when

Irving Cooper implicated the role of the thalamus and the basal ganglia in

movement disorder. Treatment or changes of basal ganglion were further

established by Albin and colleagues in the 1980s. Anatomical connections

between the basal ganglia and thalamocortical circuits provide the links by

which deep brain stimulation is applied for the treatment of PD. The work

by Albin, Alexander, and Delong in the mid-1980s has described the details

of anatomical links between different parts of brain and their related func-

tions. The basal ganglion is a component of nervous system constituting of

cerebellum, thalamus, and frontal lobes.34 Its role in the cognitive and motor

functions has been well established.35 Basal ganglion consists of five subcor-

tical components: putamen, caudate, globus pallidus, the subthalamic nucleus

of Luys, and SN.

The SN is found directly below the thalamus and is divided into two zones:

a ventral pole zone known as pars reticulata and a dorsal darkly pigmented zone

known as pars compacta. The internum’s dopaminergic neurons are located in

the pars compacta. The putamen’s pars reticulata globus and pallidus internum

are the major output nuclei of the basal ganglia. The basal ganglia receive
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afferent input from the cerebral cortex and frontal lobes; most afferent informa-

tion to the basal ganglia terminates in the caudate and putamen; the caudate

controls eye movements and cognitive processes, while the putamen controls

motor processes. The SN produces the majority of its output through the globus

pallidus and the pars reticulata. In collaboration with the prefrontal cortex, the

basal ganglia and cerebellum coordinate higher cognitive tasks. It causes

cortico-striato-cerebello-thalamocortical (CSPTC) loops, which may have cogni-

tive rather than motor function (Fig. 9.1).

� Direct pathway

Here, due to the death of D1 (inhibitory neuron), impulse for globus

pallidus interna is downregulated by producing less GABA (gamma-

Aminobutyric acid), where the subsequent GABAergic neuron will get

activated by producing more GABA, and ultimately the neuron moving

from cortical region will get inhibitory impulse as more GABA is pro-

duced in previous neuron. This inhibitory impulse will be transferred

through primary cortical region to muscles.

FIGURE 9.1 A description of the many components of the CSPTC loop. The cerebral projects

to the striatum, which also gets dopaminergic projections from the pars compacta of the substan-

tia nigra (SNc). The striatum inhibits both the GP and the substantia nigra’s pars reticulata (SN

pr). The STN transmits exciting projections to the GPi, GPe, and SNpr. The thalamus is inhibited

(GABAergic) by GPi or SN pr. The thalamus sends signals to the cortex (also excitatory). The

direct channel results in reduced thalamic inhibition [i.e., the striatum suppresses GPi, which in

turn reduces its usual (inhibitory) impact on the thalamus, resulting in more excitation from the

thalamus to the cortex]. This enables activities to be sustained or initiated. The indirect approach

stimulates the GPi, enhancing its inhibition of the thalamus and, as a result, suppressing unde-

sired movements.
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� Indirect pathway

Due to the death of D2 (inhibitory neuron), impulse for globus pallidus

externa from putamen will be excitatory, and as a result, it will increase the

release of more GABA at neuron in globus interna. Now due to more GABA

release, the impulse for subthalamus will be inhibitory due to which less

GABA will be released, which will ultimately increase the excitatory

impulse for globus pallidus interna by eliciting glutamate release. Globus

interna will then send excitatory impulse by releasing more GABA at thala-

mus due to which inhibitory impulse will be generated, finally transferred to

muscles.

Because of both inhibitory impulse from brain due to cell death of D1

and D2 to muscles, the subject will face hard time in contracting muscles,

that is, akinesia and bradykinesia. Due to imbalance of neurotransmitter

dopamine, their will be a rise in acetylcholine level, which will impart excit-

atory effects on muscles causing tremors and rigidity.

CSPTC loops are engaged in projections from unique cortical regions to

distinct locations within subcortical structures. The motor circuit is the most

important loop in the development of PD. Dopamine has a substantial influ-

ence on the flow activity in the basal ganglia circuit outlined above. The pri-

mary symptoms of PD are bradykinesia, stiffness, and tremor, which are

caused by a decrease or full loss of dopaminergic input to the striatum.

According to the most widely accepted hypotheses, dopamine deficiency

causes an increase in information via the indirect pathway rather than the

direct channel, resulting in suppression of target thalamocortical processes

and hyperactivation of the GPi/SNr pathway.

Pathophysiology and pathoanatomy of Parkinson’s disease

PD is caused by the degradation of “pigmented” nuclei in SN brain cells.

The pigmentation of the dopaminergic cells of the SN is due to the presence

of a protein known as melanin. When these cells die, the processing and exe-

cution of voluntary actions and movements ceases. After a diagnosis, PD

symptoms develop and worsen over time. A protein called -synuclein is nor-

mally present in nerve cells. Mutations in -synuclein coding genes, such as

PARK1 and PARK4, cause the creation and accumulation of misfolded

-synuclein variations known as LBs inside the substantia nigral neurons. The

mechanism of cell death due to an accumulation of such misfolded proteins

resulting in the cell death needs further investigations. Death or damage to

the nigral cells of SN results in the absence of deficiency of neurotransmitter

dopamine, hinders the signaling through neurons, and impairs cognitive func-

tions (Fig. 9.2).
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Anti-Parkinson’s disease drugs

Most of the PD management 

drugs are either aimed to increase 

the level of dopamine, dopamine 

antagonists or to retain the level 

of dopamine for long time 

At present, there is no cure for PD or neuroprotective measures against

the disease, and only therapies for the management of symptoms are avail-

able. The medicines and therapies are often decided on the basis of patient’s

age, level of cognitive impairments, and general medical conditions of the

patient. Initially, the treatment is targeted to alleviate the common disease

symptoms, and to maintain the normal life activities, the medication is

matched with the patient’s tolerance levels. A wide range of anti-PD drugs

are available, and a few of them have been described here:

Levo-DOPA

Torquato Torquati discovered L-DOPA from the bean of Vicia Faba in 1911

as the L-isomer of dihydroxyphenylalanine.36,37 Peter Holtz identified the

FIGURE 9.2 During Parkinson’s disease, dopaminergic neurons in the substantia nigra degen-

erate. The picture depicts the position of the substantia nigra in the midbrain. The normal sub-

stantia nigra is on the right-hand side above, while the reduced substantia nigra is at the bottom.
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enzyme that converts inert L-DOPA to an active molecule known as cate-

cholamine dopamine (DA) in 1938.38 Later investigations on the brains of

dogs and humans revealed the presence of DA in the putamen and caudate

nuclei, indicating a role for DA in reserpine-induced Parkinsonism.39 The

next year, research revealed that the caudate nucleus and putamen of PD

patients showed a substantial decrease in DA.40 Currently, L-DOPA has been

considered to be the best suited medicine to manage the early stage symp-

toms of PD. Once in the human body, L-DOPA is converted to dopamine by

an enzyme known as decarboxylase. As dopamine cannot cross the blood-

�brain barrier (BBB), L-DOPA is applied to the PD patients. It is converted

to dopamine in the brain cells and improves the dopamine levels to control

the PD symptoms mainly caused by the deficiency of dopamine. An average

half-life of L-DOPA in the human body is about one hour, and the half-life

increases significantly by the use of carbidopa to slow down the conversion

of L-DOPA to dopamine.

Long-term application of L-DOPA results in the progression of PD and

loss of the dopaminergic nerve terminals. L-DOPA starts losing its impact to

manage the disease symptoms. How the long term application of L-DOPA

promotes dyskinesia is not very clear.

Dopamine agonists

These are molecules similar in structure with dopamine and directly act on

the dopamine receptors. The dopamine agonists are often used with L-DOPA

or prescribed before the use of L-DOPA to delay the “wearing off” effect

and other complications caused by the long-term use of L-DOPA.

Bromocriptine was the first dopamine agonist identified in the 1970s. Since

that time, a number of such molecules have been approved and prescribed

for the management of PD.41 Bromocriptine, ropinirole, dihydroergocriptine,

pergolide, pramipexole, apomorphine, cabergoline, lisuride, and piribedil are

the most commonly used agonists42 (Fig. 9.3).

Catechol-o-methyltransferase

Axelrod and Tomchick first described COMT (EC 2.1.1.6) in 1958. It is the

enzyme that catalyzes the transfer of a methyl group to a catechol. Mg21
ions are required for enzyme activity, while S-adenosyl-l-methionine (SAM)

serves as a methyl group donor. COMT’s primary substrates are catechola-

mines, particularly dopamine. The enzyme is involved in the elimination of

physiologically active or poisonous catechols, including neurotransmitters

such as dopamine, from the body through modification and removal. The fol-

lowing is the total reaction catalyzed by COMT.

The human soluble COMT is a nonglycosylated 221 amino acid protein

with a molecular weight of 24.7 kDa.43 The membrane-bound COMT has an

Mechanism of action of anti-Parkinson’s drugs Chapter | 9 203



extra peptide of 50 amino acids and a molecular weight of 30 kDa. The

majority of this extra peptide is made up of hydrophobic amino acids. MB-

COMT is a membrane protein with a catalytic domain directed toward the

cytoplasm. Both isozymes exhibit a comparable need on SAM, Mg21, and

Ca21 ions, as well as similar pH and temperature requirements. However,

the two isoenzymes have highly variable affinities for different substrates.

The affinities of these to isozymes from different sources are tabulated in

Table 9.3.

Catechol-O-methyltransferase inhibitors and Parkinson’s
disease

Most of the inhibitors are competitive substrates of COMT with catechol struc-

ture; typically, these include the derivatives of catechols and pyrogallol. The

examples include caffeic acid, gallic acid, rutin, and 2-hydroxyoestrogens.

Some other compounds may not have catecholic structures like tropolones,

FIGURE 9.3 Some selected dopamine agonists and their structural formulae.

204 How Synthetic Drugs Work



TABLE 9.3 Affinities of S- and MB-COMT, from different sources, for several substrates.

Enzyme source Substrate S-COMT/MB-COMT km (μM) References

Human Brain Dopamine 280 3.3 44

Recombinant Sf9 cells DBA 39� 30� 45

Norepinephrine 369� 24� 45

L-DOPA 613� 266� 45

Dopamine 207� 15� 45

Recombinant E. coli Catechol 108 10 Malherbe et al.46 47

Liver, brain, and kidney Norepinephrine 304�464 5.5�11 48

Rabbit Aorta 2-Hydroxyestradiol 0.27 0.15 49

Mouse Liver Epinephrine 242 12 50

Pig Brain R-Salsolinol 156 43 51

�indicates significant figures.



ascorbic acid, 3-hydroxylated pyrones or pyridones, etc. Some typical COMT

inhibitors described initially as first-generation inhibitors.

In the late 1980s, a new class of nitrocatecholic COMT inhibitors, known as

second-generation inhibitors, was identified. These had nitro group in the structure

and were found more effective in their efficacy, but soon there appeared some

concerns of toxicity and of unfavorable pharmacokinetics of these inhibitors.

During the early 1990s, another class of COMT inhibitors was identified

and introduced. A pyridine compound known as CGP 28014 was identified

as COMT inhibitor. interestingly, it lacked the typical catechol structure.

Substitution of dopamine to compensate its deficiency in PD is the most

important target of all kinds of medicinal therapies. Physiologically, COMT

is used to inactivate dopamine after the signaling process across two neurons.

Hence, the COMT inhibitors are used to slow down the inactivation of dopa-

mine to make available the ample amounts of neurotransmitter and subse-

quent inhibition of PD symptoms. Dyskinesia, somnolence, orthostatic

hypotension, anorexia, dizziness, nausea, vomiting, diarrhea, headache, and

sleep disorders are common adverse effects of COMT inhibitor therapies.

Monoamine oxidase

MAO (EC 1.4.3.4.) catalyzes the oxidative deamination of a large number of

monoamines. This enzyme is an ubiquitous mitochondrial enzyme that has

higher expression levels in the liver, neuronal cells, and gastrointestinal tract.

Physiologically, MAO has a role to metabolize the neurotransmitters after

the completion of their function in the synaptic cleft and detoxification of a

variety of amines. In a typical reaction, MAO oxidizes dopamine and

reduced FAD. Production of an aldehyde along with hydrogen peroxide

(H2O2) in the MAO catalyzed reaction that can result in the production of

ROS suggests that the MAO reaction can be neurotoxic52,53.

However, in the normal conditions the ROS produced by the MAO reac-

tion are detoxified by the activity of scavenger enzymes, for example, cata-

lase. In case of SN pars compacta (SNpc) this increase in the oxidative stress

results in the complete or partial loss of neuronal cells or their subsequent

dopamine production ability.

Monoamine oxidase-A and monoamine oxidase-B

Two isoenzymes of MAO are found in the human body, that is, MAO-A and

MAO-B. Both isoforms of the enzyme are encoded by the genes located on

X-chromosome, both have more than 70% homology. Both isoenzymes can be

differentiated on the basis of their substrate and inhibitor specificities. MAO-A

has greater affinities with hydroxylated amines, for example, serotonin

(5-hydroxytryptamine, 5-HT) and noradrenaline, whereas MAOB exhibits bet-

ter affinities with nonhydroxylated amines including beta-phenylethylamine
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and benzylamine. Some amines such as tyramine and dopamine exhibit com-

parable affinities for both isoenzymes. MAO-B is localized in glial cells and

serotonergic neurons exposed toward the intermembrane space, whereas

MAO-A is found on the cytoplasmic face of the outer mitochondrial mem-

brane in catecholaminergic neurons54. According to the old school of thought,

MAO-B was responsible for the regulation of dopamine. However, according

the recent reports MAO-B controls tonic GABA levels and MAO-A regulates

dopamine levels55.

Inhibitors of monoamine oxidase-A and monoamine oxidase-
B

Both irreversible and reversible inhibitors of both isoenzymes have been dis-

covered and tested for their potential use in the treatment of neurological dis-

eases. Cyclopropylamines, hydrazines, and propargylamines are basic

irreversible inhibitors that bind covalently with the flavin residue at the N5

atom and dissociate at varying speeds. Following the identification of the

enzyme target site, the inhibitor molecule is metabolized as a reactive inter-

mediate after covalently joining with the N5 atom of FAD, resulting in the

creation of a drug-receptor adduct. The term “suicide inhibitor” refers to this

sort of pharmacological activity.56 By these inhibitors, the enzyme will be

inactivated irreversibly, and the enzyme activity may be retained only when

new enzyme molecules are synthesized by the cells, the process may require

days or even weeks. In normal routine, the drugs are administered that can

inhibit about 90% or more enzymes.

Monoamine oxidase-B inhibitor selegiline and Parkinson’s
disease

MAO-B is an enzyme of dopamine metabolism; rasagiline and selegiline (N-

Propargyl-methamphetamine) are MAO-B inhibitors widely used for the

management of PD symptoms. Selegiline is an irreversible MAO-B inhibitor,

its application has been used to prolong the L-DOPA therapy and to prevent

the adverse effects of L-DOPA. 57,58 Long-term application of selegiline also

reduced the requirement of L-DOPA.59 In the nutshell, application of selegi-

line preserved the reabsorbed dopamine and conserved to be reused in the

next signaling cascade in the synaptic cleft (Fig. 9.4).

Monoamine oxidase-B inhibitor lazabemide in Parkinson’s
disease

Lazabemide (N-(2-aminoethyl)-5-chloro-2-pyridinecarboxamide) has a shorter

“wash out” time, and it has better efficacy than selegiline and mild adverse

effects60,61 (Table 9.4).
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Summary

PD symptoms are largely produced by the loss of dopaminergic neurons in

the basal ganglia’s nigrostriatal pathway. Dopamine, a neurotransmitter, is

used by neurons in this route to regulate the activity of the basal ganglia,

which are in charge of initiation and motor regulation. The degeneration of

dopaminergic neurons results in a reduction in dopamine concentration, poor

control of the circuits involved, and the development of PD symptoms.

Many techniques were then created within the scope of this pathology’s man-

agement. The therapies available today are primarily symptomatic; they seek

to lessen the intensity of the symptoms but do not halt or stop the course of

the disease. L-DOPA is the most commonly prescribed chemical for the treat-

ment of PD. It crosses the BBB and is converted to dopamine centrally by

DOPA-decarboxylase. Dopamine, unlike L-DOPA, is not able to cross the

BBB. As a result, it remains in the circulation and is unavailable at the brain

FIGURE 9.4 Mechanism of action of selegiline illustrated as an irreversible MAO inhibitor.
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TABLE 9.4 Illustration of some selected MAO inhibitors.

Compound Activity Status Chemical

structure

Phenelzine Irreversible MAO-
A1MAO-B

Used as
antidepressant
Hepatotoxicity
Needs dietary
control for
restriction of
tyramine intake

Tranylcypromine Irreversible MAO-
A1MAO-B

Used as
antidepressant
with dietary
control

Pargyline Irreversible MAO-
A and MAO-B

Antidepressant and
antihypertensive
Currently not in
clinical use

Selegiline Irreversible MAO-
B selective (R-
enantiomer)
Selectivity is dose
dependent in vivo

Metabolism to
amphetamines

Clorgyline Irreversible highly
MAO-A selective

Antidepressant
effect
demonstrated in
humans but not in
clinical use

Moclobemide Reversible highly
MAO-A selective

Moderately
effective
antidepressant
drug

Rasagiline Irreversible MAO-
B selective
(R1 enantiomer
Selectivity) is dose
dependent in vivo

Neuroprotective
in vivo, anti-
Parkinson drug,
metabolism to 1-
aminoindan

Safinamide Reversible highly
MAO-B selective

Anti-Parkinson
drug, glutamate
receptor
antagonistic and
Na1 channel
blocking properties

(Continued )
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level. In addition to L-DOPA, carbidopa and benserazide are utilized. They

aid in limiting L-DOPA breakdown at the peripheral level (that is to say at

the blood level, before passing to the brain). Their goal is to enhance the

concentration of L-DOPA that penetrates the central nervous system by

reducing its degradation at the peripheral level. Dopamine is processed by

specific enzymes at the physiological level. Treatments based on inhibiting

these enzymes to prevent its breakdown are used to enhance the accessible

concentration of dopamine. COMT blocker. Dopamine is metabolized by

this enzyme to 3-methoxy-tyramine. This family contains two molecules:

entacapone and tolcapone. Entacapone is the most often used and is present

in the medication. Dopamine is metabolized by MAO-B producing di-

hydroxyphenylacetic acid. Rasagiline, selegiline, and sulfonamide are MAO-

B inhibitors that can assist to protect accessible dopamine for extended peri-

ods of time. All currently known medicines’ mechanisms of action, including

L-DOPA, COMT inhibitors, and MAO-B inhibitors, have been well docu-

mented in the literature.
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Introduction

Mental disorders, also known as psychological disorders, are a group of psy-

chological and behavioral symptoms that impact one’s quality of life. This

group of behavioral issues causes suffering and poor functioning in daily

life. Some of the most common mental illnesses affecting people include

bipolar disorder, which includes generalized anxiety disorder, persistent

depressive disorder, obsessive�compulsive disorder, major depressive disor-

der, schizophrenia, posttraumatic stress disorder, and social anxiety disorder.

Psychosis is not an illness but a symptom of illness. It can be initiated and

promoted by a physical injury, substance abuse, mental illness, extreme stress,

and trauma. Schizophrenia-like disorders include psychosis, which often disturbs

the life of a patient during the early adulthood or during late teen ages. In addi-

tion to other mental health issues, psychosis can be caused by substance abuse

such as alcoholism, drugs of abuse, and several disease conditions. Multiple roots

of psychosis suggest the involvement of many similar or different pathological

mechanisms in the brain of affected individuals. For example, Brain tumors,

HIV, traumatic brain injuries, strokes, and some brain diseases such as dementia,

Alzheimer’s, and Parkinson’s, can also cause psychosis. Therefore, psychosis is

sometimes a symptom of schizoaffective disorder, bipolar disorder, schizophre-

nia, and long-term depression. Psychosis is often predicted by high levels of

depression, long duration of symptoms, poor functioning, and reduced attention.

Neuroleptic drugs are mostly used for the management of psychotic

symptoms associated with neuropsychiatric disorders. The majority of
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neuroleptics reduce or block the dopamine (DA) neurotransmission; the cell

types mediating their actions need further investigations. Antipsychotics

includes a class of psychotropic medication basically applied to manage psy-

chosis, which includes delusions, hallucinations, and in some selected cases,

disorders like schizophrenia but also in a range of other psychotic disorders.

These drugs work as a major tranquilizer and help with sleeping difficulties.

They are also used as a supportive treatment for bipolar disorder, reactive

disorders, and as mood stabilizers. Recently, a study has demonstrated a

shrinkage of brain tissue or decrease in the brain volume by the application

of antipsychotic drugs.

Many adverse effects have been associated with the long-term application

of antipsychotic drugs. These adverse effects include gynecomastia, involun-

tary movement disorders, impotence, metabolic syndrome tardive dyskinesia,

and weight gain. All antipsychotics have a specific dopamine D2 receptor

blocking action except for clozapine. Phenothiazine and thioxanthene classes

also block D1, D3, and D4 receptors. In this action, their potency for the psy-

chotic action is controversial to treat psychotic patients. For antipsychotic

effect, blockade of dopaminergic and preferentially temporal and prefrontal

region is responsible. Drugs that increase dopaminergic activity like amphe-

tamines, levodopa and bromocriptine have been observed to induce

schizophrenia-like syndromes in particular patients. As an adaptive change to

the blockade of D2 receptors, the firing of dopaminergic neurons and dopa-

mine turnover increase initially. However, over a period of time, this sub-

sides and give away to diminish activity, especially in basal ganglia,

corresponds to emergence of Parkinson-like effect. Clozapine is a group of

atypical antipsychotics responsible to weakly block D2 receptor and have sig-

nificant alpha1, and D4 blocking action. The antipsychotic abilities of such

drugs may depend on specific and variable properties of a drug on different

neurotransmitter-associated receptors.

Extrapyramidal symptoms associated with dopaminergic blockade in the

basal ganglia appear to be responsible for antiemetic effect. The therapeutic

efficacy of quetiapine and clozapine for the D2 receptor is moderately low

(up to 40%). The particular activities of these medicines are determined by

their rate of release and binding affinity for the D2 receptor. Quetiapine,

despite its short biological half-life, has been proposed to have transiently

high occupancy, which is sufficient for therapeutic activity. Several addi-

tional theories, on the other hand, suggest that quetiapine differs from other

antipsychotic medications in ways that suggest a different method of action

(Fig. 10.1).

Psychological disorders at a glance

A psychological disease clearly shows changes in behaviors and thoughts.

Although reaching an agreement on what types of thoughts, feelings, and
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behaviors are truly aberrant in the sense that they legitimately signal the

presence of psychopathology is difficult, it is critical for mental health prac-

titioners to agree. Certain patterns of conduct and inner experience are easily

identified as aberrant and definitively indicate psychological distress.

A person who washes his/her hands 30 times a day, or the one who

claims to hear devils speak may have habits and inner experiences that most

people would consider abnormal: beliefs and behaviors that point to the pres-

ence of a mental illness.

Behaviors represented by a psychological disorder

Psychologists try to separate psychological diseases from situational, unique,

or unusual interior sensations and actions.

Definition of physiological disorders

The simplest way to think about psychological disorders is to define abnor-

mal, distressing, dysfunctional, and often even dangerous behaviors,

thoughts, and interior sensations as indications of a condition.

One would undoubtedly be disappointed if they asked a classmate out on

a date and were turned down. Such emotions would be understandable. If

FIGURE 10.1 Alternative hypotheses for dopamine D2-receptor-blocking antipsychotic medi-

cations’ indirect action. Both hypotheses propose that antipsychotic medications inhibit the

production of cyclic adenosine monophosphate (cAMP) by causing greater firing of striatal cho-

linergic interneurons.
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they were depressed to the point where they lost interest in activities, had

trouble eating or sleeping, felt completely useless, and considered suicide,

their sensations would be abnormal, out of the ordinary, and could indicate

the presence of a psychiatric disease. However, just because something is

uncommon does not indicate it is disordered.

Because red hair is seen in just around 4% of persons in the United

States, it is considered an uncommon trait, but it is not disordered; it is sim-

ply rare. In Scotland, where around 13% of the population has red hair

(“DNA Project Aims,” 2012), it is less uncommon. Some illnesses, while not

precisely normal, are far from atypical, and their prevalence in the general

population is astonishing. Is it reasonable to view conduct or interior experi-

ences that deviate from generally recognized cultural standards or expecta-

tions as disordered if we believe that being atypical is insufficient criterion

for having a psychiatric disorder?

A woman who goes around a subway station in July wearing a bulky

winter coat while screaming obscenities at strangers may be regarded to be

exhibiting symptoms of a psychological condition in accordance with this

criterion. Her conduct and clothing go against socially acceptable dress and

behavior norms; these features are unusual.

Common symptoms of psychological disorders

� Although the symptoms of psychological disorders differ depending on

the disorder, mood and behavioral symptoms are similar.

� Symptoms can be long-term and recurrent.

� They can make it difficult for one to interact with others in society.

Physical symptoms can occur as a result of several psychiatric diseases.

� Panic episodes associated with anxiety disorders, for example, might

mimic the symptoms of a heart attack. Pain and achiness are common

symptoms of somatoform illnesses, which are syndromes in which symp-

toms suggest a medical reason but none can be determined.

� Psychological disorders � common symptoms include:

� Angry, hostile, or aggressive behavior.

� Abuse of alcohol or drugs.

� Changes in energy levels.

� Anxiety.

� Perplexity or a sense of disconnection.

� Behavior that is erratic.

� Mood swings and irritability.

� Psychoses, such as hallucinations and delusions, affect perception or

thinking processes.

� Persistent or sudden mood swings that might cause problems in daily life.

� Denial of the problem.

� Isolation from others.
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Physical symptoms of psychological disorders

Physical symptoms may be linked to psychological diseases, such as:

� Inexplicable physical difficulties.

� Fatigue or malaise;

� Sleep disruptions;

� Changes in weight and appetite.

Some serious symptoms that might indicate a life-threatening
condition

Psychological problems can be life-threatening in some instances. If you or

someone you are with has any of these life-threatening symptoms, seek med-

ical help right once.

� Posing a threat to oneself or others, including threatening, illogical, or

suicidal behavior.

� Trauma, including deformities of the bones, burns, eye injuries, and other

ailments.

Causes psychological disorders

Psychological disorders have no known causes, but they are assumed to be

influenced by a number of circumstances. Neurotransmitters in the brain,

childhood experiences, inheritance, severe illnesses, prenatal exposures, and

stress are some of these causes. Some, but not all, psychological diseases are

influenced by gender.

Risk factors for psychological disorders

� A variety of factors contribute to the development of psychiatric diseases.

Psychological problems do not affect everyone who has risk factors.

Abuse or neglect as a youngster are risk factors for psychological

problems.

� Temperament issues in childhood.

� Mental illness or substance misuse in the family or personal history.

Intelligence below normal.

� Low birth weight is associated with a lower socioeconomic level.

� Absence of one or both parents, criminal activities, and substance abuse.

� Prenatal exposures to alcohol or drugs, for example.

� Serious medical issues like cancer, persistent pain, and hypothyroidism.

� Social exclusion.

� Life events that are stressful or distressing.

� Abuse of drugs and alcohol.
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Treatment of psychological disorders

Recognizing that a problem exists is the first step in treating psychological

problems. People with psychological problems frequently deny they have a

problem and do not seek medical treatment for their symptoms. Regular

medical treatment is beneficial because it permits a healthcare provider to

perform early screening tests. Regular medical care also allows one’s health-

care provider to quickly assess their symptoms and their risk of developing

psychiatric illnesses. Psychotherapy is widely used in treatment to address

behaviors, skill development, and thinking processes. Coexisting medical

problems, serious complications, severe disorders, or substance dependence

may need an initial hospitalization. Some personality problems can benefit

from medication. With the right treatment, one can see significant

improvements.

Common treatments for psychological disorders

� Anti-anxiety drugs are a common treatment for psychiatric illnesses.

� Mood enhancers such as antidepressants.

� Antipsychotic drugs are used to address abnormal mental processes and

perceptions.

� Cognitive behavioral therapy to work on thought patterns and behavior.

� Family therapy to help develop support and understanding.

� Identification and treatment of coexisting issues

� Hospitalization for coexisting medical problems, serious complications,

severe disorders, and substance abuse

� Individual counseling.

� Medications that help one stay in a good mood.

� Psychodynamic treatment, which focuses on identifying and comprehend-

ing previous difficulties, as well as their connections to contemporary

beliefs and behaviors.

� Self-help groups.

� Cognitive behavioral treatment.

Ways to improve your psychological disorders

One may be able to alleviate their symptoms and reduce their chance of

recurrence in addition to seeking and receiving treatment by:

� Avoiding alcohol or illegal drug usage.

� Avoiding caffeine or other stimulants.

� Maintaining a consistent eating schedule.

� Exercising on a regular basis.

� Getting adequate rest.

� Scheduling visits and according to medication instructions.
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Potential complications of psychological disorders

Untreated or poorly controlled psychiatric diseases can have serious conse-

quences, even posing a threat to one’s life in some situations. Following the

treatment plan one and their healthcare expert devised specifically for them

can help reduce their chances of significant problems.

� Difficulties with the law, at work, in social contexts, with relationships,

and with finances are only a few of the complications of psychiatric disorders.

� There is a higher chance of getting hurt.

� Self-harm.

� Isolation from others.

� Relationships within the family are strained.

� Abuse of drugs and alcohol.

� Suicide or acts of violence

Etiology of schizophrenia

Schizophrenia is an illness brought on by biopsychosocial factors such as

genetic, perinatal, neuroanatomic, neurochemical, and other biological pro-

blems. Furthermore, psychological and socio-environmental factors may

raise the incidence of schizophrenia in foreign migrants or ethnic minority

urban populations. Increased paternal age is linked to a higher likelihood of

developing schizophrenia.

Genetic factors

According to studies, schizophrenia runs in families. Adopted relatives of

people with schizophrenia have a higher risk of developing schizophrenia

than biological relatives. In first-degree relatives of people with schizo-

phrenia, the risk of developing schizophrenia is 10%. If both parents have

schizophrenia, their child has a 40% chance of developing it as well. For

schizophrenia, dizygotic twins have a 10% concordance rate, while mono-

zygotic twins have a 40�50% concordance rate. Researchers have discov-

ered additional genetic loci previously unknown to be linked to

schizophrenia in a recent study. The study found 108 genetic loci con-

nected to schizophrenia, but just one of them was linked to schizophrenia,

83 had never been discovered before. Other genetic variations affect

the gene’s structure. As can be seen, determining the specifics of these

genetic elements is challenging. Interactions with the rest of the genome

and the environment will very certainly play a role. Despite this, a meta-

analysis of twin studies found that genetic factors account for roughly

four-fifths of schizophrenia risk.
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Neurotransmitters

Multiple metabolic pathways are thought to play a role in schizophrenia,

which makes finding a single aberration difficult. Patients’ responses to

psychoactive drugs have been used to relate a variety of neurotransmitters

to this illness. Common neurotransmitters involved in the etiology of

schizophrenia include dopamine, serotonin, norepinephrine, gamma ami-

nobutyric acid (GABA), and glutamate. The dopamine hypothesis, which

arose from two observations, explains the function of dopamine in

schizophrenia.

First, phenothiazines, a class of drugs that disrupt dopamine action, may

help alleviate psychotic symptoms. Second, amphetamines, which boost

dopamine release, can cause paranoia and exacerbate schizophrenia, while

disulfiram inhibits dopamine hydroxylase, causing schizophrenia to worsen.

GABA is another neurotransmitter implicated in the pathophysiology of

schizophrenia. It has a regulating function.

Pregnancy and birth complications

According to the findings, pregnancy and birth problems may have a minor

impact on the likelihood of developing schizophrenia later in life. Women

who are underweight or have certain viral infections during their pregnancy

are more likely to have children who develop schizophrenia later in life.

Children born to malnourished Dutch women during WWII, for example,

have a high risk of schizophrenia. An increased risk of schizophrenia may

be linked to obstetric difficulties. A study of Finnish women found that

hereditary and environmental factors both play a role in the development of

schizophrenia.1 A review of 9596 women in Helsinki who received hospital

treatment for an upper urinary tract infection during pregnancy between

1947 and 1990 found no overall significant increase in the risk of schizo-

phrenia in their offspring, but there was a fivefold increased risk in the

offspring of women who also had a family history of psychosis.

Season of birth

Children born during the cold months may be more susceptible to

schizophrenia. Winter birth is a strong epidemiological finding in those

who acquire schizophrenia later in life, at least in the northern hemi-

sphere. It is more than likely a proxy signal for some seasonal environ-

mental component. Seasonal variations in exposure to intrauterine viral

infections around the time of birth, as well as variations in light, temper-

ature/weather, or exogenous toxins, are among the most prevalent

explanations.
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Cannabis use

According to various studies, excessive marijuana use in teenagers aged

15�17 years may speed the onset of psychosis in those who are at high risk

of developing a psychotic condition. The Allied Cohort on the Early Course

of Schizophrenia (ACES)-II project looked at 247 hospitalized patients who

had experienced first-episode psychosis and found that the onset of psychosis

in those who used cannabis between the ages of 15 and 17 years occurred at

a mean age of 21.07 years, compared to a mean age of 23.86 years in those

who did not use cannabis during those same teenage years. However, the

researchers were unable to determine if marijuana use causes early onset

psychosis or whether those who have a proclivity for early onset psychosis

are also more likely to use marijuana because of a variety of variables

(Table 10.1).

Genetic factors for psychological diseases

Genetics of schizophrenia

Because there is no well-defined, focused, and unique microscopic neuropa-

thology in schizophrenia, it is particularly resistant to molecular advance-

ment. Our understanding of schizophrenia is changing from oligogenic to

polygenic models, but its genetic architecture remains mostly unknown.

According to current evidence, the mutation frequency spectrum contains a

mixture of common and unusual mutations.

Familial clustering

Schizophrenia is characterized by familial clustering. The child of a parent

with schizophrenia has a 10-fold increase in empirical risk compared to the

general population (for a review, see below). Amelio-specific(s) is a term

used to describe the risk of a disease in a certain type of relative compared

to the general population.

Genetic changes

NRG1

Although there exists considerable evidence that NRG1 genetic variation

increases the risk of schizophrenia, specific susceptibility and protection var-

iations have yet to be discovered. One study found considerable evidence of

a link between the core Icelandic risk haplotype and bipolar illness vulnera-

bility, with an effect size equivalent to that seen in schizophrenia.2
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TABLE 10.1 Indicating diseases with symptoms.

S. No DISEASE DESCRIPTION SYMPTOMS

1. Schizophrenia Severe disorder marked by a full loss of one’s
capacity to operate in daily life; it frequently
necessitates hospitalization. Hallucinations and
delusions are common in people with
schizophrenia, and they have a hard time
controlling their emotions and behavior.

Positive symptoms: (Hearing voices or seeing things
that do not exist, paranoia, and exaggerated or
distorted perceptions, beliefs, and behaviors are all
symptoms of schizophrenia. Negative symptoms
include a loss or reduction in one’s capacity to plan
ahead, speak, convey emotion, or find pleasure,
those who are unusually present)
Disorganized symptoms: Confused and disordered
thinking and speech, trouble with logical thinking
and sometimes bizarre behavior or abnormal
movements.

2. Bipolar disorder Bipolar disorder, formerly known as manic
depression, is a mental health illness that involves
emotional highs (mania or hypomania) and lows
(depression).

Bipolar I disorder. At least one manic episode has
occurred, maybe preceded or followed by
hypomanic or significant depressive episodes.
Mania can sometimes lead to a disconnection from
reality (psychosis).
Bipolar II disorder. One has experienced at least
one severe depressive episode and at least one
hypomanic episode but no manic episode.
Cyclothymic disorder. One has had frequent times
of hypomania symptoms and periods of depressive
symptoms for at least two years � or one year in
children and teenagers (though less severe than
major depression).
Other types: Bipolar and associated illnesses, for
example, might be caused by particular drugs or
alcohol, or by a medical condition such as
Cushing’s syndrome, multiple sclerosis, or stroke.



3. Anorexia nervosa Anorexia nervosa is an eating disorder
characterized by an abnormally low body weight,
an intense fear of gaining weight, and a distorted
perception of weight.
People with anorexia place a high value on
controlling their weight and shape, using extreme
efforts that tend to significantly interfere with their
lives.

Physical symptoms

Extreme weight loss or not making expected
developmental weight gains, Thin appearance,
abnormal blood counts, fatigue, insomnia, dizziness
or fainting, bluish discoloration of the fingers, hair
that thins, breaks or falls out, Soft, downy hair
covering the body, Absence of menstruation,
Constipation and abdominal pain, dry or yellowish
skin, intolerance of cold, irregular heart rhythms,
low blood pressure, dehydration, swelling of arms
or legs, eroded teeth and calluses on the knuckles
from induced vomiting

4. Obsessive�compulsive
disorder (OCD)

OCD features a pattern of unwanted thoughts and
fears (obsessions) that lead you to do repetitive
behaviors (compulsions). These obsessions and
compulsions interfere with daily activities and
cause significant distress.

Obsession symptoms

OCD obsessions are repeated, persistent, and
unwanted thoughts, urges or images that are
intrusive and cause distress or anxiety. One might
try to ignore them or get rid of them by performing
a compulsive behavior or ritual. These obsessions
typically intrude when one is trying to think of or
do other things.
Obsessions often have themes to them, such as:
fear of contamination or dirt,
doubting and having difficulty tolerating
uncertainty,
needing things orderly and symmetrical,
aggressive or horrific thoughts about losing control
and harming oneself or others,
unwanted thoughts, including aggression, or sexual
or religious subjects
Compulsion symptoms
Washing and cleaning,
checking,
counting

orderliness,
following a strict routine,
demanding reassurance.
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TABLE 10.1 (Continued)

S. No DISEASE DESCRIPTION SYMPTOMS

5. Autism Autism spectrum disorder is a condition related to
brain development that impacts how a person
perceives and socializes with others, causing
problems in social interaction and communication.
The disorder also includes limited and repetitive
patterns of behavior.
The term “spectrum” in autism spectrum disorder
refers to the wide range of symptoms and severity.

Fails to respond to his or her name or appears not
to hear you at times.
Resists cuddling and holding, and seems to prefer
playing alone, retreating into his or her own world.
Has poor eye contact and lacks facial expression.
Does not speak or has delayed speech, or loses
previous ability to say words or sentences.
Cannot start a conversation or keep one going, or
only starts one to make requests or label items.
Speaks with an abnormal tone or rhythm and may
use a singsong voice or robot-like speech.
Repeats words or phrases verbatim but does not
understand how to use them.
Does not appear to understand simple questions or
directions.
Does not express emotions or feelings and appears
unaware of others’ feelings.
Does not point at or bring objects to share interest.
Inappropriately approaches a social interaction by
being passive, aggressive or disruptive.
Has difficulty recognizing nonverbal cues, such as
interpreting other people’s facial expressions, body
postures or tone of voice.

6. Tourette syndrome Tourette syndrome is a disorder that involves
repetitive movements or unwanted sounds (tics)
that cannot be easily controlled. For instance, one
might repeatedly blink their eyes, shrug their
shoulders, or blurt out unusual sounds or offensive
words.

Tics are classified as:

Simple tics. These sudden, brief and repetitive tics
involve a limited number of muscle groups.
Complex tics. These distinct, coordinated patterns
of movements involve several muscle groups.



Dysbindin (DTNBP1)

Straub et al. were the first to disclose evidence linking dysbindin to schizo-

phrenia. In a subset of bipolar patients having primarily psychotic episodes

of mood disorder, there is marginally significant evidence for an association.

Although replication is essential, the actual susceptibility variations have yet

to be found.

G72(DAOA)/G30

The best-supported locus for bipolar disorder is the DAOA locus on chromo-

some 13q22�34. Chumakov and colleagues were the first to link this locus

to schizophrenia research. There has yet to be identified a pathologically sig-

nificant variation, and the biological mechanism is yet unknown.

Disrupted in schizophrenia 1 (DISC1)

A balanced chromosomal translocation (1;11)(q42;q14.3) showed high evi-

dence for relation to schizophrenia, bipolar illness, and recurrent depression,

according to studies of an extensive pedigree. Two genes on chromosome 1

were revealed to be disrupted by the translocation: DISC1 and DISC2.

COMT

COMT is found in the 22q11 region of the chromosome, which has been

linked to schizophrenia, bipolar disorder, and schizoaffective disorder bipolar

type. Because of its importance in dopamine catabolism, it has been exten-

sively researched. In schizophrenia, the results have been inconsistent, with

recent meta-analyses reporting no general evidence of a link between the

valine allele and the disorder.

Brain-derived neurotrophic factor

The brain-derived neurotrophic factor (BDNF) gene is found on chromosome

11p13 and encodes a precursor peptide (proBDNF) that is proteolytically

broken to produce the mature protein. At codon 66, a single-nucleotide poly-

morphism (SNP) causes valine to be replaced by methionine (Val66Met). To

confirm (or dispute) the significance of BDNF in determining susceptibility

to mood and mental disease, more genetic and biological research is needed.

A systematic examination of variance across the entire gene, as well as

research in additional independent samples, is necessary.

Meta-analysis of genome-wide association study data and the
major histocompatibility complex Locus

A combined examination of schizophrenia genome-wide association study

(GWAS) data revealed evidence of the involvement of major histocompati-

bility complex (MHC) in schizophrenia. The MHC region on chromosome 6
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produced a genome-wide significant association as a result of this study.

Near a cluster of histone genes and many immune-related genes, the best evi-

dence for connection (rs13194053, p5 9.54109) was found. Although many

of them may indicate a genic area signal due to LD, 50% of the top 1000

highest scoring GWAS SNPs were intergenic, positioned outside the 10-kb

region on each side of a gene. The causal variation’s position is unknown;

however, it could be in one or more genes or a nongenic area of the MHC.

Many of these areas feature highly conserved sequences that are thought to

play a regulatory role.

Significance of non-MHC loci

In a combined examination of schizophrenia GWAS samples, researchers

discovered relationships with neurogranin (NRGN) and transcription factor 4

(TCF4) that were later found to be genome-wide significant. N-methyl-d-

aspartate (NMDA) receptor signaling is critical for learning and memory,

and NRGN encodes a postsynaptic protein kinase substrate that binds cal-

modulin. Pitt�Hopkins syndrome is a neurodevelopmental condition marked

by delayed language development, microcephaly, epilepsy, and facial dys-

morphisms caused by TCF4 mutations.

Conclusion

There are genetic loci that contribute to schizophrenia, bipolar disorder, and

schizoaffective disorders susceptibility across the Kraepelinian split. DISC1/2

and NRG1 mutations tend to predispose to both prototypical and prototypical

psychiatric diseases. The hormones DAOA/G30 and BDNF appear to be the

most strongly linked to mood disorders (Tables 10.2 and 10.3).

Environmental factors

Pollution

Introduction

Pollutants are dangerous chemicals in form of solids, liquids, or gases that

are created in larger concentrations than usual, lowering environmental qual-

ity. Human actions pollute the water, air, and soil in which they grow plants,

which has a negative impact on the ecosystem. The industrial revolution was

a big success in terms of society, technology, and the supply of a wide range

of services, but it also released massive amounts of pollutants, which is

harmful to human health. Environmental pollution is regarded as a global

public health concern because of a number of factors. This issue is also

linked to legislative, social, and economic considerations. In this era, globali-

zation and urbanization have reached unsettling proportions.
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Toxicology of pollution

Pollution’s effects on living things is not confined to human and animal health

but also has a negative impact on the entire environment. The health of living

beings and the environment, especially animal life, is affected by global climate

change, varied geographical conditions, and environmental variation.

Environmental damages

Pollution has the potential to harm the environment by contaminating the

land, water, and air. It also poses a serious threat to life’s diversity. The link

TABLE 10.2 Gene involvement in different psychiatric disorders.

Chromosomal

location

Evidence in

schizophrenia

Evidence in cases with

mixed bipolar-psychosis

features

Evidence in

bipolar

disorder

6p22 11111 1

8p12 1111 1 1

1q42 111 11 1

22q11 1 1

13q33 11 11

11p13 1 11

TABLE 10.3 Gene involvement in the psychic disorders.

Psychic disorder Gene involved

In bipolar disorder Ank3 and cacna1c, a relatively specific association between

common variation in GABA-A receptor genes.

In schizophrenia F804a, a relatively specific association between common

variation in GABAA receptor genes.

Velocardiofacial

disorder (VCFS)

Emerging from cancellation on chromosome 22q119,10.

Prader�Willi

condition

Emerging from maternal uniparental disomy on chromosome

15q11�q13.11.

Alzheimer’s disease AD1 Preplication (e.g., APOE)

Pitt�Hopkins

syndrome

Mutations in TCF4

Autism Contactin-associated protein-2 (CNTNAP2)
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between reduced species diversity and air pollution demonstrates how envi-

ronmental contaminants have a negative impact on the extinction of plant

and animal species. Animals’ reproductive consequences are caused by toxi-

cants. Temperature fluctuations, acid rain, and global climate changes caused

by greenhouse gas emissions have significant ecological consequences.

The link between pollution exposure and the nervous system has long

been debated. These hazardous compounds, on the other hand, are thought to

have negative effects on the nervous system. Psychiatric illnesses and neuro-

logical difficulties are among the harmful effects of pollution on the nervous

system. Neurological disability causes disastrous repercussions, especially in

children, whereas psychiatric issues promote antisocial behaviors and vio-

lence. Pollution has been linked to neurological hyperactivity, age-

inappropriate behaviors, and criminal activities in recent studies.

Pathophysiology of psychotic disease

Psychotropic or psychopharmacological agents are medications that have a

primary effect on the central nervous system (CNS) and are commonly used

to treat a variety of mental disorders. Psychiatric treatment has seen signifi-

cant modifications in recent years as a result of the development of new

medications that may have negative effects on mental health. The focus has

shifted to reuniting the individual patient with his or her community. Before

1952, the only thing that could be done was to deal with and calm down the

hostile, agitated, and violent patients. The discovery of chlorpromazine

(CPZ) in that year changed the lives of schizophrenic patients, allowing the

majority of them to return to a productive life. Reserpine was found not long

after. Despite being a very potent pharmacological tool for studying mono-

aminergic systems in the brain and peripheral system, reserpine has only

been used in clinical trials for a few years. In 1957�58, antidepressants with

tricyclic and monoamine oxidase inhibitors were introduced. In the 1980s,

many novel antidepressants including atypical selective serotonin reuptake

inhibitors (SSRIs) were developed. The discovery of meprobamate (1954)

raised hopes that anxiety could be treated without sedation. Buspirone is a

crucial component of the later inclusion. Furthermore, Cade’s 1949 report,

which revealed that lithium might be utilized for mania and excitation and

was largely employed in psychiatry, received little attention. In bipolar disor-

ders and mania, antiepileptics such as valproate, carbamazepine, and lamotri-

gine, as well as some atypical antipsychotics, have showed promise.

Psychoses

Hallucinations and delusions are serious psychiatric disorders that cause fatal

distortions in thought, capacity to perceive, behavior, reality, and
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perceptions. There is an irrational belief that the patient is incapable of cop-

ing with everyday tasks.

1. Cognitive disorders

Cognitive disorders include organic brain syndromes, both acute and

chronic. Some of the toxic or pathogenic foundation can often be defined

in conditions like dementia and delirium with psychotic characteristics.

Disorientation, disorganized mind, faulty memory, and behavior are the

most common symptoms.

2. Functional disorders

There is no underlying cause of the condition in functional disorders. The

majority of one’s orientation and memory remain kept, but one’s behavior,

emotion, thought, and reasoning are transformed.

Schizophrenia—split mind

There is a splitting of vision, thoughts, and interpretation from reality in

schizophrenia (divided mind), such as inability to think rationally, hallucina-

tion, false beliefs, fixed delusions, paranoid states, and loss of understanding

into the abnormality are all examples of false beliefs. Mood (affective) disor-

ders: The first symptom is a mood swing, which might take the form of

mania. Irritable mood, hyperactivity, unrestrained thought, and poor sleep

and speech are all symptoms of mania, which can be accompanied by reck-

less or violent behavior. Depression manifests itself as a loss of interest and

pleasure, a lack of sleep, and self-destructive thoughts. Remorse, melan-

choly, and physical and mental slowness are all symptoms of worthlessness.

Bipolar disorder, which involves numerous depressed and mania stages, is a

frequent type of mood disease.

In neuroses, the ability to comprehend the reality is not lost, although the

patient may be undergoing severe suffering. Depending on the dominant

symptoms, it may manifest as:

In neuroses ability to comprehend the reality is not lost, although the

patient may undergo severe suffering. Depending on the dominant symp-

toms, it may manifest as:

� Anxiety: An unfavorable emotional state that is commonly associated

with fear uneasiness, tension and worry of the future.

� Phobic states: Fear without any logical cause or some particular person,

object or situations.

� Obsessive compulsive disorder (OCD): A very limited abnormality of

behavior and thought recurrent intrusive thoughts that the patient may

realize as abnormal or stupid but is unable to overcome

� Depression: It may be caused by physical illness, blow to self-esteem,

loss or bereavement, but is extreme.
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� Posttraumatic stress disorders: They have various symptoms following

disturbing experiences like riots, earthquakes, war, etc.

� Hysterical dramatic symptoms: They resemble serious physical illness

but situational patient does not feign but undergoes the symptoms, though

the basis is only psychic and not physical (Table 10.4)

Chlorpromazine

Chlorpromazine is an individual from the category antipsychotic or neurolep-

tic drug class, which are also known as first-generation antipsychotics

(FGAs). It delivers its antipsychotic activity by blocking postsynaptic activ-

ity at D2 receptors in the mesolimbic pathway. Chlorpromazine is used for

the treatment of schizophrenia, manic-depressive illness, controls nausea and

vomiting, for chronic hiccups, for relieving anxiety before surgery

(Figs. 10.2 and 10.3).

Trifluoperazine

Trifluoperazine is also an antipsychotic medication. It is the only medicine

that can be purchased as a generic. This medication is prescribed for the

treatment of mental illnesses such as schizophrenia and psychotic disorders.

Trifluoperazine improves one’s ability to think clearly, lowers anxiety, and

keeps them active and cheerful. It has the potential to lessen aggressive

behavior. It is also used to treat hallucinations. It helps the brain to rebalance

various natural molecules. This medication has also been used to relieve anx-

iety in the short term. It is not, however, the first line of treatment for

anxiety.

Fluphenazine

Fluphenazine is a common antipsychotic used to treat the symptoms of psy-

chosis in schizophrenia patients. This medication is used to treat the symp-

toms of various mental illnesses such as schizophrenia. It has an impact on

the brain’s natural chemical equilibrium (neurotransmitters). Reduced

instances of hallucinations, delusions, or unusual behaviors in people with

schizophrenia are among the diseases it helps.

Pimozide

Pimozide is a diphenylbutylpiperidine-based antipsychotic medication with a

high potency. It operates by inhibiting D1�D2 receptors and calcium chan-

nels selectively. Pimozide is a type of antipsychotic drug known as a conven-

tional antipsychotic. It works by reducing excessive brain excitation.

Pimozide is used to treat Tourette syndrome, which is characterized by motor

or verbal tics (an uncontrollable compulsion to repeat certain motions or
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TABLE 10.4 Aliphatic antipsychotics.

S.

N

Drugs Molecular

formulae

Structural formulae Application of drugs

01 Chlorpromazine C17H19ClN2S Schizophrenia
Psychotic disorders
Manic phase of bipolar disorder
Severe behavioral problems in children

02 Trifluoperazine C21H24F3N3S Neuroleptic malignant syndrome (NMS)
Dementia
Tardive dyskinesia
Infections

03 Fluphenazine C22H28Cl2F3N3OS Psychotic disorders
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TABLE 10.4 (Continued)

S.

N

Drugs Molecular

formulae

Structural formulae Application of drugs

04 Pimozide C28H29F2N3O Control motor or verbal tics caused by Tourette syndrome
Disbelieves.

05 Mesoridazine C21H26N2OS2 Schizophrenia
Reduce restlessness, anxiety, and tension.
It can also reduce hyperactivity and uncooperativeness.

06 Haloperidol C21H23ClFNO2 Symptoms of schizophrenia, such as hallucinations and delusions.



07 Droperidol C22H22FN3O2 Reduce nausea and vomiting caused by surgery or other medical
procedures.

08 Penfluridol C28H27ClF5NO Chronic schizophrenia
Similar psychotic disorders.

09 Benperidol C22H24FN3O2 Psychoses
Manic episodes
Psychomotor agitation.

10 Benzhexol C20H31NO Parkinson’s disease
Depression
To control extrapyramidal symptoms (tremor, slurred speech)
caused by certain medications.

(Continued )



TABLE 10.4 (Continued)

S.

N

Drugs Molecular

formulae

Structural formulae Application of drugs

11 Thioridazine C21H27N2S2Cl Schizophrenia, control of severely disturbed or agitated behavior.
It has little antiemetic activity.

12 Triflupromazine C18H19F3N2S Antiemetic
Psychotic disorders



sounds). Pimozide is only prescribed to those who are unable to take other

medications or who have failed to respond to previous medications.

Mesoridazine

Mesoridazine is a phenothiazine with an extremely short half-life that

belongs to the phenothiazine class. It has the potential to be used as a hyp-

notic. It is a medication that is used to treat illnesses such as schizophrenia,

FIGURE 10.2 Diagram showing dopamine (DA) blockade by aliphatic compounds at postsyn-

aptic level of neurons.

FIGURE 10.3 Effect of phenothiazines on the dopamine (DA) levels.
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as well as restlessness, anxiety, and tension. It can also help with hyperactiv-

ity and a lack of cooperation.

Haloperidol

Haloperidol is an FGA medication that is widely prescribed around the

world. It is used to treat hallucinations and delusions associated with schizo-

phrenia. Tourette syndrome, severe behavioral issues in children, hyperactiv-

ity, acute mania, chemotherapy-induced nausea and vomiting, agitation

linked with psychiatric diseases, and obstinate hiccups are all treated with it.

Droperidol

Droperidol, like haloperidol, is a short-acting medication that belongs to the

butyrophenone family. It acts as a 2-adrenoceptor agonist, 5HT3 serotonin

antagonist, and H1 histamine antagonist in addition to being a strong dopa-

mine D2 antagonist. Droperidol is an anti-nausea, sedative, and tranquilizer.

It is also used to treat problems such as nausea and vomiting brought on by

surgery or other medical procedures. It is also an excellent migraine

treatment.

Penfluridole

Penfluridole is an FGA medication that belongs to the diphenylbutylpiperi-

dine family. Its effects continue for many days after a single oral dose, and it

can be given once a week for improved symptom management and compli-

ance. It is a long-acting antipsychotic medication that is used to treat schizo-

phrenia and other psychotic illnesses.

Benperidol

Benperidol is a neuroleptic butyrophenone derivative that is used to treat

psychosis, manic episodes, and psychomotor agitation. It is an antipsychotic

medication that can be used to treat schizophrenia. However, it is primarily

used to treat hypersexuality disorders, and it is occasionally administered to

sex offenders as a condition of parole as an alternative to anti-androgen med-

ications like cyproterone acetate.

Benzhexol

It is an antimuscarinic drug that has a direct parasympathetic nerve system

inhibitory action. In mono and combination therapy, it is used to treat the

symptoms of Parkinson’s disease. postencephalitic, arteriosclerotic, and idio-

pathic types are all active. The medication is also often used to alleviate

adverse effects associated with antipsychotic therapy. It may help with psy-

chotic sadness and mental lethargy, which are common symptoms of
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Parkinson’s disease, as well as symptomatic issues induced by antipsychotic

medication (Table 10.5).

Mechanism of action of antipsychotics

Lithium

Lithium has a variety of pharmacological effects, biological pathways, and

cell measurements. This creates an unusual situation in which a drug with

such complicated effects has the explicit clinical effects in all of psychiatry.

Lithium’s effects are difficult to categorize in a linear, progressive fashion; it

appears to balance complex administrative organizations through several crit-

ical hubs. Individual (and frequently deeply linked) consequences are occa-

sionally overlooked when our profession moves on to more current

hypotheses while rejecting previous ones. For those who are interested,

point-by-point surveys are available, with the most recent ones focusing

heavily on neuroprotective equipment. Nonetheless, the historical back-

ground of lithium pharmacology is dense with recent facts � views formed

at various times and never compared to more recent findings. As a result,

how may clinical views inform the search for better medications, such as

those that provide the core benefits of lithium without the side effects?

Investigations of lithium activity are also linked to those of Behcet’s disease

(BD) pathophysiology; frequently, fresh alterations were studied in terms of

lithium’s influence, and alternatively, lithium-interceded impacts were con-

sidered as a possible cause for BD neurobiology. However, this method,

which is common in most psychopharmacological research, is not without

flaws.

Mechanisms of action of lithium

� The response to preventive therapy runs in families

� Most patients require plasma levels between 0.6 and 1.0 mmol/L for a

full clinical impact

� Lithium is beneficial for preventing recurrences of BD and lowering risk

of suicide.

� Lithium is most effective in people with classic (typical) BD symptoms.

� It has been shown to be neuroprotective in vitro and in vivo.

Assume

� Lithium’s effects may be independent of one another.

� Early in the course of the disease, lithium may function better; rapid ces-

sation of lithium may raise the chance of recurrence.

� Lithium responders differ from those who react to other stabilizers.

Mechanism of action of antipsychotics and antimanics Chapter | 10 239



TABLE 10.5 Nonaliphatic antipsychotics.

Drugs Molecular

formulae

Structural formulae Application of drugs

12 Clozapine C18H19ClN4 Schizophrenia,
schizoaffective disorders.

13 Loxapine C22H24ClN3O5 Psychosis
Helps to decrease hallucinations.

14 Quetiapine C21H25N3O2S Bipolar disorder
Sudden episodes of mania or depression associated with bipolar disorder.



15 Risperidone C23H27FN4O2 Schizophrenia
bipolar disorder
Irritability associated with autistic disorder.

16 Olanzapine C17H20N4S Schizophrenia
Bipolar disorder

17 Aripiprazole C23H27Cl2N3O2 Bipolar I disorder (manic depression)
Major depressive disorder.

18 Zotepine C18H18ClNOS Schizophrenia in adults.
This medicine is not recommended for use in children and adolescents
below 18 years of age.

(Continued )



TABLE 10.5 (Continued)

Drugs Molecular

formulae

Structural formulae Application of drugs

19 Paliperidone C23H27FN4O3 Schizophrenia
Schizoaffective disorder.



Unclear

� Do all patients have the same mechanism of action?

� Does the neuroprotective have a role in mood regulation?

� Is there a difference between partial responders and “great” responders?

A perfect opportunity to react is another essential element. The general

consensus is that dreariness on lithium may in any event be elevated in indi-

viduals who react fully in the long run during the first year of therapy. This

distinction might cause heterogeneity in components of activity in quick and

slow responders, yet it could likewise reflect mental elements, consistence

issues, time expected to accomplish viable yet okay blood levels, communi-

cation with the normal flow of the sickness, and different variables.

Furthermore, the opportunity to reaction contrasts broadly between hostile to

hyper or energizer increasing impacts on the one hand, and disposition bal-

ancing out or against self-destructive consequences on the other. Some of the

impacts depicted in this text trail intense organization, while others grow just

during ongoing therapy (cf. inverse impacts of present moment and long-

haul medicines on glutamate flagging or adenylate cyclase).

Because lithium has so many pharmacologic effects, determining which

ones are responsible for its mind-set balancing characteristics is challenging.

This would not be surprising if separate components played role in a variety

of discrete clinical effects or even comparative different patients. Many

effects are circular, as seen below, although it is not difficult to decipher

what may be puzzling administrative organizations with multiple critique

rings, in which activity at various hubs might have similar consequences.

Electrolytes, membrane transport, membrane potential

Dynamic investigation of electrolyte balance in BD and intermittent wretch-

edness became probably the most punctual theories of the component of lith-

ium activity. Studies of BD revealed increased lingering sodium amid scenes

of sadness and lunacy, as well as its consistency across the course of lithium

therapy. Later investigations also discovered increased intracellular NA

(sodium) levels. Furthermore, it was shown that lithium is not evenly distrib-

uted throughout the brain, raising questions about the validity of the lithium

percentage, particularly when measured in fringe cells. Lithium transfer is

important in each scenario, depending on the system. A few cycles maintain

the balance of intra- and extra-cell lithium focuses. Bicarbonate-sensitive

vehicle also plays an important role in other types of cells, such as erythro-

cytes. During lithium therapy, the Lithium1 sodium1 counter vehicle is

suppressed. Despite the fact that the ouabain-sensitive Na1�K1 siphon

does not reflect lithium transport under physiological in vivo settings, it is

critical for the electrochemical Na1 inclination, and the Na1�K1
ATPase is a major source of energy for maintaining the resting layer

Mechanism of action of antipsychotics and antimanics Chapter | 10 243



potential. As a result, the energy required to keep up with the siphon action

originates from glycolysis, although mitochondrial adenosine triphosphate

plays a considerably larger role. Mitochondrial function in BD has received

piqued attention, with evidence of severe impairment. The role of sodium K1
ATPase in signal transduction, cAMP response element-binding protein (CREB)

movement adjustment, apoptotic cycles, and calcium homeostasis regulation has

recently been highlighted. It appears as one of a few important cross streets in

cell motioning in edgy tissues in this fashion. One of the pathophysiological sys-

tems of BD has been proposed as its brokenness (reduced movement). Research

indicating that lithium activates the Na1�K1 ATPase are consistent with

this; however, not all studies agree. Lithium appears to reduce intracellular

sodium (and calcium) via voltage-gated sodium channels (VGSC), notably in

hyperactive neurons.

Monoaminergic signaling

Lithium has a strong influence on a number of neurotransmitters. It has been

shown in animal studies to increase serotonin transmission through a variety

of mechanisms, including increased serotonin synthesis, increased tryptophan

uptake, increased serotonin release, activation of postsynaptic 5HT1A recep-

tors, and downregulation of 5HT2 receptors. Lithium’s anti-suicidal and anti-

aggressive properties, as well as its antidepressant enhancement, have been

attributed to its serotonergic effects. However, two-week research on healthy

volunteers revealed modest alterations in noradrenergic signaling, consistent

with enhanced norepinephrine release, but no evidence of a significant effect

on serotonergic function. Lithium does not appear to decrease baseline dopa-

minergic tone, but it does impede enhanced dopaminergic activity, perhaps

through its impact on arrestin complexes. This has been suggested as a possi-

ble contributor to antimanic and antipsychotic effects, but the latter is

debatable.

Second messenger system

Lithium has well-known influence on many intracellular signaling cascade

components. G proteins and PKA signaling pathway were studied in

the beginning, as well as the influence of lithium ion adenylate cyclase

(AC). G proteins, which are generically classified as stimulatory (Gs) or

inhibitory (I), regulate AC (Gi). The effects of lithium on AC/PKA signaling

changes in BD have been studied. Young et al. were the first to notice an

increase in the Gs subunit in bipolar patients’ postmortem brains, as well as

an increase in the second messenger cAMP, after forskolin stimulation.

Lithium has been shown to inhibit both Gi and Gs, lowering the signaling

amplitude. The arrestin complex stops the activation of G protein-coupled

receptor signaling by uncoupling G proteins from receptors. AC produces
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cAMP, which activates PKA, causing a number of cellular processes to be

regulated, including transcription factors like CREB. With little or no influ-

ence on baseline activity, lithium inhibits AC and PKA, especially their cal-

modulin and forskolin induced activities. Acute effects may be mediated

(and reversed) by Mg21 competition, but chronic effects are not. The activa-

tion of phospholipase B by G proteins � or phospholipase C by tyrosine

kinase receptors (try) receptors � and subsequent hydrolysis of phosphatidy-

linositol 5-bisphosphate begins the phosphoinositide (PI) cycle, which is

another key signal transduction cascade. Lithium inhibits inositol monopho-

sphates (IMPase) and inositol polyphosphate-1-phosphatase (IPPase), lower-

ing accessible inositol and the cycle’s downstream targets, inositol tris-

phosphate (IP3), which reduces calcium release, diacylglycerol activation,

and protein kinase C activity. Alterations in PI signaling in BD have been

described in tandem with lithium effects, and the inositol transporter has

been discovered to be overexpressed in BD and downregulated by lithium.

Lithium therapy decreases myo-inositol in magnetic resonance spectroscopy,

according to in vivo investigations. To date, the inositol depletion theory

remains one of the most viable lithium mechanisms of action possibilities.

Lithium affects numerous structurally related enzymes, including glycogen

synthase kinase and the -arrestin-2-Akt complex, in addition to inhibiting

IMPase. Mg21 is a co-factor in almost all of these enzymes. Lithium is also

known to inhibit guanylate cyclase [and cyclic guanosine monophosphate

(cGMP)] and reduce nitric oxide generation (NO). The action of lithium on

the cGMP/NO pathway, like other regulatory systems, does not function in

isolation, and it is likely to alter monoaminergic signaling, adding to its neu-

roprotective role. Lithium’s effects were inconsistent in various trials

(increase in NO and cGMP production under chronic treatment). However, if

one considers that lithium reduces excessive route activity while increasing

underactive signaling, the contradicting data may be reconciled.

Transcription factors

Activator protein 1 (a combination of transcription factors) and CREB are

widely used to regulate transcription activity as a result of signal transduc-

tion effects. The gene expression of multiple pathways is altered as a result

of their regulation. For example, CREB promotes the production of (BDNF)

and anti-apoptotic b-cell lymphoma 2 (bcl-2) while suppressing the expres-

sion of tumor proteins p53 (p53) and bcl-2-associated X protein (BAX), both

of which are pro-apoptotic. GSK3 and PKA/cAMP are two of the many ele-

ments that control CREB. Chronic lithium treatment causes a reduction in

CREB-directed gene expression and phosphorylation of CREB. Stress has

also been found to enhance CREB-mediated transcription, which is inhibited

by lithium.
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Regulation of intracellular calcium

Calcium has a variety of functions in neurons. It serves as a second messen-

ger in cell bodies, triggering neurotransmitter release in presynaptic term-

inals, maintaining neuronal periodicity, and contributing to synaptogenesis,

plasticity, and cell death. Calcium enters cells via numerous distinct path-

ways during membrane depolarization, including voltage-gated, ligand-gated,

receptor-operated, and store-operated channels, from both external and intra-

cellular (endoplasmic reticulum) locations. Lithium regulates them, for

example, through NMDA receptors or IP3 downstream effects. Calcium

anomalies in BD have been thoroughly documented, as they have the func-

tion of mood stabilizers in calcium homeostasis regulation.

Glycogen synthase kinase

GSK3 is a crucial enzyme that connects many signaling systems. Ionotropic

glutamate signaling, numerous transcription factors, and the Wingless-related

integration site catenin pathway are only a few of its downstream targets.

Wnt signaling is involved in neural development, synapse formation, and

neuronal plasticity, among other structural brain functions. The possibility of

GSK3 and endothelin cross-regulation is little understood. One suggested

method includes serum- and glucocorticoid-inducible-kinase-1 regulation

(SGK1). SGK1 is thought to be involved in glucocorticoid-mediated neuro-

genesis inhibition, and new evidence suggests it may also play a role in

depression and stress response. GSK3 activity is inhibited by protein kinase

B (Akt), which is triggered by lithium; however, it is unclear whether lithium

has a direct or indirect impact on GSK. Lithium, for example, has been

hypothesized to inhibit GSK3 by competing with Mg21 , although this

action would necessitate higher than therapeutic Li levels. As a result, an

indirect inhibition through increasing phosphorylation of GSK3 N-terminal

serine residues is more likely. GSK3 function is also linked to CREB activ-

ity, which GSK3 inhibits (and the inhibition is attenuated by lithium).

Activation of Akt causes a decrease in apoptotic processes, which is medi-

ated via -arrestin. Furthermore, dopamine and serotonin modulate the GSK3/

Akt pathway, and part of these effects are presumably mediated via -arrestin

complexes (Fig. 10.4).

Carbamazepine

Carbamazepine inhibits action potentials and reduces synaptic transmission

via modulating VGSC. Carbamazepine is thought to bind to the alpha sub-

unit of VGSC, specifically at a binding pocket created by the exterior pore

loop and the pore-lining portion of the domain, similar to other anticonvul-

sant. Carbamazepine, according to the researchers, keeps sodium channels
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inactive, causing fewer channels to open and therefore inhibiting the produc-

tion of action potentials. Other voltage-gated ion channels, including as

voltage-gated calcium channels, are similarly bound by carbamazepine.

Valproic acid

Valproic acid has pharmacologic effects through affecting GABA levels in

the CNS, blocking voltage-gated ion channels, and inhibiting histone deace-

tylase, among other things. Because regulating this route is a potential target

for antiepileptic medicines, impaired GABAergic inhibitory function is a

well-established pathophysiology of seizure onset and propagation. Through

the tricarboxylic acid cycle, GABA is produced from -ketoglutarate and con-

verted into succinate semialdehyde and subsequently succinate by GABA

transaminase and succinate semialdehyde dehydrogenase, respectively.

Valproic acid may also have antiepileptic effects by blocking voltage-

gated sodium, potassium, and calcium channels, which reduces high-

frequency firing of neurons. Valproic acid influences nociception and alters

the physiological phenomena of aura by altering GABA and/or glutamate-

mediated neurotransmission. Valproic acid has been shown to reduce neuro-

genic inflammation in neuropathic pain via GABA-A receptor inhibition.

Valproic acid has recently been discovered to inhibit histone deacetylase

(HDAC), notably HDAC1, as well as other HDAC. Inhibition of histone dea-

cetylase may increase the expression of genes.

Mechanism

The specific processes by which valproate works to treat epilepsy, migraine

headaches, and bipolar disorder are unknown, however there are numerous

routes that might be involved. Valproate has been shown to block succinic

FIGURE 10.4 Effect of lithium on nerves.
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semialdehyde dehydrogenase. This inhibition causes a rise in succinic semi-

aldehyde, which serves as a GABA transaminase inhibitor, lowering GABA

metabolism and boosting GABAergic neurotransmission. This increase in

inhibitory activity is due to the fact that GABA is an inhibitory neurotrans-

mitter. A possible secondary contributor to cortical inhibition is a direct sup-

pression of voltage gated sodium channel activity and indirect suppression

through effects on GABA.

Valproate may potentially have an effect on the extracellular signal-

related kinase pathway (ERK). These effects appear to be mediated by the

mitogen-activated protein kinase, which phosphorylates ERK1/2. This activa-

tion raises the expression of several downstream targets, including ELK-1,

which increases c-fops, growth cone-associated protein-43, which contributes

to neural plasticity, B-cell lymphoma/leukemia-2, an anti-apoptotic protein,

and BDNF, which is also involved in neural plasticity and growth. The

effects of valproate on neurogenesis and neurite development are linked to

this route. An increase in GABAA receptors appears to be another down-

stream consequence of enhanced BDNF expression, which contributes to

higher GABAergic activity. Valproate inhibits myo-inosital-1-phophate

synthase in a non-competitive indirect manner. As a result, de novo produc-

tion of inositol monophosphates is decreased, resulting in inositol depletion.

It’s unclear how this influenced valproate’s impact on bipolar illness, but

lithium is known to deplete inositol in a similar way. Valproate appears to

cause downregulation of protein kinase C proteins (PKC)- and -, which

might be linked to bipolar illness because PKC is uncontrolled in bipolar

patients’ frontal brain. This is backed up by a comparable decrease in PKC

when lithium is used. Inhibition of the PKC pathway may potentially have a

role in migraine prevention. Valproate also inhibits reisolated alanine-rich C

kinase substrate, a PKC substrate, which may contribute to synaptic remodel-

ing by affecting the cytoskeleton. Valproate appears to have an effect on

fatty acid metabolism as well. Less fatty acid substrate incorporation in ster-

ols and glycolipids is considered to affect membrane fluidity and result in a

higher action potential threshold, perhaps contributing to valproate’s antiepi-

leptic effect. Valproate has been discovered to be a non-competitive direct

inhibitor of long-chain fatty acyl-CoA synthetase in brain microsomes. The

availability of arachidonoyl-CoA, a substrate for the synthesis of inflamma-

tory prostaglandins, is reduced when this enzyme is inhibited. Because

migraines are commonly treated with non-steroidal anti-inflammatory medi-

cations, which also suppress prostaglandin synthesis, this is considered to be

a reason underlying valproate’s effectiveness in migraine prophylaxis.

Finally, valproate inhibits HDAC directly. DNA relaxing was aided by hyper

acetylation of lysine residues on histones, which allowed for more gene tran-

scription. The genomic effects of valproate are extensive, with 461 genes up- or

downregulated. Although the relationship between these genetic changes and

therapeutic efficacy is not fully understood, H3 and H4 hyper acetylation has
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been linked to improved symptoms in bipolar patients. Histone hyper acetylation

at the BDNF gene, which increases BDNF production and is considered to be a

neuroprotective mechanism that valproate may augment or extend, is known to

occur post-seizure. The decrease in glyceraldehyde-3-phosphate dehydrogenase,

a pro-apoptotic enzyme, is linked to H3 hyper acetylation, adding to valproate’s

neuroprotective benefits.

Olanzapine

Olanzapine is a second-generation atypical antipsychotic that predominantly

affects dopamine and serotonin receptors. It acts as an antagonist on dopamine

D2 receptors in the mesolimbic pathway, preventing dopamine from acting at

the postsynaptic receptor. It binds to the receptor loosely and dissociates

quickly, enabling normal dopamine neurotransmission to occur. Positive symp-

toms in patients, such as hallucinations, delusions, and disordered speech, cogni-

tion, and behavior, are reduced as a result of the impact on D2 receptors.

Olanzapine acts as an antagonist on serotonin 5HT2A receptors in the frontal

brain. Negative symptoms such as anhedonia, flat affect, alogia, avolition, and

poor attention are reduced by olanzapine’s impact on serotonin.

Risperidone

D2 receptors are antagonized by all antipsychotics to some extent. At 60 to 80

percent D2 occupancy, FGAs exhibit antipsychotic effects. Second-generation

antipsychotics (SGAs) like risperidone work by blocking certain D2 receptors

but mostly serotonin receptors like 5HT2A. SGAs bind to D2 receptors loosely

and quickly dissociate from them, which might explain why they are less likely

to cause extrapyramidal symptoms. SGAs also cause agonism at the 5HT1A

receptor. Risperidone is thought to work by inhibiting serotonin and norepineph-

rine reuptake, which might explain its antidepressant properties. The inhibition

of D2 receptors, especially in the mesolimbic pathway, is considered to be

responsible for the alleviation of positive symptoms. Antipsychotics’ capacity to

inhibit D2 receptors in the prefrontal cortex and nucleus accumbent is critical

for alleviating some psychiatric symptoms. It’s worth noting that risperidone has

no anticholinergic effects, which may be beneficial to patients in some groups,

such as the elderly with dementia.

Thioridazine

Thioridazine is a member of the phenothiazine medication class, which has

been widely utilized for antipsychotic purposes because of the danger of extra-

pyramidal side effects. This medication is used to treat schizophrenia and other

mental and emotional problems. This medicine allows you to think more clearly,

feel less anxious, and participate more fully in daily activities. It can also aid in

the prevention of suicide in individuals who are at risk of harming themselves,
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as well as the reduction of aggressiveness and the desire to harm others. It can

assist one in reducing unpleasant thoughts and hallucinations.

Triflupromazine

Triflupromazine is a psychiatric medication that is used to treat psychomotor

excitation in individuals with schizophrenia, paranoid and manic-depressive

disorders, and neurosis. Vespine is the most frequent synonym.

Clozapine

Clozapine is atypical antipsychotic medication for the treatment of schizo-

phrenia that is resistant to other treatments. Treatment-resistant schizophrenia

is defined as persistent or moderate delusions or hallucinations after two

antipsychotic drug treatments have failed. Even though it has a wide variety

of adverse effects, it has been the medication of choice for treatment-

resistant schizophrenia since its inception. Clozapine is not the medication of

choice because of its wide range of side effects, which makes compliance

difficult for many patients.

Loxapine

Loxapine is a tricyclic chemical that belongs to the dibenzoazepine medica-

tion family and is used to treat acute and chronic schizophrenia, a mental

disorder characterized by abnormal or odd thinking and intense or inappro-

priate emotions. It belongs to a class of drugs known as conventional anti-

psychotics. It works by reducing excessive brain excitation.

Quetiapine

Quetiapine is a prescription-only medication. It is available as an oral tablet.

Two variants of the tablet available. The immediate-release form is immedi-

ately absorbed into the circulation. The extended-release version enters your

bloodstream gradually over time. The oral quetiapine is used to treat the

symptoms of schizophrenia, bipolar disorder, and depression. Quetiapine is a

medication that can be used to alleviate symptoms in individuals with

depressive disorders. Quetiapine can be used to treat manic episodes induced

by bipolar I disorder in children aged 10 to 17 years.

Risperidone

Risperidone is an antipsychotic medication that acts by inhibiting dopamine

and serotonin activity in the brain. It binds to serotonergic 5-HT2 receptors

with more affinity than dopamine D2 receptors. Risperidone is used for

schizophrenia, bipolar I acute manic or mixed episodes as monotherapy,

Bipolar I acute manic or mixed episodes in combination with lithium or

valproate, and autism-associated irritability. When psychotic symptoms are
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present, it is also helpful in treating them. Tourette syndrome, trichotilloma-

nia, stuttering, movement problems, and developmental impairments are all

examples of Lesch�Nyhan syndrome.

Olanzapine

Olanzapine is a thienobenzodiazepine antipsychotic that belongs to the thie-

nobenzodiazepine family of drugs. It is used to treat Schizophrenia; however,

the patient must be at least 13 years old. Olanzapine is a selective serotonin

reuptake inhibitor (SSRI) that can be used in conjunction with fluoxetine to

treat depression and bipolar disorder type 1 in patients. It can also be used to

treat treatment-resistant depression.

Aripiprazole

Aripiprazole is a dopamine D2 receptor agonist with partial agonist action at

serotonin 5HT1A receptors and a 5HT2A receptor antagonist. It is an anti-

psychotic medication of the second generation. It is a drug that is used to

treat schizophrenia, bipolar I disorder mania, autistic spectrum disorder irri-

tability, major depressive disorder disjunctive treatment, and Tourette

syndrome.

Zotepine

It belongs to the family of antipsychotics known as atypical antipsychotics. It is

used in individuals who are experiencing intolerable adverse effects from tradi-

tional antipsychotics or who have relapsed after being mismanaged.

Paliperidone

Paliperidone is an antipsychotic medication. It works by altering the activity

of a variety of natural chemicals in the brain. It is a drug that is used to treat

schizophrenia and schizo-affective disorder. It’s also a mood stabilizer and

antidepressant (Table 10.6).

Lithium carbonate

Lithium is a monovalent cation with a modest size. It was shown to act as a

sedative for animals and to have beneficial effects on manic patients in

1949. The importance of maintaining a limited range of blood lithium con-

centration was understood in the 1960s and 1970s, and convincing confirma-

tion of its medicinal effectiveness was obtained. At dosages that have no

overt CNS effects, lithium is a one-of-a-kind medication that reduces mania

and acts as a preventive in bipolar (manic depressive) illness. Lithium is

well-known as an antimanic and mood-stabilizing medication.
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Carbamazepine

Carbamazepine was thought to extend remission in bipolar illness after its

discovery as an antileptic. It has also been shown to help with mania and

bipolar disorder. However, it is not as well-known as valproate as a lithium

substitute. Carbamazepine is less effective than lithium or valproate in treat-

ing acute mania. Furthermore, acute mania necessitates a fast-acting medica-

tion, whereas therapeutic dosages of carbamazepine are long-acting and have

a delayed beginning of action.

Sodium valproate

When valproate is used to treat bipolar disorder, it suppresses manic epi-

sodes. It is currently a preferred treatment for acute mania, as high-dose

TABLE 10.6 Antimanic drugs.

S.

No.

Drugs Molecular

formula

Structural

formula

Application of

drugs

01 Lithium
carbonate

Li2CO3 Standard antimanic
Mood stabilizing
drug.

02 Carbamazepine C15H12N2O Antiepileptic
Mania
Bipolar disorders
Epilepsy

03 Sodium
valproate

C8H15NaO2 Bipolar disorders
First line treatment
of acute mania in
which high dose
valproate acts faster
than lithium.

04 Lamotrigine C9H7Cl2N5 Anticonvulsant for
prophylaxis of
depression in
bipolar disorder.
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valproate acts quicker than lithium and is a viable alternative to antipsychotic

and benzodiazepine medications. It may be beneficial for people who are

allergic to lithium or who are unable to tolerate it. Valproate treatment is

very helpful for individuals who have a fast-cycling pattern.

Lamotrigine

Lamotrigine is a newer anticonvulsant used to prevent depression in people

with bipolar illness. It is ineffective in both the treatment and prevention of

mania. It is currently widely used in the maintenance treatment of type II

bipolar illness, as the risk of causing mania is low in this setting. To increase

the effectiveness of lamotrigine, it can be taken with lithium. Lamotrigine

has an excellent tolerability profile.
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Introduction

Major depressive disorder (MDD) is more prevalent in individuals that lack

close intimate relationships, are unmarried, separating, or widowed. There

has been no discernible variation in the occurrence of MDD across races or

socioeconomic classes. MDD in most behaviors is distinguished for at least

2 weeks by poor mood or by lack of appetite or enjoyment. Depression is

also marked by sleep and eating disorders and memory and energy deficien-

cies. Guilt, loss of interest, and suicidal tendency are popular. In stressed

patients, coronary heart disease, diabetes, and strokes tend to be more likely,

and depression could make the estimate for patients with a variety of medical

conditions considerably worse.

Depression incidence varies widely across societies and continents.

Previous studies have shown a 12-month incidence of depression of 0.3% in

Czech Republic, 10% in the United States, 4.5% in Mexico, 5.2% in West

Germany, and a lifetime of depression in Czech Republic of 1.0%, 16.9% in

the United States, 8.3% in Canada, and 9.0% in Chile.1,2

Pathophysiology of major depression

We have understood the pathophysiology of major depression substantially in

the last decade. MDD is thought to have a multifactorial etiology that includes

biological, genetic, environmental, and psychosocial causes. Besides, the older
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theory that depression genetics has a deficiency of activity or volume of

monoamines (a monoamine hypothesis), neurotrophic, and endocrine influ-

ences play an important part (the neurotrophic hypothesis).3 Histological

experiments, literature on structural and functional brain imagery, genomic

discoveries, and steroid research all show complicated MDD pathophysiology

with significant opioid therapy consequences. As alternative pathways have

been suggested for understanding brain volume reduction in depression gluco-

corticoid neurotoxicity, glutamatergic toxicity, declined neurotrophic factor,

and lower neurogenesis.4

Monoamines and other neurotransmitters hypotheses

The past 50 years have seen the dominance of “monoamine theory,” which

indicates that the pathogenesis and maintenance of depressive symptoms are

motivated by a reduction in essential serotonin level, noradrenalin and likely

dopamine levels.5 Depression seems to be associated with major downstream

consequences of changes in the signals of serotonin or norepinephrine in the

brain (or both). The majority of antidepressants induce amine signaling

changes. DAG (diacylglycerol); 5-hydroxytryptamine (5-HT), serotonin; IP3,

tri-phosphate inositol; maoamine oxidase; NET (norepinephrine transporter);

PKC (protein kinase C); PLc, phospholipase C; serotonin-transporter (SERT),

AC, adenylyl cyclase, cREB, cAMP reaction element-binding (protein).6,7 For

several years it has been known to be linked with depression in a group of

patients with reserpine medication and is known to deplete monoamines.

Depressed patients reacting to serotonergic antidepressants, including fluoxe-

tine, are often rapidly recovering from tryptophan-free diets that constitute a

precursor to serotonin synthesis. Genetic experiments provide more data to

support the monoamine hypothesis. For the promoter area of the serotonin

carrier gene, a functional polymorphism occurs that controls the sum of the

transporter protein. Subjects that are homozygous to the (short) allele may be

most vulnerable to major depression and suicidal behavior. Furthermore,

homozygotes for the allele will less often respond to serotonergic antidepres-

sants and withstand them. By contrast, l-Allel subjects appear to be more

stress tolerant and are more likely to respond to serotonergic antidepressants.

To date, first-line antidepressant products are only selective serotonin reup-

take inhibitors (SSRIs) and norepinephrine reuptake inhibitors. Finally, the

perhaps most compelling evidence supporting the theory is that monoamine is

shown to be having a major impact on monoamine systems with all the avail-

able antidepressants. The synaptic availability of 5-HT, norapinephrine, or

dopamine tends to improve all groups of antidepressants. Tentative attempts

have not been successful to date in designing antidepressants that function on

other neurotransmitter systems. However, the lack of universal effectiveness

and a 2�3 weeks clinical latency associated with antidepressants potentiating

monoamine, however, contributed to the assumption that monoamine defects
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are a consequence of synaptic impairment but may not be a fundamental

characteristic of depression.8,9 This hypothesis emphasizes studies outside of

monoamines and on the suspected function of growth factors, such as brain-

derived neurotrophic factors (BDNFs), which are believed to play a crucial

role in adult brain control10,11 (Fig. 11.1).

Neurotrophic hypotheses

There is significant evidence that neuronal plasticity, durability, and neuro-

genesis are crucial for the regulation of nerve growth factors such as the

BDNF. The research has shown that the lack of neurotrophic reinforcement

is correlated with depression and that efficient antidepressant therapy

increases neurogenesis and synaptic connectivity in cortical areas like the

hippocampus. BDNF has its impact on neuronal survival and growth effects

by neuronal neurons and glia activation via the tyrosine kinase receptor B.12

The neurotrophic hypothesis is supported with many lines of evidence.

Animal and human research suggest that stress and pain are linked to a

decrease in BDNF levels, which help atrophically alter structures in the hip-

pocampus and possibly other areas such as the medial frontal cortex and

anterior cingulate. It is understood that hippocampus is essential for both

contextual memory and the regulation for the HPA (Human Protein Atlas)

axis. The study of BDNF’s causal impact on the emotional control also pro-

moted the neurotrophic theory of depression. Direct BDNF injection into the

FIGURE 11.1 Pathophysiology of depression mediated changes in norepinephrine or serotonin

signaling in the brain with significant downstream effects.
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midbrain, hippocampus, and lateral ventricles of rodents induces animal

models with an antidepressant function with an increase in tyrosine kinase

receptor B activity. Moreover, in animal models of chronic (but not acute)

administration, all known types of antidepressants are associated with

increased levels of BDNF.13�16 This rise in BDNF levels in these animal

models is consistent with increased hippocampal neurogenesis. In addition,

the amount of BDNF in peripheral blood and postmortem has been reduced

in depressing patients and others have indicated that antidepressant therapy

normalizes the patient’s condition.17,18 In addition, there was some evidence

that BDNF and its receptor gene associations are related to treatment-

resistant depression.19 Recent studies have stated that the BDNF (BDNF pro-

peptide) pro-domain is lower than the controls in suicidal patients. This is a

presynaptic long-term depression on the hippocampus, which suggests that it

is a promising synaptic regulator.20 A proposal to explain the discrepancy of

neurotrophic factors in depression is that polymorphisms for BDNF may

have quite different consequences. In either animal or human research, muta-

tions in the BDNF gene were shown to be linked to altered anxiety and

depression (Fig. 11.2).

Stress-responsive/HPA axis hypotheses

Stress causes or contributes to depression. Long-term or persistent stress can

particularly contribute to HPA axis dysfunction and promote hormone dis-

charge including cortisol, adrenocorticotropic hormone, corticotropin-releasing

hormone, vasopressin arginine, and vasopressin. Roughly 40%�60% of

FIGURE 11.2 Low level of BDNF and monoamines in depressed state mediated changes in

dendritic growth in neurons. BDNF, Brain-derived neurotrophic factor.
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patients with depression have a disordered HPA, including hypercortisol,

reduced rhythm, and increased cortisol concentrations.21,22 The defects of the

HPA axis in MDD patients are among the most reported of the findings. More

extreme depressive types such as bipolar depression tend to be more frequently

diagnosed with HPA than milder symptoms of major depression. It is well-

known that both exogenous and endogenous cortisol elevations have identical

mood signs and cognitive deficiencies as in MDD. Despite these encouraging

findings, past literature has shown that medications controlling the HPA axis,

such as glucocorticoid receptor antagonists, do not alleviate depressed patients’

symptoms.23,24

Thyroid dysregulation has also been found in people who are stressed.

Thyroid dysfunction is estimated to affect up to 25% of depressive patients.

This includes a shutdown of thyrotropin reactivity to thyrotropin-releasing

hormone and increases in circulating thyroxine under depressive conditions.

Clinical hypothyroidism sometimes manifests as depressive symptoms that

improve with thyroid hormone replacement. Thyroid hormones are also

widely used in combination with conventional antidepressants to improve

their therapeutic effects.25�28

Finally, the pathophysiology of depression often involves sex steroids.

Estrogen deficiency states that occur in postpartum and postmenopausal

cycles are suspected to play a role in some women’s etiology of depression.

Similarly, extreme male deficiency of testosterone often involves depressive

symptoms. The hypogonadal men and women’s hormone replacement ther-

apy can include improved mood and depressive symptoms.29�31

Dysbiosis/gut/brain axis hypotheses

Recently, due to his capacity to control brain activities, the microbio-

ta�gut�brain axis has gained greater interest. Many experiments have dem-

onstrated a significant role for the microbiota�gut�brain axis in the control

of mood, behavior and synaptic transmission in the brain.32 For instance,

many mood disorders including anxiety, depression, or autism have also

developed similarities to functional GI disorders, while GI illness (e.g.,

irritable bowel syndrome and irritable bowel disease) also involves psychiat-

ric comorbidities related to stress associated gut microbiome disorders (dys-

biosis).33�36 Some cytokines, such as IL-6 and IL-1 β formed during stress

associated dysbiosis, can leak into the brain via the blood�brain barrier. The

periphery and central immune systems communicate in a complex way.

Previous evidence indicated that peripheral inflammation/infection can

spread in a certain way and provoke neuroimmune reaction to the central

nervous system (CNS).37,38 Interestingly, there is evidence that rats are

depressed following fecal transplants in depressed patients.39 In animal

experiments, on the other hand, certain probiotics have mitigated depressive

behavior.40
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Glutamate hypotheses

In depression pathophysiology, glutamate, the excitatory neurotransmitter

tends to be essential. Several experiments of depressive patients have shown

a high glutamate level and reduced glutamine/glutamate levels in plasma in

cerebrospinal fluids of depressed patients. Glutamate is the primary excit-

atory brain-released neurotransmitter; it involves plasticity, neural functions,

reward, and emotional processes. Neuronal stress can cause presynaptic glu-

tamate release and glutamate strongly links to ionotropic glutamate receptors

like NMDARs (N-methyl D-aspartic acid (NMDA) receptors)/AMPARs

(AMPA receptors)/KRs (kainate receptors).41 Furthermore, postmortem find-

ings show that the prefrontal dorsal and frontal cortex in depressive patients

have increased significantly. Likewise, in the brain regions of depressive

patients with glutamate neurons and their associations most abundantly

including amygdala and hippocampus, systemic neuroimaging experiments

also repeatedly found volumetric shifts.42�44 NMDARs have an antidepres-

sant effect and defend hippocampal neurons against stress-induced morpho-

logical abnormalities, while antidepressants decrease the glutamate Secretion

and NMDARs activity.45 Most interestingly, the effects of antagonists such

as ketamine on both animal models, as well as key depressive disorders,

were stated to be profound and rapid.46 Ketamine and esketamine (S)1 keta-

mine enantiomers are both active, noncompetitive NMDAR antagonists, but

they have various other pharmacodynamic properties. For major therapeutic

depression in 2019, esketamine has been approved. In addition, many other

antagonists of NMDA receptors, partial antagonists, and glutamate metabo-

tropic receptor modulators as possible antidepressants have been studied

(Fig. 11.3).

Assimilation of hypotheses on depression pathophysiology

Monoamine, neuroendocrine, and neurotrophic mechanisms are clearly inter-

related. For example, the suppression of the transcription of the gene BDNF

can lead to HPA and steroid abnormalities. Higher density glucocorticoid

receptors in the hippocampus are observed. The chronic stimulation by anti-

depressants of monoamine receptors seems to have the reverse influence of

depression and outcomes like hippocampus. The chronic stimulation of

monoamine receptors by antidepressants seems to be having a downward

impact on stress. In addition, monoamine receptor activation tends to down-

grade the HPA axis and can equalize the activity of HPA.

One of the drawbacks of the monoamine theory is that amine levels rise

with antidepressant use instantly but maximum positive effects are not

observed for several weeks with most antidepressants. To understand this

delay in antidepressant effect, the time needed to synthesize neurotrophic

factors has been suggested. It is usually 2 weeks or longer to get an
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appreciable protein synthesis in drugs like BDNF and to coincide with an

antidepressant therapy in the medicine.

Fundamental pharmacology of antidepressants

A remarkable range of chemical forms is the commercially active antidepres-

sants. The variations in molecular key targets and their differences provide

the basis for the classification between many subgroups.

Selective serotonin reuptake inhibitors

Medications called SSRIs are usually the first-line treatment for depression in

children and young people because most patients experience only minor (or

no) side effects, and the medication is generally administered once a day.47,48

Fluoxetine, sertraline, and citalopram occur as isomers and have racemic for-

mulation, whereas optically, paroxetine and fluvoxamine are not involved.

Escitalopram is the citalopram enantiomer (S). In the United States, fluoxetine

was launched in 1988, which soon became one of the most used drugs.49

Fluoxetine was developed in the study for chemicals that were very similar to

monoamine receptors but which lacked the affinity for histamine, acetylcho-

line, and α-adrenoceptors seen with tricyclic antidepressants (TCAs). The role

of serotonin or 5-HT in the CNS is best known to control a range of functions,

including mood, behavior, and appetite. 5-HT impairment is associated with

mental conditions including depression. On synthesis, 5-HT is secreted across

FIGURE 11.3 Represent stressed patients with high glutamate and gut/brain axis defect aggra-

vate consequence of depression.
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circulation, where platelets are taken up by the serotonin reuptake transporter

(SERT) directly and deposited in its thick granules. Platelets release the gran-

ule material, like 5-HT after activation.50 SERT is a glycoprotein with 12

transmembrane regions that are found in the membranes of serotonergic neu-

rons’ axon terminals and cell bodies. When extracellular serotonin attaches to

receptors on the transporter, the transporter undergoes conformational changes,

allowing serotonin, Na1 , and Cl to enter the cell. As intracellular K1 binds

to the transporter, serotonin is released into the cell and the transporter reverts

to its original conformation. The SSRIs can affect the concentration of impor-

tant brain neurotransmitters and are therefore thought to have effects on the

symptoms of depression. SSRIs block the transporter allosterically by binding

to the SERT receptor in a location other than the serotonin binding site.51 At

therapeutic doses, nearly 80% of the transporter’s activity is blocked. SERT

has functional polymorphisms that affect the transporter’s behavior.52

Fluoxetine has been metabolized to an active substance, norfluoxetine, that

may be higher than fluoxetine plasma concentrations. Norfluoxetine has a

nearly threefold elimination half-life of fluoxetine and corresponds to the lon-

gest half-life of SSRIs. To reduce the risk of serotonin syndrome, fluoxetine

must be halted 4 weeks or later before monoamine oxidase inhibitor (MAOI)

is administered.

Serotonin-norepinephrine reuptake inhibitors

Many antidepressants have a mixed inhibition effect on all transporters of

serotonin and norepinephrine. The newest agents (venlafaxine and duloxe-

tine) in this class are called serotonin-norepinephrine reuptake inhibitors

(SNRIs); they are called TCAs depending on the structure of the older

class.

Selective serotonin-norepinephrine reuptake inhibitors

Venlafaxine and its metabolite desvenlafaxine, levomilnacipran, and

duloxetine are often used in SNRIs. Levomilnacipran is the active SNRI

enantiomer milnacipran. Milnacipran was approved for fibromyalgia

treatment in the United States and was used for several years in Europe

for depression treatment.53 All the SNRIs are binding to transporters like

serotonin (SERT) and norepinephrine (NET). In contrast to the TCAs,

though, the SNRIs have a little affinity toward several other receptors.

SNRIs bind both the transporters of serotonin and of norepinephrine.

Venlafaxine is a poor glycoprotein inhibitor of NET, whereas both SERT

and NET are more sustainable inhibitors for desvenlafaxine, duloxetine,

milnacipran and levomilnacipran.54,55 Fortunately, SERT appears to be

much more closely related to most SNRIs than NET. Additionally, apart

from depression, it was initially suggested that the SERT polymorphism
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accounted for 7%�9% of the genetic variation of anxiety-related disor-

ders.56 The SNRIs are different from TCAs because of the powerful anti-

histamines, α-adrenergic blockages, and anticholinergic effects of TCAs.

The SNRIs, therefore, appear to be favored against TCAs for their

increased tolerability in the treatment of MDD and pain

syndromes.53,57�59 Venlafaxine is widely metabolized to O-

desmethylvenlafaxine in the liver via the CYP2D6 isoenzyme. Both are

around 8�11 h long and have identical half-lives. In spite of their com-

paratively short half-lives, the two medications can be dosed once a day

in formulations. The lowest protein binding of all antidepressants is ven-

lafaxine and desvenlafaxine (27%�30%). Duloxetine is well tolerated and

has a half-life of 12�15 h; however, it is only administered once daily. It

is extremely protein-bound (97%) and undergoes substantial oxidative

metabolism through the enzymes CYP2D6 and CYP1A2.53

Tricyclic antidepressants

Until SSRIs were introduced in the 1980s and 1990s, the TCAs were the

main class of antidepressants. There are nine TCAs in the United States and

they all have a tricyclic configuration. The FDA has approved amoxapine,

desipramine, amitriptyline, nortriptyline, trimipramine, protriptyline, imipra-

mine, and doxepin for the treatment of MDD.60�63 The TCAs are currently

mostly used in depressive conditions that do not respond to more widely

used antidepressants like SSRIs or SNRIs. Owing to the substantial heteroge-

neity in TCAs’ affinity for SERT versus NET, clomipramine has a low affin-

ity for NET but a strong affinity for SERT. This SERT selectivity leads to

clomipramine’s well-documented advantages in the treatment of OCD.64 On

the other hand, the TCAs, desipramine, and nortriptyline secondary amine,

for NET, are comparatively more selective. While the TCA imipramine ter-

tiary amine initially has a stronger impact on serotonin, its metabolite desip-

ramine balances this with further NET inhibition.65 TCAs exert their effects

via distinct neurotransmitter pathways. They inhibit serotonin and norepi-

nephrine reuptake in presynaptic terminals, resulting in an increase in their

concentration in the synaptic cleft. Increased norepinephrine and serotonin

concentrations in the synaptic cleft possibly lead to its antidepressant impact.

Additionally, they function as antagonists against postsynaptic cholinergic

muscarinic, and histaminergic receptors.66,67

5-Hydroxytryptamine receptor modulators

Both nefazodone and trazodone tend to exert their effects primarily by inhibi-

tion of the 5-HT2A receptor. Inhibition of this pathway has been linked to sig-

nificant antianxiety, antipsychotic, and antidepressant activity in both animal

and human research.68 By comparison, 5-HT2A receptor agonists such as
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lysergic acid (LSD) and mescaline are often hallucinogenic and anxiogenic.69

The 5-HT2A receptor is a G protein�coupled receptor that is found in the

neocortical structure.69 Nefazodone, like its metabolites, is a weak inhibitor of

SERT and NET but a powerful antagonist of the postsynaptic 5-HT2A recep-

tor.70 Trazodone is also a weak but selective SERT inhibitor with a marginal

effect on NET.71 Its primary metabolite, m-cpp, is a powerful 5-HT2 antago-

nist, and this effect can account for a significant proportion of trazodone’s

antidepressant benefits.72,73 Trazodone also has poor to moderate presynaptic

α-adrenergic�blocking properties and is a mild H1 receptor antagonist.74

Trazodone and nefazodone are absorbed quickly and metabolized in the liver.

Both drugs are protein-bound and have a low bioavailability due to extensive

metabolic degradation.75 Nefazodone is a powerful CYP3A4 pathway inhibitor

that can interact with medication that has been metabolized by this enzyme.76

Vortioxetine does not have a potent CYP isoenzyme inhibitor. However, oxi-

dation by CYP2D6 and other isoenzymes is thoroughly metabolized and is

eventually conjugated by glucuronic acid.77,78

Monoamine oxidase inhibitors

In the 1950s the first introduction of MAOIs was made.79,80 MAOIs mitigate

the effects of MAO in the neuron and increase the amount of monoamine.

MAO has two forms. The dominant substrate of MAO-A is norepinephrine,

epinephrine, serotonin, and neurons of both dopamine and norepinephrine

and is located mainly in the brain and intestines, placenta, and liver. MAO-B

is predominantly present in serotonergic and histaminergic neurons and scat-

tered through the cortex, liver, and platelet. MAO-B mostly affects benzyla-

mine, dopamine, tyramine, and phenylethylamine. The metabolizing of

tryptamine in MAO-A and -B is almost the same.81,82

MAOIs are categorized according to their MAO-A or -B specificity and

whether their results are reversible or permanent. Examples of irreversible,

nonspecific MAOIs are phenelzine and tranylcypromine. Moclobemide is a

reversible and potent MAO-A receptor that is not available in the United

States.83

Moclobemide may be substituted by tyramine from MAO-A, which

decreases the possibility of food interactions. Selegiline is, by contrast,

an irreversible, low-dose MAO-B-specific agent. Selegiline is effective at

these low doses for the treatment of Parkinson’s disease, although at larger

dosages it is comparable to other agents to a nonselective MAOI.81,83,84

The multiple MAOIs are metabolized by various mechanisms but appear to

have a significant influence of first pass, which can greatly minimize bio-

availability. The hydroxylated and N-acetylated rings are tranylcypromine,

while acetylation seems to be a minor mechanism in phenelzine. N-

demethylated selegiline is hydroxylated and consequently. MAOIs from gas-

trointestinal tract are well absorbed85,86 (Fig. 11.4).
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Glutamate signaling antagonist

Although ketamine and esketamine are considered to be mainly noncompeti-

tive NMDA receptor antagonists, these medications have several other phar-

macodynamic activities that can lead to depressive and other disorders’

efficacy. Interactions with opium receptors, monoaminergic receptors, coli-

nergic receptors, and Ca21 channels are all part of this. Ketamine appears

to have little effect on GABA receptors despite its use as an anesthetic.

Ketamine and esketamine have no well-defined effects on monoamines, as

are NMDA effects.87 Most but not all research show ketamines can enhance

levels of dopamine dramatically by inhibiting the reuptake of dopamine. The

dopaminergic reaction is associated with the drug’s euphoric and psychoto-

mimetic impact.88 Ketamine is often assumed to improve the function of

decreasing serotonergic receptors that may be significant for antidepressant

and analgesic characteristics of the medication.89 Racemic ketamine (nor-

mally given IV) and esketamine (intranasal) pharmacokinetics are identical

but are partially distinct due to different administration pathways. It is 48%

bioavailable intranasally esketamine, while IV ketamine is completely bio-

available.90 Esketamine is 7�12 h long, while the primary metabolite,

namely, noresketamine, is about 8 h long. The ketamine is thoroughly metab-

olized by N-demethylation to norketamine in the body by CYP2B6 and

CYP3A4. The half-life of IV ketamine is around 3 h. The median plasma

concentration is 20�40 min from the last nasal spray for intranasal esketa-

mine. With 78% of metabolites in urine and 2% in feces, less than 1% of

esketamine was excreted unchanged91,92 (Table 11.1).

FIGURE 11.4 Explore various target sites for antidepressant drugs.
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Adverse effect and interaction of antidepressant drugs

While all antidepressants have such possible adverse reactions, most of the

adverse reactions are unique to a subclass of the agents and their pharmaco-

dynamic impact. The chance of elevated suicidality in patients younger than

25 years is an FDA alert used by any antidepressant. The warnings say that

the use of antidepressants in up to 4% of patients under 25 who were pre-

scribed antidepressants in clinical trials is linked to suicidal ideation and

movements, but not completed suicides.

SSRIs increase the serotonergic signal of the body and increasing seroto-

nergic activity in the intestines is often caused by nausea, gastrointestinal

disturbance, diarrhea, and other gastric symptoms.49 The FDA teratogenic

classification scheme most antidepressants are group C agents. In the first tri-

mester exposures, paroxetine is associated with septal heart defects.

Paroxetine is also an agent in Group D. SNRIs have several SSRI-related

adverse serotonergic effects. Moreover, SNRIs may have noradrenergic

effects, including elevated heart and blood pressure and stimulation by CNS,

such as insomnia, anxiety, or frustration. TCAs are probably the most preva-

lent anticholinergic symptoms. This includes dry mouth, constipation, urine

retention, vision blurred, and confusion. Tertiary amine TCAs, including

amitriptyline and imipramine, are more common than the secondary amine

TABLE 11.1 Blocking/antagonistic property of some antidepressant drugs

on several receptors and transporters.

Antidepressant SERT ACh M 5-HT2 α1 H1 N E T

Amitriptyline 11 111 1 111 11 1

Citalopram 111 NA NA NA NA NA

Amoxapine 1 1 111 11 1 11

Desipramine 1 1 1 1 1 111

Clomipramine 111 1 1 11 1 1

Fluoxetine 111 NA 1 NA NA NA

Doxepin 1 11 1 111 111 1

Sertraline 111 NA NA NA NA NA

Imipramine 11 11 1 1 1 1

Trazodone 1 NA 11 11 1 NA

Nefazodone 1 NA 11 1 NA 1

Venlafaxine 11 NA NA NA NA 1

NA, No activity or minimal affinity; 1 , mild affinity;11, moderate affinity;111 , high affinity.
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TCAs, desipramine, and nortriptyline.93 The most frequent adverse conse-

quences of the MAOIs are orthostatic hypotension and weight gain that con-

tribute to the discontinuation of these medications. Additionally, of all

antidepressants, permanent nonselective MAOIs are correlated with the

greatest risk of sexual side effects. Certain MAOIs have amphetamine-like

effects, which can cause activation, insomnia, and restlessness in some

patients. Phenelzine has a sedative effect comparable to selegiline or tranyl-

cypromine. Confusion is often occasionally associated with higher MAOI

doses. MAOIs can cause harmful interactions with certain foods and seroto-

nergic medications because they inhibit the metabolism of tyramine and

related ingested amines. Finally, MAOIs have been related to a condition of

rapid discontinuation that presents as a delirium-like state of psychosis,

excitement, and uncertainty.94 Furthermore, ketamine and esketamine have a

variety of side effects that are consistent with their pharmacologic profile.

Sedation, disorientation, hypertension, vomiting, tachycardia, and cognitive

dysfunction are all short-term side effects of these medications.92,95

Conclusion

Based on the proof of the effectiveness of each approved antidepressant, it is

obvious that acceptability should be the main criterion when considering a

treatment. Numerous mechanisms have been identified that may contribute

to the discovery of novel therapeutic targets for a sizable proportion of the

treatment population.

Depression’s immense heterogeneity has been widely recognized

throughout previous research. Around one-third of patients on existing anti-

depressants are remitters, but the same percentage is nonresponders.

Nonresponders to standard antidepressants are a diverse population, as

almost every trial of novel antidepressants demonstrates. Though preclinical

and early clinical data is encouraging for many of the targets mentioned, the

effectiveness of targeting these mechanisms remains unknown in the absence

of large-scale double-blind, placebo-controlled randomized trials. While

these new types of drugs usually have increased tolerability and safety in

earlier therapies, no uniformly successful pharmacological treatments are

available for mood problems and diligent medical treatment for such medi-

cines also warrants them.

References

1. Andrade L, Caraveo-Anduaga JJ, Berglund P, et al. The epidemiology of major depressive epi-

sodes: results from the International Consortium of Psychiatric Epidemiology (ICPE) surveys.

Int J Methods Psychiatr Res. 2003;12:3�21. Available from: https://doi.org/10.1002/mpr.138.

2. Kessler RC, Bromet EJ. The epidemiology of depression across cultures. Annu Rev Public

Health. 2013;34:119�138. Available from: https://doi.org/10.1146/annurev-publhealth-

031912-114409.

Mechanism of action of antidepressants Chapter | 11 267

https://doi.org/10.1002/mpr.138
https://doi.org/10.1146/annurev-publhealth-031912-114409
https://doi.org/10.1146/annurev-publhealth-031912-114409


3. Shao X, Zhu G. Associations among monoamine neurotransmitter pathways, personality

traits, and major depressive disorder. Front Psychiatry. 2020;11. Available from: https://

doi.org/10.3389/fpsyt.2020.00381.

4. Hasler G. Pathophysiology of depression: do we have any solid evidence of interest to clin-

icians? World Psychiatry. 2010;9:155�161. Available from: https://doi.org/10.1002/j.2051-

5545.2010.tb00298.x.

5. Hindmarch I. Beyond the monoamine hypothesis: mechanisms, molecules and methods.

Eur Psychiatry. 2002;17(Suppl 3):294�299. Available from: https://doi.org/10.1016/s0924-

9338(02)00653-3.

6. Delgado PL. Aminergic hypotheses for depression. In: Stolerman IP, ed. Encyclopedia of

Psychopharmacology. Berlin, Heidelberg: Springer; 2010:70�73.

7. Meyer JH, Ginovart N, Boovariwala A, et al. Elevated monoamine oxidase A levels in the

brain: an explanation for the monoamine imbalance of major depression. Arch Gen Psychiatry.

2006;63:1209�1216. Available from: https://doi.org/10.1001/archpsyc.63.11.1209.

8. Nestler EJ, Barrot M, DiLeone RJ, Eisch AJ, Gold SJ, Monteggia LM. Neurobiology of

depression. Neuron. 2002;34:13�25. Available from: https://doi.org/10.1016/s0896-6273

(02)00653-0.

9. Duman RS, Heninger GR, Nestler EJ. A molecular and cellular theory of depression.

Arch Gen Psychiatry. 1997;54:597�606. Available from: https://doi.org/10.1001/

archpsyc.1997.01830190015002.

10. Thoenen H. Neurotrophins and neuronal plasticity. Science. 1995;270:593�598. Available

from: https://doi.org/10.1126/science.270.5236.593.

11. Kafitz KW, Rose CR, Thoenen H, Konnerth A. Neurotrophin-evoked rapid excitation

through TrkB receptors. Nature. 1999;401:918�921. Available from: https://doi.org/

10.1038/44847.

12. Groves JO. Is it time to reassess the BDNF hypothesis of depression? Mol Psychiatry.

2007;12:1079�1088. Available from: https://doi.org/10.1038/sj.mp.4002075.

13. Wang JQ, Mao L. The ERK pathway: molecular mechanisms and treatment of depression. Mol

Neurobiol. 2019;56:6197�6205. Available from: https://doi.org/10.1007/s12035-019-1524-3.

14. Li K, Shen S, Ji YT, Li XY, Zhang LS, Wang XD. Melatonin augments the effects of flu-

oxetine on depression-like behavior and hippocampal BDNF-TrkB signaling. Neurosci

Bull. 2018;34:303�311. Available from: https://doi.org/10.1007/s12264-017-0189-z.

15. Zhang JJ, Gao TT, Wang Y, et al. Andrographolide exerts significant antidepressant-like

effects involving the hippocampal BDNF system in mice. Int J Neuropsychopharmacol.

2019;22:585�600. Available from: https://doi.org/10.1093/ijnp/pyz032.

16. Albert PR, Benkelfat C, Descarries L. The neurobiology of depression�revisiting the sero-

tonin hypothesis. I. Cellular and molecular mechanisms. Philos Trans R Soc Lond B Biol

Sci. 2012;367:2378�2381. Available from: https://doi.org/10.1098/rstb.2012.0190.

17. Youssef MM, Underwood MD, Huang YY, et al. Association of BDNF Val66Met polymorphism

and brain BDNF levels with major depression and suicide. Int J Neuropsychopharmacol.

2018;21:528�538. Available from: https://doi.org/10.1093/ijnp/pyy008.

18. Chiou YJ, Huang TL. Serum brain-derived neurotrophic factors in Taiwanese patients with drug-

naı̈ve first-episode major depressive disorder: effects of antidepressants. Int J

Neuropsychopharmacol. 2017;20:213�218. Available from: https://doi.org/10.1093/ijnp/pyw096.

19. Li Z, Zhang Y, Wang Z, et al. The role of BDNF, NTRK2 gene and their interaction in

development of treatment-resistant depression: data from multicenter, prospective, longitu-

dinal clinic practice. J Psychiatr Res. 2013;47:8�14. Available from: https://doi.org/

10.1016/j.jpsychires.2012.10.003.

268 How Synthetic Drugs Work

https://doi.org/10.3389/fpsyt.2020.00381
https://doi.org/10.3389/fpsyt.2020.00381
https://doi.org/10.1002/j.2051-5545.2010.tb00298.x
https://doi.org/10.1002/j.2051-5545.2010.tb00298.x
https://doi.org/10.1016/s0924-9338(02)00653-3
https://doi.org/10.1016/s0924-9338(02)00653-3
http://refhub.elsevier.com/B978-0-323-99855-0.00011-7/sbref6
http://refhub.elsevier.com/B978-0-323-99855-0.00011-7/sbref6
http://refhub.elsevier.com/B978-0-323-99855-0.00011-7/sbref6
https://doi.org/10.1001/archpsyc.63.11.1209
https://doi.org/10.1016/s0896-6273(02)00653-0
https://doi.org/10.1016/s0896-6273(02)00653-0
https://doi.org/10.1001/archpsyc.1997.01830190015002
https://doi.org/10.1001/archpsyc.1997.01830190015002
https://doi.org/10.1126/science.270.5236.593
https://doi.org/10.1038/44847
https://doi.org/10.1038/44847
https://doi.org/10.1038/sj.mp.4002075
https://doi.org/10.1007/s12035-019-1524-3
https://doi.org/10.1007/s12264-017-0189-z
https://doi.org/10.1093/ijnp/pyz032
https://doi.org/10.1098/rstb.2012.0190
https://doi.org/10.1093/ijnp/pyy008
https://doi.org/10.1093/ijnp/pyw096
https://doi.org/10.1016/j.jpsychires.2012.10.003
https://doi.org/10.1016/j.jpsychires.2012.10.003


20. Kojima M, Matsui K, Mizui T. BDNF pro-peptide: physiological mechanisms and implica-

tions for depression. Cell Tissue Res. 2019;377:73�79. Available from: https://doi.org/

10.1007/s00441-019-03034-6.

21. Pariante CM, Lightman SL. The HPA axis in major depression: classical theories and new

developments. Trends Neurosci. 2008;31:464�468. Available from: https://doi.org/

10.1016/j.tins.2008.06.006.

22. Murphy BE. Steroids and depression. J Steroid Biochem Mol Biol. 1991;38:537�559.

Available from: https://doi.org/10.1016/0960-0760(91)90312-s.

23. Stetler C, Miller GE. Depression and hypothalamic-pituitary-adrenal activation: a quantita-

tive summary of four decades of research. Psychosom Med. 2011;73:114�126. Available

from: https://doi.org/10.1097/PSY.0b013e31820ad12b.

24. Aubry JM. CRF system and mood disorders. J Chem Neuroanat. 2013;54:20�24.

Available from: https://doi.org/10.1016/j.jchemneu.2013.09.003.

25. Wu X, Zhang K, Xing Y, et al. Dysregulated thyroid hormones correlate with anxiety and

depression risk in patients with autoimmune disease. J Clin Lab Anal. 2021;35:e23573.

Available from: https://doi.org/10.1002/jcla.23573.

26. Hage MP, Azar ST. The link between thyroid function and depression. J Thyroid Res.

2012;2012:590648. Available from: https://doi.org/10.1155/2012/590648.

27. Du F-M, Kuang H-Y, Duan B-H, Liu D-N, Yu X-Y. Effects of thyroid hormone and

depression on common components of central obesity. J Int Med Res. 2019;47:3040�3049.

Available from: https://doi.org/10.1177/0300060519851624.

28. Li C, Lai J, Huang T, et al. Thyroid functions in patients with bipolar disorder and the

impact of quetiapine monotherapy: a retrospective, naturalistic study. Neuropsychiatr Dis

Treat. 2019;15:2285�2290. Available from: https://doi.org/10.2147/ndt.S196661.

29. Soares CN, Zitek B. Reproductive hormone sensitivity and risk for depression across the female

life cycle: a continuum of vulnerability? J Psychiatry Neurosci: JPN. 2008;33:331�343.

30. Thériault R-K, Perreault ML. Hormonal regulation of circuit function: sex, systems and depression.

Biol Sex Differences. 2019;10:12. Available from: https://doi.org/10.1186/s13293-019-0226-x.

31. Daniell HW. Sex hormone deficiency in depressed patients receiving opioids. Arch Intern

Med. 2004;164:804. Available from: https://doi.org/10.1001/archinte.164.7.804-a.

32. Clapp M, Aurora N, Herrera L, Bhatia M, Wilen E, Wakefield S. Gut microbiota’s effect

on mental health: the gut-brain axis. Clin Pract. 2017;7:987. Available from: https://doi.

org/10.4081/cp.2017.987.

33. Kennedy PJ, Clarke G, Quigley EM, Groeger JA, Dinan TG, Cryan JF. Gut memories:

towards a cognitive neurobiology of irritable bowel syndrome. Neurosci Biobehav Rev.

2012;36:310�340. Available from: https://doi.org/10.1016/j.neubiorev.2011.07.001.

34. Whitehead WE, Palsson O, Jones KR. Systematic review of the comorbidity of irritable bowel

syndrome with other disorders: what are the causes and implications? Gastroenterology.

2002;122:1140�1156. Available from: https://doi.org/10.1053/gast.2002.32392.

35. Kennedy PJ, Cryan JF, Dinan TG, Clarke G. Irritable bowel syndrome: a microbiome-gut-

brain axis disorder? World J Gastroenterol. 2014;20:14105�14125. Available from:

https://doi.org/10.3748/wjg.v20.i39.14105.

36. Ruepert L, Quartero AO, deWit NJ, van der Heijden GJ, Rubin G, Muris JW. Bulking agents, anti-

spasmodics and antidepressants for the treatment of irritable bowel syndrome. Cochrane Database

Syst Rev. 2011;Cd003460. Available from: https://doi.org/10.1002/14651858.CD003460.pub3.

37. Miller AH, Raison CL. The role of inflammation in depression: from evolutionary impera-

tive to modern treatment target. Nat Rev Immunol. 2016;16:22�34. Available from: https://

doi.org/10.1038/nri.2015.5.

Mechanism of action of antidepressants Chapter | 11 269

https://doi.org/10.1007/s00441-019-03034-6
https://doi.org/10.1007/s00441-019-03034-6
https://doi.org/10.1016/j.tins.2008.06.006
https://doi.org/10.1016/j.tins.2008.06.006
https://doi.org/10.1016/0960-0760(91)90312-s
https://doi.org/10.1097/PSY.0b013e31820ad12b
https://doi.org/10.1016/j.jchemneu.2013.09.003
https://doi.org/10.1002/jcla.23573
https://doi.org/10.1155/2012/590648
https://doi.org/10.1177/0300060519851624
https://doi.org/10.2147/ndt.S196661
http://refhub.elsevier.com/B978-0-323-99855-0.00011-7/sbref29
http://refhub.elsevier.com/B978-0-323-99855-0.00011-7/sbref29
http://refhub.elsevier.com/B978-0-323-99855-0.00011-7/sbref29
https://doi.org/10.1186/s13293-019-0226-x
https://doi.org/10.1001/archinte.164.7.804-a
https://doi.org/10.4081/cp.2017.987
https://doi.org/10.4081/cp.2017.987
https://doi.org/10.1016/j.neubiorev.2011.07.001
https://doi.org/10.1053/gast.2002.32392
https://doi.org/10.3748/wjg.v20.i39.14105
https://doi.org/10.1002/14651858.CD003460.pub3
https://doi.org/10.1038/nri.2015.5
https://doi.org/10.1038/nri.2015.5


38. Li Z, Wang Z, Zhang C, et al. Reduced ENA78 levels as novel biomarker for major

depressive disorder and venlafaxine efficiency: result from a prospective longitudinal

study. Psychoneuroendocrinology. 2017;81:113�121. Available from: https://doi.org/

10.1016/j.psyneuen.2017.03.015.

39. Zheng P, Zeng B, Zhou C, et al. Gut microbiome remodeling induces depressive-like beha-

viors through a pathway mediated by the host’s metabolism. Mol Psychiatry.

2016;21:786�796. Available from: https://doi.org/10.1038/mp.2016.44.

40. Hao Z, Wang W, Guo R, Liu H. Faecalibacterium prausnitzii (ATCC 27766) has preven-

tive and therapeutic effects on chronic unpredictable mild stress-induced depression-like

and anxiety-like behavior in rats. Psychoneuroendocrinology. 2019;104:132�142.

Available from: https://doi.org/10.1016/j.psyneuen.2019.02.025.

41. Correia-Melo FS, Leal GC, Vieira F, et al. Efficacy and safety of adjunctive therapy using

esketamine or racemic ketamine for adult treatment-resistant depression: a randomized,

double-blind, non-inferiority study. J Affect Disord. 2020;264:527�534. Available from:

https://doi.org/10.1016/j.jad.2019.11.086.

42. Hashimoto K. The role of glutamate on the action of antidepressants. Prog

Neuropsychopharmacol Biol Psychiatry. 2011;35:1558�1568. Available from: https://doi.

org/10.1016/j.pnpbp.2010.06.013.

43. Sanacora G, Zarate CA, Krystal JH, Manji HK. Targeting the glutamatergic system to

develop novel, improved therapeutics for mood disorders. Nat Rev Drug Discov.

2008;7:426�437. Available from: https://doi.org/10.1038/nrd2462.

44. Duman RS, Voleti B. Signaling pathways underlying the pathophysiology and treatment of

depression: novel mechanisms for rapid-acting agents. Trends Neurosci. 2012;35:47�56.

Available from: https://doi.org/10.1016/j.tins.2011.11.004.

45. Musazzi L, Treccani G, Mallei A, Popoli M. The action of antidepressants on the glutamate

system: regulation of glutamate release and glutamate receptors. Biol Psychiatry.

2013;73:1180�1188. Available from: https://doi.org/10.1016/j.biopsych.2012.11.009.

46. Kadriu B, Musazzi L, Henter ID, Graves M, Popoli M, Zarate Jr CA. Glutamatergic neurotrans-

mission: pathway to developing novel rapid-acting antidepressant treatments. Int J

Neuropsychopharmacol. 2019;22:119�135. Available from: https://doi.org/10.1093/ijnp/pyy094.

47. Wise J. GPs in England prescribed 2.7 million extra antidepressants during 2012 recession.

BMJ. 2014;348:g3607. Available from: https://doi.org/10.1136/bmj.g3607.

48. Gualano MR, Bert F, Mannocci A, La Torre G, Zeppegno P, Siliquini R. Consumption of

antidepressants in Italy: recent trends and their significance for public health. Psychiatr

Serv. 2014;65:1226�1231. Available from: https://doi.org/10.1176/appi.ps.201300510.

49. Ferguson JM. SSRI antidepressant medications: adverse effects and tolerability. Prim Care

Companion J Clin Psychiatry. 2001;3:22�27. Available from: https://doi.org/10.4088/pcc.

v03n0105.
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Introduction

The pathology of heart failure (HF) is marked by the presence of impaired

anatomy and mechanical capabilities that prevent the heart from filling or

ejecting blood and by decreased ventricular compliance. The much more

major reason for HF was drastically decreased left ventricular (LV) function.

HF can be related to dysfunction of the different heart muscle layers like

pericardium, myocardium, and endocardium which typically manifests with

cardiac valvular disease or a combination of both. Enhanced hemodynamic

pressure, ischemia-related impairment, ventricular remodeling, inappropriate

biochemical stimuli, asymmetrical calcium pedaling in myocardial cells,

high or insufficient noncellular component differentiation, rapid programmed

cell death, and gene abnormalities are some of the main pathogenic pathways

that contribute to HF.1,2 Numerous cardiac failure pathways result in poor

pump operation of the heart, which contributes to obstruction caused by

mucus in the lungs and peripheral tissues. HF affects over 3 million US citi-

zens, with over 400,000 new cases recorded each year. The symptoms and

indices of HF vary greatly reliant on how rapidly it progresses and whether

it affects the left, right, or both ventricles in a given individual.3

Classification of heart failure

Biventricular heart disease depends on location: it may be characterized as

left or right ventricular or combined. The type of HF is determined by

whether it occurs often or infrequently. Relying on the functioning state of

the heart which usually divided into two main categories: HF type Iwhich

retained the small volume of ejection and another is the HF type II which

decreased the volume of ejection fraction. The LV cavity volume is normally
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average, despite the thicker and robust LV wall, thus the fraction of LV

mass end-diastolic volume is significant. HFpEF is defined as marginal

HF if the EF stays between 41% and 49%, and increasing HF if the EF is

more than 40%.4 In those with HFrEF, the LV chamber is generally

dilated, and the fraction of LV mass or end-diastolic volume is either nor-

mal or reduced. At the tissue level, HFpEF has a greater cardiomyocyte

diameter and a greater myofibril size than HFrEF. Persons with HFrEF

respond well to the standard pharmacological treatment regimen and have

a positive impact when it comes to care and therapy. Patients with HFpEF,

on the other hand, did not respond to typical pharmacological therapy,

with the exception of nitrates, and hence had poor outcomes, especially

during the decompensated phase of HF. Depending on cardiac output, HF

is referred to as high- or low-output failures.5 High-output loss is an

uncommon syndrome characterized by an ambient cardiac index of

2.5�4.0 L/min/m2 and poor systemic vascular tolerance. High production

loss may also be caused by anemia, vascular propelling, thyroid illness,

and vitamin B1 deficiency. Inadequate blood supply and stimulation stim-

ulate the autonomic nervous system and the RAAS, causing ADH to be

secreted, which leads to ventricular enlargement, negative ventricular

remodeling, and HF. Failure usually results from the decreased output of

blood at times of intense activity or inactivity, or excess metabolic request.

Low-production loss is caused by LV impairment; right ventricle is

heavily burdened with an acute pulmonary thromboembolism. Exercise

intolerance in HFpEF is now believed to be caused by a loss in oxygen

supply to or decreased oxygen consumption by exercising skeletal mus-

cles. The arterial�venous oxygen content gap is used to measure oxygen

utilization instead of decreased cardiac activity (CO).6�8 Exercise therapy

tends to be a rational and important factor in enhancing the inflammatory

disturbance, discharging higher cardiac filling compressions, restoring

exercise ability, increasing standard of living, and lowering disease burden

and death correlated with HF, considering the slowed oxygen absorption

kinetics and peripheral muscle function dysfunction in HF. As a conse-

quence, exercise activity, often high intensity rather than low, was shown

to increase the level of oxygen utilization or VO2 in HFpEF individuals

without influencing endothelial activity.9,10

The practical grouping of the New York Heart Association (NYHA) is

divided into four classes:

Class I: HF does not regulate physical exercise and does not induce pro-

blems when regular exercise activity is done.

Class II: HF limits physical exercise slightly; patients are relaxed at rest-

ing, but frequent regular exercise triggers HF symptoms.

Class III: HF induces severe physical limitations; individuals are relaxed

at resting, but also less than normal exercise triggers HF symptoms.
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Class IV: People with HF are unlikely to engage in any physical exercise

without experiencing HF symptoms or have symptoms even though they are

at ease.

When evaluating coronary risk, researcher uses the ACC/AHA staging

scheme, which describes the four stages of HF.

Stage A: Higher chance of HF with no underlying cardiovascular disease

or signs of HF.

Stage B: Structural heart attack, which doesn’t have the typical signs of

cardiac disease or failure of the function of heart.

Stage C: Acute structural heart attack with prominent signs and symp-

toms of cardiac dysfunction failure the function of heart.

Stage D: Structural heart attack with prominent signs and symptoms of

cardiac dysfunction failure the function of heart that necessitates specialized

treatment.11,12

Etiology

HF is a pathophysiologic complex linked to heart impairment and a typical

end state for several cardiac problems. There are numerous reasons for heart

problems, and the exact cause of each particular individual must still be

determined. In particular, excessive workloads put mostly on heart may lead

to HF, like pulmonary congestion or pressure overload, restricted heart load-

ing, myocyte depletion, or reduced myocyte smooth muscle contraction.

Most of these triggers will set in motion a chain of events that will be dis-

cussed later.13�15 Each one of these triggers may be caused by a variety of

pathways. In developing nations, for example, cell death due to an obstructed

artery seems to be the most frequent cause of myocyte failure. Genetic

abnormalities, on the other hand, may cause myocyte depletion.16

Pathophysiology

The pathophysiology of heart disease is complicated and needs many layers

of understanding. Conventionally, study has concentrated on the hemody-

namic modifications of a weakened heart, treating the heart as though it

were a separate entity. Even so, research into the dying heart has highlighted

the significance of recognizing molecular modifications and neurohormonal

connections between the heart as well as different organ systems.17�19

Changes in hemodynamics

HF may be triggered by deteriorating systolic or diastolic activity, or a mix-

ture of both, from a hemodynamic viewpoint. The isovolumic systolic pres-

sure curve of the pressure�volume relationship is moved downhill in

systolic dysfunction. This lowers the heart’s stroke volume and, as a result,
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lowers myocardial contractility. The heart will use three compensatory path-

ways to preserve cardiac output: Initially, raised preload (blood return to the

heart) can result in enhanced sarcomere contraction. The heart beats at rather

than at in the pressure�volume relationship, and stroke improves slightly at

the expense of elevated end-diastolic pressure. Second, increased catechol-

amine production increases cardiac performance by raising heart rate and

moving the systolic isovolumetric curve to the left20,21 (Fig. 12.1).

Finally, heart muscle hypertrophy and ventricular volume will also rise,

allowing the diastolic curve to move to the right. While each of those compen-

satory mechanisms will sustain cardiac activity momentarily, their effectiveness

is minimal, and if the underlying cause of systolic dysfunction is not addressed,

the heart will eventually fail. The location of the systolic isovolumic curve per-

sists intact in diastolic impairment (myocyte contractility is preserved). The dia-

stolic pressure�volume curve, on the other hand, is moved to the left, resulting

in a rise in LV end-diastolic pressure and HF symptoms. Any condition that

induces reduced tension, reduced elastic recoil, or enhanced ventricle stiffness

may cause diastolic disturbance. By altering all three dimensions, hypertension

also causes compensatory rises in LV wall thickness which may induce diastolic

malfunction. Ischemia, or a shortage of blood to the myocardial cells, may also

induce diastolic impairment by reducing relaxation.22 If the ischemic stroke is

serious, as in an atrial fibrillation, long-term destruction to the myocardium can

arise, with fibrosis replacing contractile cells, resulting in systolic impairment.

HF signs are caused by a fusion of systolic and diastolic malfunction in the

majority of cases.23�25

FIGURE 12.1 Changes in hemodynamics leading HF. HF, Heart failure.
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Changes of neurohormones

Enhanced release of endogenous neurohormones and cytokines is found during

a cardiac attack. At first, a rise in adrenergic and renin�angiotensin system acti-

vation produces a compensatory reaction that keeps vital organs perfused. These

improvements, nevertheless, will lead to a gradual degradation in cardiac perfor-

mance over time. Early on in the course of heart disease, there is an improve-

ment in sympathetic function. Increased cardiac contraction and heart rate are

caused by excessive plasma norepinephrine concentrations, which momentarily

help regulate cardiac activity. Continued changes, on the other hand, result in

elevated preload (due to venous vasoconstriction) and afterload (due to arterial

vasoconstriction), which can exacerbate HF. Furthermore, sympathetic impul-

siveness results in dangerous cellular events, which will be addressed in the

next segment.26,27 Reduced kidney blood pressure raises the synthesis of angio-

tensin II and promotes the secretion of renin. Both angiotensin II and sympa-

thetic stimulation induce efferent renal arteriolar vascular constriction, which

helps keep the glomerular filtration rate up despite a lower cardiac performance.

Angiotensin II causes sodium resorption and potassium excretion by the kidneys

by stimulating aldosterone production. Even so, persistent impulsiveness of the

renin�angiotensin system causes extreme vascular constriction, elevated after-

load, with a subsequent decrease in cardiac production and glomerular filtration

volume, resulting in a vicious cycle. A rise in the secretion of vasopressin from

the posterior pituitary gland is linked to HF. One other strong vasoconstrictor is

vasopressin, which facilitates water reabsorption in the renal tubules. The pro-

duction of cytokines, as well as other circulating peptides, is linked to HF. In

response, to damage macrophages, lymphocytes, monocytes, and endothelial

cells secrete a complex group of proteins known as cytokines. The two main

classes of cytokines that can play a pathophysiologic function in heart problems

are interleukins (ILs) and tumor necrosis factor (TNF).28 Upregulation of the

TNF gene was discovered, along with a rise in circulating TNF plasma concen-

tration in the patient of HF. TNF seems to play an important part in the next

section’s discussion of myocyte hypertrophy and cell death (apoptosis). In vitro

evidence suggests that IL-1 can hasten myocyte hypertrophy. The potent vaso-

constrictor endothelin, which is produced by endothelial cells, is another peptide

essential for facilitating a few of the pathophysiologic symptoms seen in HF.

Too much endothelin secretion may be to blame for hypertension in the pulmo-

nary arteries seen in patients with LVHF, according to initial findings.

Endothelin is also related to interstitial myocyte development and collagen

deposition29,30 (Fig. 12.2).

Changes in the cell

Alterations in Ca21 processing, adrenergic receptors, the contractile appara-

tus, and myocyte composition are also part of the pathophysiologic
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alterations at the cellular stage. Both Ca21 delivery to the contractile appa-

ratus and Ca21 reuptake by the sarcoplasmic reticulum are reduced in HF.

Some researchers have observed lower rates of messenger ribonucleic acid

(mRNA) for the advanced Ca21 release channels. Likewise, myocytes from

weakening hearts have lower concentrations of mRNA for phospholamban

and Ca21 -ATPase, two sarcoplasmic reticulum proteins. In the human

heart, there are two types of adrenergic receptors. Cardiomyocytes hypertro-

phy is caused by alpha1-adrenergic receptors, and the levels of these recep-

tors are significantly elevated in HF. As a consequence of chronic

sympathetic activation, cardiac failure is related to severe adrenergic receptor

desensitization. Reduced expression of β1-adrenergic receptors, uncoupling

of the signal transduction pathway downstream, and upregulation of inhibi-

tory G proteins are all involved in this impact. Both of these modifications

result in a decline in myocardium contractility.31,32

FIGURE 12.2 Role of RAS and diuretics in HF. RAS, Renin angiotensin system; HF, Heart

failure.

280 How Synthetic Drugs Work



Management of heart failure

Treatment for HF focuses on improving prognosis and lowering longevity, as

well as relieving complications and overturning or reducing heart and periph-

eral dysfunction to reduce the risk of mortality. Other targets of treatment

for in-hospital patients include reducing the duration of stay and eventual

readmission to minimize organ system disruption and properly managing

comorbidities that can lead to poor prognosis.

ACC/AHA revised recommendations from 2013, HFSA guidelines from

2010, and the 2008 ESC guidelines, all prescribe the following for various

types of HF patients, based on differing levels of evidence33 (Table 12.1).

Diuretics

Loop or high ceiling diuretics such as torsemide, bumetanide, and furose-

mide reversibly block the Na1K1 2Cl symporter in the thick ascending

limb of the loop of Henle. Ethacrynic acid, for example, belongs to a second

useful class of these chemicals that works exclusively in the tubule lumen

and has a sluggish beginning of action and only limited reversibility. Loop

diuretics work by preventing chloride, sodium, potassium, and hydrogen ions

from being reabsorbed in the ascending Henle loop. Thiazides have a more

distal effect on sodium and chloride reabsorption. Loop diuretics have no

effect on this cotransporter.34 When the renin�angiotensin�aldosterone

pathway is active, more sodium enters the distal tubules, promoting

TABLE 12.1 List of various classes of drugs for management of heart

failure.

Sr.

No.

Category Examples

1. ACE inhibitors Enalapril, lisinopril, quinapril, captopril

2. Angiotensin-receptor blockers Losartan, candesartan, valsartan

3. Diuretics Furosemide, chlorothiazide,
bumetanide, amiloride

4. Angiotensin-receptor neprilysin
inhibitors

Valsartan, sacubitril

5. If channel blocker Ivabradine

6. Beta-blockers Carvedilol, metoprolol, bisoprolol

7. Aldosterone antagonists Eplerenone, spironolactone

8. Others Cholesterol-lowering drugs,
anticoagulants
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potassium exchange. In the distal renal tubule, thiazides may promote potas-

sium active excretion. For symptomatic chronic HF, diuretics were originally

the mainstay of therapy, but they are currently only used alone. They reduce

symptoms and, in most cases, effort resistance when taken with angiotensin-

converting enzyme inhibitors, blockers, and digoxin.35

Vasodilators

Vasodilators dilate or inhibit blood channel constriction, enabling more

blood to flow to the body’s various organs. Several vasodilators work by

attaching to receptors on blood vessel endothelial cells to cause calcium

release. The enzyme nitric oxide synthase (NO synthase), which converts L-

arginine to NO, is activated by calcium. It may exit the endothelial cell and

reach the smooth muscle cells36 of the vascular system by diffusion. GTP is

activated by NO and converted to cGMP. The myosin-light chain phospha-

tase enzyme is then activated, and one phosphate is removed from myosin

and actin filaments. Vascular smooth muscle relaxes when myosin and actin

filaments are dephosphorylated.37,38

Digoxin

In the two major ways that digoxin is used, it affects the two distinct systems

of the body.

Positive ionotropic

It raises the force of heart contraction by blocking the Na1-K1 ATPase

pump in the myocardium, an enzyme that controls ion movement through

the heart, in a reversible manner. Digoxin raises intracellular sodium levels,

resulting in a calcium influx in the heart and enhanced contractility. Cardiac

function increases as ventricular filling pressures are reduced.

Atrioventricular node inhibition

On AV node of heart digoxin will produce the vagomimetic action. The

parasympathetic nervous system is activated, which reduces heart rate by

slowing the conduction of electrical impulses in the atrioventricular (AV)

node. As calcium levels rise, the AV node’s refractory period increases,

lengthening phase 4 and phase 0 of the cardiac action potential. Slower AV

node conduction is linked to a lower ventricular response.39,40
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Angiotensin-converting enzyme inhibitors

ACE inhibitors block vasoconstriction by inhibiting the conversion of angio-

tensin I to angiotensin II by blocking the angiotensin-converting enzyme.

The angiotensin conversion enzyme is in charge of converting angiotensin I

into angiotensin II, which causes vasoconstriction. Angiotensin II is a potent

vasoconstrictor that is also accountable for vascular tissue hypertrophy and

aldosterone production. The narrowing of arteries caused by hypertrophy of

vascular tissues places further pressure on the heart. Water retention is

mainly caused by aldosterone secretion, which can increase vascular fluid

volume and thereby enhance the workload on the heart. As a result, inhibit-

ing angiotensin II lowers blood pressure in the heart, reducing the workload

on the heart. Another advantage of ACE inhibitors is that they increase blood

bradykinin levels by reducing their degradation. Bradykinin is the hormone

that causes vasodilation.41,42

Angiotensin-II blockers (AT1 antagonists)

Angiotensin II interacts with a subset of cell-bound angiotensin receptors.

Angiotensin-II antagonists work by blocking the AT1 receptor, which has been

shown to cause angiotensin II’s negative effects in HF patients. Kininase 2, an

enzyme that produces the inflammatory mediator bradykinin, is similar to ACE.

ARBs are thought to minimize adverse effects and maybe improve treatment

effectiveness by inhibiting angiotensin II selectively via competitive antagonism

of the angiotensin-II receptors. ARBs work by antagonizing and inhibiting aldo-

sterone production, catecholamine discharge, and arginine. Vasopressin dis-

charge, hypertrophic water intake, and lowered blood pressure reactivity are

caused by angiotensin II-induced vasoconstriction.43,44

Beta-blockers

The effects of excessive sympathetic activation are counteracted by beta-

blockers. In patients with chronic heart disease, beta-blocker treatment

improves LV systolic and diastolic activity, reverse remodeling, heart rate

modulation, successful reduction of malignant arrhythmias, and lowering of

both cardiac afterload and preload. Prolonged neurohormonal activation has

negative impacts on the weakening heart’s hemodynamics, as well as apopto-

sis, arrhythmia, and decreased myocardial blood supply. Beta-blocker ther-

apy for a long period can relieve complications, boost health status, and

lower the likelihood of mortality, as well as the overall risk of death and hos-

pitalization.45 Metoprolol is a sympathomimetic antagonist of the second

generation with no inherent sympathomimetic operation. It has been shown

to increase cardiac function, LV remodeling, and exercise capability in

congestive heart failure (CHF) patients, as well as reduce HF symptoms.
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Carvedilol is a nonspecific β-adrenoreceptor antagonist that also inhibits α1-
receptors. It has novel antioxidant and antiproliferative properties, unlike

other blockers, which may lead to its protective effects in HF patients.46

Calcium channel blockers

It is yet to be shown that these agents can be used for the treatment of CHF,

but the nonrate-limiting/unrestrict rate-adverse calcium antagonists may be

administered to patients with heart disease. Calcium channel blockers bind to

the L-type voltage-gated calcium channels in vascular smooth muscle, blocking

calcium from flowing inward. A wide range of antagonists, or important physio-

logic effects: endogenous calcium channel agents can be grouped into two clas-

ses based on their primary activities and channel binding. Nondihydropyridines

block the sinoatrial and AV nodes, decreasing cardiac conduction and contractil-

ity. Hypertension, as well as oxygen consumption and tachydysrhythmia rates,

may be addressed.47 Dihydropyridines are largely peripheral vasodilators with

no direct action on the heart at therapeutic doses, which explains why they are

beneficial for hypertension, postintracranial hemorrhage�induced vasospasm,

and migraines. When taken orally, calcium channel antagonists are quickly

absorbed, although many have limited bioavailability owing to hepatic first-pass

metabolism, particularly through CYP3A4. Calcium channel antagonists are

highly protein-bound and have a wide delivery range48 (Fig. 12.3).

Newer agents

Heart disease may be managed in the early development by a variety of

agents. Neurohormonal imbalance is the main problem in patients with heart

FIGURE 12.3 Mechanism of action of drugs on HF. HF, Heart failure.
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disease. The atrial natriuretic peptide (ANP) and BNP work on the vasodila-

tor, diuretic, and RAAS (renin and atrial natriuretic peptide) levels while

suppressing renin�angiotensin system. The enzyme neutral endopeptidase

(NEP or neparlysin) degraded the ANP and brain-type natriuretic peptide

(BNP).49 If inhibitors of this enzyme can be found, then studies may explore

their use in treating the HF. An initial positive research report on NEP inhi-

bitors found significant hemodynamic and neurohormonal results as well as

increases in exercise tolerance. These findings have also been seen else-

where. While the ecadotril problem that occurred along with these agents

ended the further study of these agents, it was in itself very toxic. Uses of

drugs that prevent both Angiotensin-converting enzyme (ACE) and NEP,

such as omapatrilat are shown to be both cardio and neurovascular beneficial

in the cases of HF.49,50

Conclusion

Preventative steps treating the root cause of the condition should be used in

the pharmacological care of patients with CHF. In patients who have pulmo-

nary or peripheral congestion, loop diuretics are needed. ACE inhibitors and

beta-blockers will decrease death rates and avoid the worsening of symptoms

and the need for hospitalization in HF patients if they are well tolerated.

Spironolactone at a low dosage improves recovery in patients with serious

heart disease who continue to have complications despite routine treatment.

Before the function of angiotensin-II antagonists can be proven, more

research is required. Patients with heart disease should see a significant

improvement in their outcomes if these procedures are implemented effec-

tively on an individual basis.
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Introduction

Cardiac electrophysiology as a scientific field began when Einthoven discov-

ered the electrocardiogram (ECG) at the beginning of the 20th century. It was

revealed by recording of cellular membrane currents that the body surface

ECG is the total of the various cellular action potentials in both the atria and

ventricles of the heart.1 In the late 1960s, development of the intracavitary

recordings marked the beginning of modern clinical electrophysiology. The

process of adoption of various technologies to ablate cardiac tissue within the

1990s marked the birth of interventional cardiac electrophysiology.

The evaluation of patients with possible arrhythmias is extremely individ-

ualized. However, two key features—the patient’s history and ECG

records—are important in giving direction to the diagnostic evaluation and

following treatment.2 The clinical examination is always focused on deter-

mining whether there is cardiopulmonary disease that is related to some spe-

cific cardiac arrhythmias. The absence of significant markers often suggests

a nonlethal cause of an arrhythmia. An important part in the diagnosis of

patients with arrhythmias is the principled use of various noninvasive diag-

nostic tests, the most important factor still being the ECG records, especially

if it is recorded at the time of symptoms.

In the last 20 years, various heritable arrhythmias’ genetic basis has been

explained, giving us important insights into the mechanisms not only of

those rare arrhythmias but also of various other rhythm disturbances seen in

additional common sorts of heart condition.3

Pharmacological therapy was the main treatment for cardiac arrhythmias

for decades, including supraventricular and ventricular tachyarrhythmias.

289
How Synthetic Drugs Work. DOI: https://doi.org/10.1016/B978-0-323-99855-0.00013-0

Copyright © 2023 Elsevier Inc. All rights reserved.

https://doi.org/10.1016/B978-0-323-99855-0.00013-0


However, increasing knowledge about the potential adverse effects of the

antiarrhythmic agents, together with the emergence of new and more effec-

tive nonpharmacological approaches of good safety profile to the treatment

of cardiac arrhythmias, has led to a considerable decline of antiarrhythmic

drug therapy in the last few decades.4

However, some of the antiarrhythmic drugs when used appropriately are

still effective options for the management of various cardiac arrhythmic con-

ditions. This chapter discusses the pathophysiology of arrhythmia, followed

by the molecular pharmacology of the classical antiarrhythmic drugs with a

focus on those whose efficacy is supported by recent research.

Signs and symptoms of cardiac arrhythmia

General approach

Patients who have cardiac arrhythmias show a good spectrum of clinical

signs, starting from various asymptomatic incidental ECG abnormalities to

survival from sudden cardiac arrest (SCA). The features that are present may

vary with circumstances, and arrhythmias are common within the setting of

cardiovascular (CV) and medical diseases, resulting in overlap of symptoms

and signs. The history is vital to directing the evaluation of patients.

Generally, the more dangerous symptoms present, the more aggressive are

the evaluation and treatment for those symptoms.5 When a patient’s loss of

consciousness is believed to be of cardiac origin, it typically requires an

exhaustive search for the etiology and might require invasive, device-based

diagnostic evaluation and treatment. If structural heart disease and myocar-

dial infarct (MI) is there, it often warrants a change in the approach to the

management of syncope or ventricular arrhythmias.6

A case history of a big arrhythmia might not directly inform the prognosis of

a patient, but it should alert the practitioner to the likelihood of a heritable trait

which will increase susceptibility to development of an arrhythmia.7

Palpitations

Palpitation is the phenomenon which is caused by a rapidly increased pulse

rate, irregularities in cardiac rhythm, or a rise within the force of cardiac con-

traction, as occurs with a post�extrasystolic beat; however, this phenomenon

also can exist within the setting of a totally normal heart rhythm. Patients who

complain of palpitations describe the sensation as an unpleasant awareness of

a forceful, irregular, or rapid beating of the guts. Many patients are extremely

conscious of any irregularity of cardiac type, whereas others are not, even to

long continuation of a rapid ventricular tachycardia (VT) or fibrillation with

rapid rates. The latter is especially noteworthy because if untreated, it may

lead to stroke or may produce a cardiomyopathy induced by tachycardia.8
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Those atrial or ventricular complexes which are premature in nature con-

stitute the biggest common causes of palpitations. If they are frequent, or

particularly if a sustained tachycardia is present, patients will likely possess

additional symptoms, like light-headedness, syncope or near-syncope, chest

discomfort, fatigue, or shortness of breath. The context and symptoms related

to palpitations can be diagnostically and prognostically informative. Low-

risk features include isolated palpitations not induced by exercise, the

absence of heart conditions of structural nature or symptoms like syncope or

pain, no case history of sudden cardiac death (SCD), and a traditional 12-

lead ECG. Associated symptoms, like syncope or pain, the presence of struc-

tural heart condition, or a documented arrhythmia, and family history of

SCD could also be related to a more ominous explanation for palpitations.9

The onset and offset of palpitations can suggest the etiology of the

arrhythmia. A sudden, abrupt, onset, “like a light-weight switch turning on,”

is according to a paroxysmal tachycardia like atrioventricular (AV) nodal

reentrant tachycardia, whereas gradual speeding and slowing are more

according to atrial or sinus tachycardia. However, even tachycardias that

start abruptly can begin and end with extra beats appearing to possess a

more gradual onset and offset.6

Patients with bradyarrhythmias may have symptoms of low cardiac out-

put, including fatigue, weakness, dizziness, dyspnea, and syncope.

Palpitations may result from an increased force of contraction related to

longer ventricular filling times and should be prominent symptoms in

bradycardias.10

Syncope and presyncope

Syncope, commonly mentioned as “fainting” or “passing out,” is a transient,

self-limited loss of consciousness and posture resulting from a drop by vital

sign with cerebral hypoperfusion and will always prompt an enquiry for a

cause. It is important to distinguish syncope from other causes of transient

loss of consciousness, such as seizures, metabolic disorders [hypoglycemia,

hypoxia (e.g., airline decompression)], intoxication, cataplexy, and

pseudosyncope.11

The etiologies of true syncope are varied with similarly diverse progno-

ses. The unheralded loss of consciousness in any patient, even if benign

from the cardiac perspective, is often dangerous depending on the circum-

stances (e.g., while driving a vehicle, at the highest of a flight of stairs).

However, because syncope is often a harbinger of SCD, it is important to

spot cardiac from more benign causes of syncope (Table 13.1).12

The onset of syncope is rapid when it is caused by an arrhythmia, and

therefore the duration of the same majorly remains brief and is not typically

followed by a postictal state of confusion. Bodily injury can occur if the

patient falls while unconscious.13
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Palpitations preceding syncope may support an arrhythmic explanation for

syncope but are often absent if the loss of consciousness is rapid. The history

of syncope of the patient should be explained and interpreted carefully, because

older ones, those who have fallen, might not admit to loss of consciousness

during the event because of persisting amnesia.14 Bradyarrhythmias caused by

sinus node dysfunction (SND) or AV block and tachyarrhythmia are the com-

mon arrhythmic causes of syncope, mainly ventricular but also supraventricular

at times. Bradycardia can follow tachycardia in patients with the bradycar-

dia�tachycardia syndrome, and treatment of both may be necessary.15

Sudden cardiac arrest and aborted sudden cardiac death

SCD is common, although estimates of the incidence are confounded by

inadequate case identification and secular trends that have influenced both

the rates and therefore the etiologies of overtime. SCD caused by cardiac

arrhythmias is most frequently the result of VT or fibrillation but may result

TABLE 13.1 Criteria for immediate evaluation—syncope.

Presence of structural heart
disease

Heart failure

Significant left ventricular dysfunction of
hypertrophy

Prior myocardial infarction

Clinical features External syncope

Syncope while supine

Palpitations associated with syncope

Family history of sudden death

Electrocardiographic features Ventricular tachycardia

Bifascicular block

Intraventricular conduction delay

Sinus bradycardia, sinoatrial block

Preexcited QRS complex

Prolonged or short-QT interval

Brugada pattern on ECG

T wave inversion and late potentials in right
precordial leads

Significant comorbidities Anemia

Electrolyte disturbance

292 How Synthetic Drugs Work



from profound bradycardia, as could be observed in Adams�Stokes syn-

drome, or asystole. A variety of noncardiac conditions could also be related

to life-threatening arrhythmias, including neurologic disorders, diabetes, obe-

sity, cirrhosis, anorexia, and bulimia. Around 80% of cases of SCD occur in

patients with some sort of structural heart disease, like coronary heart dis-

eases, cardiomyopathy, or congenital heart condition.16 Other cardiac causes

of SCD, mentioned as “autopsy negative,” include electrical diseases like

long-QT syndrome (LQTS), Brugada syndrome (BrS), catecholaminergic

polymorphic VT (CPVT), idiopathic ventricular fibrillation (IVF), and, under

some circumstances, Wolff�Parkinson�White (WPW) syndrome.17

For the need of evaluation, SCA should be considered as SCD that some-

one has survived. It is essential that patients who have SCA undergo a com-

prehensive evaluation to spot the cause and proper treatment. A history of

cardiac disease is critically important in directing the evaluation and manage-

ment, as may be a case history of SCD or significant cardiac arrhythmias.

The circumstances at the time of SCA are often informative. Cardiac symp-

toms that predate the SCD suggest preexisting structural heart condition. A

spread of precipitating factors can provide clues to the etiology of SCA.

Exercise, emotional upset, or stress may precipitate asystole within the set-

ting of a spread of structural heart diseases, arrhythmogenic cardiomyopathy

(arrhythmogenic right ventricular cardiomyopathy/dysplasia), and primary

electrical diseases like LQTS (types 1 and 2) and CPVT. SCD in LQTS3 or

BrS is more likely to occur at rest or with sleep.18

Physical findings

The physical examination is concentrated on determining whether CV disease is

present. Benignity of a rhythm disturbance can often be suggested by the

absence of serious cardiopulmonary diseases; however, it is not the case always.

In contrast, a more ominous prognosis exists for other indications like palpita-

tions, syncope, or near-syncope within the premise of significant heart or lung

disease. In addition, physical examinations may reveal presence of a persistent

arrhythmia like atrial fibrillation (AF).19 If a tachycardia is present, the priority

is to get a 12-lead ECG if the patient is hemodynamically stable. If it is impossi-

ble to get an ECG, several clues on the physical examination can help to form a

diagnosis. The presence of normal cannon A waves within the jugular venous

pulse would be according to a 1:1 retrograde ventriculoatrial activation, as in

tachycardias like AV reentrant tachycardia (AVRT), atrioventricular nodal reen-

trant tachycardia (AVNRT), and a few junctional tachycardias and VTs.20

Genetics of cardiac arrhythmias

Inheritable arrhythmia syndromes that are potentially lethal involve electrical

disturbances with the possibility to supply fatal arrhythmias inside a
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structurally normal heart. Collectively these—called the “cardiac channelo-

pathies”—often unassuming electrical abnormalities have the capacity to

develop a potentially lethal arrhythmia, resulting in the sudden and early

demise of an otherwise healthy individual.21 In fact, it is now recognized

that nearly one-third of autopsy-negative sudden unexplained death (SUD) in

young persons and approximately 10% of sudden infant death syndrome

(SIDS) stem from these genetically inherited cardiac channelopathies.22

Molecular advances within the field of CV genetics have uncovered the

underlying genetic basis liable for many inherited cardiac arrhythmia syn-

dromes, and for others, their underlying genetic substrates are on the cusp of

discovery. Over the past decade, a specific set of themes, including extreme

genetic heterogeneity, reduced or incomplete penetrance, and variable

expressivity, have proved to be common among the cardiac channelopathies.

For a few disorders, however, important genotype�phenotype correlates are

recognized and have provided diagnostic, prognostic, and therapeutic

impact23 (Table 13.2).

The QT-opathies

Long-QT syndrome

Clinical description and manifestations

A definite group of cardiac channelopathies known as congenital LQTS is

characterized by delayed repolarization of the myocardium, QT prolongation

(QTc .480 ms), and increased risk of syncope, seizures, and SCD for a

healthy individual with an otherwise normally functioning heart.24 The inci-

dence of LQTS may exceed 1 in 2500 persons. Individuals who have LQTS

may or might not manifest QT prolongation on a resting 12-lead surface

ECG. This abnormality almost always is without consequence; rarely, how-

ever, internal and external triggers can produce potentially life-threatening

arrhythmias.25 Although the heart rhythm most frequently spontaneously

returns to normal, leading to only a transient episode of syncope, 5% of

LQTS patients without treatment might succumb to a fatal arrhythmia.26

However, it is estimated that nearly half of the individuals with SCD experi-

ence, stemming from this treatable disorder, may have exhibited prior warn-

ing signs that went unrecognized. LQTS may explain approximately 20% of

autopsy-negative SUD in young persons and 10% of SIDS cases.27

Genetic basis

LQTS may be a genetically heterogeneous disorder largely inherited in an

autosomal dominant pattern, previously referred to as “Romano�Ward syn-

drome.”28 Rarely, LQTS is inherited because the recessive trait was first

described by Jervell and Lange-Nielsen and is characterized by a severe car-

diac phenotype and sensorineural deafness.29 Spontaneous or sporadic
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TABLE 13.2 Summary of heritable arrhythmia syndrome susceptible

diseases.

Gene Locus Protein

Long-QT syndrome

Major LQT genes

KCNQ1 (LQT1) 11p19.5 IKs potassium channel alpha subunit
(KVLQT1, Kv7.1)

KCNH2 (LQT2) 7q35�36 IKr potassium channel alpha subunit (HERG,
Kv11.1)

SCN5A (LQT3) 3p21-p24 Cardiac sodium channel alpha subunit
(Nav1.5)

Minor LQT genes

CALM1 14q32.11 Calmodulin 1

CALM 2 2p21 Calmodulin 2

CALM3 19q13.2-q13.3 Calmodulin 3

KCNE1 21q22.1 Potassium channel beta subunit (MinK)

KCNE2 21q22.1 Potassium channel beta subunit (MiRP1)

KCNJ5 11q24.3 Kir3.4 subunit of IKACH channel

SCN4B 11q23.3 Sodium channel beta4 subunit

Short-QT syndrome

KCNH2 (SQT1) 7q35�36 IKr potassium channel alpha subunit (HERG,
Kv11.1)

KCNQ1 (SQT2) 11p15.5 IKs potassium channel alpha subunit
(KVLQT1, Kv7.1)

KCNJ2 (SQT3) 17q23 IK1 potassium channel (Kir2.1)

CACNA1C (SQT4) 12p13.3 Voltage-gated L-type calcium channel
(Cav1.2)

CACNB2 (SQT5) 10p12 Voltage-gated L-type calcium channel beta2
subunit

CACN2D1 (SQT6) 7q21-q22 Voltage-gated L-type calcium channel 2
delta subunit

Catecholaminergic polymorphic ventricular tachycardia (CPVT)

RYR2 (CPVT1) 1q42.1-q43 Ryanodine receptor 2

CASQ2 (CPVT2) 1p13.3 Calsequestrin 2

KCNJ2 (CPVT3) 17q23 IK1 potassium channel, Kir2.1

(Continued )
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germline mutations can account for about 5%�10% of LQTS cases. To date,

many mutations have now been identified in 14 LQTS susceptibility genes

liable for a nonsyndromic “classic” LQTS phenotype.30 In addition, two

extremely rare, multisystem disorders related to marked QT prolongation

(Timothy syndrome, formerly annotated as LQT8) and prolonged QU inter-

vals (Andersen�Tawil syndrome, formerly annotated as LQT7), also as

LQT4, which is best classified as “ankyrin-B syndrome,” have also been

described.31, 32

Phenotypic correlates for the three canonical long-QT syndrome
genotypes

Specific genotype�phenotype associations in LQTS have emerged, suggest-

ing relatively gene-specific triggers, ECG patterns, and response to therapy.33

Swimming- and exertion-induced cardiac events are strongly related to muta-

tions in KCNQ1 (LQT1) gene, whereas in patients with LQT2, auditory trig-

gers and events occurring during the postpartum period most frequently

occur. Physical or emotional stress�induced events are mostly found in

LQT1, and events that occur during periods of sleep or rest are commonest

in LQT3. Employing a study population of 721 LQT1 and 634 LQT2 geneti-

cally confirmed patients from the US portion of the international LQTS reg-

istry, a multivariate analysis was conducted to assess the independent

contribution of clinical and mutation-specific factors to the occurrence of a

primary triggered event related to exercise, arousal, or sleep/rest.34,35 Among

the 221 symptomatic LQT1 patients, their first cardiac event was most fre-

quently associated with exercise (55%), followed by sleep/rest (21%),

arousal (14%), and nonspecific (10%) triggers, whereas the 204 symptomatic

TABLE 13.2 (Continued)

Gene Locus Protein

CALM1 14q32.11 Calmodulin 1

CALM3 19q13.2-q13.3 Calmodulin 3

TRDN 6q22.31 Cardiac triadin

Brugada syndrome (BrS)

SCN5A (BrS1) 3p21-p24 Cardiac sodium channel alpha subunit
(NAv1.5)

Sick sinus syndrome

ANK2 4q25-q27 Ankyrin B

HCN4 15q24-q25 Hyperpolarization-activated cyclic
nucleotide-gated channel 4
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LQT2 patients most frequently had their first event related to either arousal

triggers (44%) or nonexercise/nonarousal triggers (43%), and only 13% of

the symptomatic LQT2 patients had an exercise-induced first event.36

Short-QT syndrome

Clinical description and manifestations

Short-QT syndrome (SQTS), first noted in 2000 by Gussak et al., is related

to a brief QT interval (usually # 320 ms) on a 12-lead ECG, paroxysmal

fibrillation, syncope, and an increased risk for SCD.37

Genetic basis

SQTS is most frequently inherited in an autosomal dominant manner; how-

ever, some de novo sporadic cases are described. To date, mutations in six

genes are implicated within the pathogenesis of SQTS, including gain-of-

function mutations within the potassium-channel encoding genes KCNH2

(SQT1), KCNQ1 (SQT2), and KCNJ2 (SQT3) and loss-of-function mutations

in CACNA1C (SQT4), CACNB2b (SQT5), and CACNA2D1 (SQT6) encod-

ing for LTCC alpha, beta, and delta subunits, respectively.38

Genotype�phenotype correlates

Insufficient data exist to define genotype�phenotype correlations clearly in

SQTS. Although not more than 60 cases have been described within the liter-

ature so far, certain gene-specific ECG patterns have emerged. The standard

ECG pattern consists of a QT interval of 320 ms or less (QTc # 340 ms)

and tall, peaked T waves in the precordial leads with either no or a brief ST

segment present. The T waves tend to be symmetric in SQT1 but asymmetric

in SQT2 to SQT4. In SQT2, inverted T waves are often observed. In SQT5,

a BrS-like ST elevation within the right precordial lead may be seen

(Fig. 13.1).39

Drug-induced torsade de pointes

Clinical description and manifestations

Drug-induced torsades de pointes (DI-TdP) might be a chronic concern for

physicians prescribing particular drugs with the capacity for producing such

unwanted and potentially life-threatening side effects. The estimated inci-

dence of antiarrhythmic drug�induced TdP has ranged from 1% to 8%

counting on the drug and dose.40

DI-TdP and subsequent sudden death are rare events, but the list of potential

“QT liability” or “torsadegenic” drugs is extensive and includes not only antiar-

rhythmic drugs like quinidine, sotalol, and dofetilide but also many noncardiac

medications, like antipsychotics, methadone, antimicrobials, antihistamines, and
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therefore the gastrointestinal stimulant cisapride41 (see www.qtdrugs.org for a

comprehensive list).

IKr channel blockers and therefore the “repolarization reserve”

Besides their intended function and their intended target of action, the over-

whelming majority of medicines with a possible unwanted TdP predisposing

side effect is IKr/Kv11.1 channel blockers (also referred to as HERG channel

blockers). In effect, QT-prolonging drugs create an “LQT2-like” phenotype

through reduced repolarization efficiency and subsequent lengthening of the

cardiac nerve impulse.42 However, IKr drug blockade alone doesn’t appear

sufficient to supply the potentially lethal TdP substrate. One particular thesis

centers on the observation that cardiac repolarization relies on the interaction

of several ion currents that provide some level of redundancy so as to protect

against extreme QT prolongation by “QT liability” drugs.43

This “repolarization reserve” could also be reduced through anomalies in

the repolarization machinery, as a result of common or rare genetic variants

in critical ion channels that produce a subclinical loss of the repolarizing

FIGURE 13.1 Cardiac nerve impulse disorders. Illustrated are the key ion currents (white cir-

cles) along with the ventricular cardiocyte’s nerve impulse that are associated with potentially

lethal arrhythmia disorders. Disorders leading to gain-of-function mutations are shown in green

rectangles and people with loss-of-function mutations in blue rectangles. for instance, gain-of-

function mutations within the SCN5A encoding cardiac sodium channel liable for INa cause

long-QT syndrome (LQTS), and loss-of-function SCN5A mutations end in Brugada syndrome

(BrS), cardiac conduction disorder (CCD), and sick sinus syndrome (SSS). AF, Atrial fibrilla-

tion; ATS, Andersen�Tawil syndrome; SQTS, short-QT syndrome.
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currents IKs and IKr.44 Actually, studies revealed that 10%�15% of patients

with DI-TdP hosted rare ion channel mutations.45 A recent smaller study

found potential LQTS susceptibility mutations in 40% of cases of seemingly

isolated, drug-induced LQTS.46 It has been shown that in clarithromycin

treated rat heart, hypokalemia can come out as a potent risk factor for QTc

prolongation.147 Lately it was also found out in rat heart with depleted repo-

larisation reserve provoked by hypokalemia and arrhythmogen administra-

tion, ranitidine, which is known to be safe, can precipitate QTc

prolongation.148

The other channelopathies

Catecholaminergic polymorphic ventricular tachycardia

Clinical description and manifestations

CPVT may be a heritable arrhythmia syndrome that classically manifests

with exercise-induced syncope or overtime, is predominantly expressed in

young persons, and closely mimics the phenotypic byline of LQT1 but

appears to be far more lethal.47 Similar LQT1, a potentially lethal trigger

that precipitates arrhythmia in CPVT, is swimming. In fact, LQT1 and

CPVT are shown to underlie several cases of unexplained drowning or near-

drowning in young, healthy swimmers. However, CPVT is related to a

totally normal resting ECG (perhaps bradycardia and mild U waves) and is

suspected on ECG after exercise or catecholamine stress testing that demon-

strates significant ventricular ectopy, occasionally with CPVT’s pathogno-

monic arrhythmia of bidirectional VT.48

Brugada syndrome

Clinical description and manifestations

BrS is a heritable arrhythmia syndrome which is characterized by an ECG

pattern consisting of coved-type ST-segment elevation ($2 mm) followed by

a negative T wave within the right precordial leads V1 through V3 (often

mentioned as type 1 Brugada ECG pattern) and an increased risk for SCD

resulting from episodes of polymorphic ventricular tachyarrhythmias.49

Genetic basis

BrS is inherited as an autosomal dominant trait, although quite half of BrS

cases could also be sporadic. Approximately 20%�30% of BrS cases result

from loss-of-function mutations within the SCN5A-encoded cardiac sodium

channel and are classified as BrS1. In 2009 an international compendium of

SCN5A mutations in patients referred for BrS genetic testing reported almost

300 distinct mutations in 438 of 2111 (21%) unrelated patients, and therefore

the mutation detection yield ranged from 11% to 28% across nine centers.50
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Phenotypic correlates of SCN5A-mediated Brugada syndrome (BrS1)

Because the bulk of BrS cases is elusive genetically, genotype�phenotype

correlations in BrS haven’t been analyzed to an equivalent degree as in

LQTS. SCN5A mutations are related to a better incidence of conduction

abnormalities in BrS patients, and therefore the presence of an extended PQ

interval could also be indicative of SCN5A-mediated BrS1, whereas the

presence of a brief QT interval (QTc, 350 ms) may be indicative of LTCC-

mediated BrS pathology.51

Sick sinus syndrome

Clinical description and manifestations

SND or sick sinus syndrome (SSS), manifesting as inappropriate sinus brady-

cardia, sinus arrest, atrial standstill, tachycardia-bradycardia syndrome, or

chronotropic incompetence, is the leading reason for pacemaker implantation

and has been attributed to dysfunction of the sinoatrial (SA) node. SSS usu-

ally occurs in the elderly population (1 in 600 cardiac patients over age 65)

with acquired cardiac conditions, including cardiomyopathy, congestive heart

failure, ischemic heart condition, and metabolic disease. However, a signifi-

cant number of patients show no identifiable cardiac anomalies or cardiac

conditions underlying SND (“idiopathic” SND), which can occur at any age,

including in utero. In addition, familial sorts of idiopathic SND according to

autosomal dominant inheritance with reduced penetrance and recessive forms

with complete penetrance have been reported.52

Genetic basis

Mutational analysis of small cohorts and case reports of patients with idio-

pathic SSS have so far implicated four genes: SCN5A, HCN4, ANK2, and

MYH6. To date, 15 SSS-associated mutations are reported in SCN5A.53 The

mutations either produced nonfunctional sodium channels through loss of

expression or channels with mild to severe loss of function through an

altered biophysical mechanism of the channel.54

Principles of electrophysiology

Descriptive physiology

Pacemaker cells, which are situated within the SA node, at the junction of

the proper atrium and therefore the superior vena cava, generate the normal

cardiac impulse. Slowly, it is conducted through the nodal tissues, to the

anatomically complex atria, after which the impulse is conducted more rap-

idly to the cardiac muscle, shown in the P wave of the ECG. There’s a delay

in conduction through the AVN. The PR interval of the ECG is nothing but

the time needed for the atrial activation and the AVN delay. The electrical
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impulse emerges from the AVN and is transmitted to the His-Purkinje sys-

tem, then the left and right bundle branches, then to the Purkinje network.

Normally, the ventricles are activated rapidly and this shows in the QRS

complex. The time of activation and duration of various regional action

potentials govern recovery of electrical excitability which occurs more

slowly. The relatively short life of epicardial action potentials in the ventricle

leads to repolarization that happens first on the epicardial surface then pro-

ceeds to the endocardium, which produces a T wave. Ventricular activation

and recovery duration is showcased by the atrial premature depolarization

(APD) and is represented on the ECG by the QT interval.55

The regional variability in action potentials is probably a result of quanti-

tative and qualitative differences between ion channel proteins expressed by

different cell types within the heart. Unique sets of ionic currents are also

active in pacemaker and cardiac muscle cells, and therefore the relative con-

tributions of those currents may vary substantially (Fig. 13.2).

Ion channels are transmembrane glycoproteins with multiple subunits

which open and shut responding to various biologic stimuli, including a

change in membrane voltage, ligand binding, and mechanical deformation.

Ion pumps are the motive forces behind the ionic gradients across the cell

membrane that maintain the current flow through ion channels. Electrogenic

FIGURE 13.2 (A) Cellular atrial and ventricular action potentials. Phases 0�4 are the rapid

upstroke, early repolarization, plateau, late repolarization, and diastole, respectively. The ionic

currents and their respective genes are shown above and below the action potentials. The cur-

rents that underlie the action potentials vary in atrial and ventricular myocytes. (B) A ventricular

nerve impulse with a schematic of the ionic currents flowing during the phases of the nerve

impulse. Potassium current (IK1) is the principal current during phase 4 and determines the rest-

ing membrane potential of the myocyte. Sodium current generates the upstroke of the nerve

impulse (phase 0); activation of Ito with inactivation of the Na current inscribes early repolariza-

tion (phase 1). The plateau (phase 2) is generated by a balance of repolarizing potassium currents

and depolarizing calcium current. Inactivation of the calcium current with persistent activation

of potassium currents (predominantly IKr and IKs) causes phase 3 repolarization.
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transporters or exchangers are those that don’t move ions in an electrically

neutral manner and contribute directly to the nerve impulse profile.56

Voltage-gated ion channels are the most abundant ion channels present

within the heart. There are many structural themes that are common to all

voltage-dependent ion channels. To begin with, the architecture is modular,

consisting either of four homologous subunits (e.g., K channels) or of four

internally homologous domains (e.g., Na and Ca channels). Second, the pro-

teins fold around a central pore lined by amino acids which showcase exqui-

site conservation within a given channel family of similar type. Third, the

general strategy for activation gating (opening and closing in response to

changes in membrane voltage) is very conserved: the fourth transmembrane

segment lies within the membrane field and moves in response to depolariza-

tion, as a result opening the channel. Fourth, most of the ion channel com-

plexes consist of the pore-forming proteins (α subunits) as well as auxiliary

subunits (e.g., β subunits) that modify channel function.57

Mechanisms of cardiac arrhythmias

Abnormalities of electrical impulse generation and/or conduction are the main

reasons behind cardiac arrhythmia generation. Bradyarrhythmias generally

arise from disturbances in impulse formation at the extent of the pacemaker or

from disturbances in impulse propagation at any level. Tachycardias can be

classified according to their various mechanisms, including enhanced automa-

ticity, triggered arrhythmias, or reentry (Table 13.3).

Alterations in impulse initiation: automaticity

Spontaneous (fourth phase) diastolic depolarization underlies the property of

automaticity characteristic of pacemaker cells within the SA and AV nodes,

His-Purkinje system, sinus coronarius, and pulmonary veins. Phase 4 depo-

larization generally results from the coordinated action of a number of ionic

currents, including K1 currents, Ca21 currents, electrogenic Na-K ATPase,

the Na-Ca exchanger, and the so-called funny, or pacemaker, current (If);

however, the relative importance of those currents remain under scrutiny.58

Triggered automaticity and afterdepolarizations

Impulse initiation that is hooked into afterdepolarizations is known as trig-

gered automaticity or activity. Membrane voltage oscillations that occur dur-

ing (early afterdepolarizations) or after (delayed afterdepolarizations, DADs)

a nerve impulse are known as afterdepolarizations. The cellular feature com-

mon to the induction of DADs is the presence of an increased Ca21 load

within the cytosol and sarcoplasmic reticulum.59

Digitalis glycoside toxicity, catecholamines, and ischemia all can enhance

calcium ion loading enough to supply DADs. Accumulation of lysophospholipids
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in ischemic myocardium with subsequent Na1 and Ca21 overload might be a

mechanism for DADs and triggered automaticity. Cells that go through a MI

may display spontaneous release of calcium from the sarcoplasmic reticulum,

and this might generate “waves” of intracellular calcium increase and arrhyth-

mias (Fig. 13.3).60

TABLE 13.3 Mechanism of arrhythmia.

Electrophysiologic

property

Mechanism Molecular

components

Prototypic

arrhythmias

Cellular

Impulse initiation

Automaticity Suppression/
acceleration of
phase 4

If, ICa-L, ICa-T, IK0,
IK1

Sinus bradycardia,
sinus tachycardia

Triggered
automaticity

DADs Calcium
overload, IT

Digitalis toxicity,
reperfusion VT

EADs ICa-L, IK0, INa Torsades de pointes,
congenital and
acquired

Excitation

Suppression of
phase 0

INa Ischemic VF

AP shortening,
inexcitability

IK-ATP

Repolarization

Suppression ICa-L AV block

AP
prolongation,
EADs, DADs

INa0, ICa-L, IK0,
IK10, Ca

21

homeostasis

Polymorphic VT
(HF, LVH)

AP shortening ICa-L, K
channels, Ca21

homeostasis

Atrial fibrillation

Multicellular

Cellular coupling Decreased
coupling

Connexins
(Cx43), INa, IK-
ATP

Ischemic VT/VF

Tissue structure Excitable gap
and functional
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Abnormal impulse conduction: reentry

The most common arrhythmia mechanism is known as reentry, which

results from abnormal electrical impulse conduction and works by creating

a circulation of an activation wave around an inexcitable obstacle. The

reason for reentry is a couple of electrophysiologically dissimilar pathways

for impulse propagation around an inexcitable region.61 Reentry can occur

around a fixed anatomical structure (e.g., myocardial lesion), with a

stable pattern of cardiac depolarization occupation series over the antero-

grade and retrograde limbs of the circuit. This type of reentry, known as

anatomic reentry or excitable gap reentry, is initiated when a depolarizing

wavefront confronts a neighborhood of unidirectional conduction block

within the retrograde limb of the circuit. Conduction across the antero-

grade limb occurs with a delay that, if of sufficient duration, allows for

recovery of conduction within the retrograde limb with reentry of the

depolarization wave into the retrograde limb of the circuit. Sustained reen-

try requires that the functional dimension of depolarized tissue or the

tachycardia wavelength (λ5 conduction velocity3 refractory period) fits

within the entire anatomic length of the circuit, mentioned because of the

path length. When the trail length of the circuit exceeds the λ of the tachy-

cardia, the region between the top of the activation wave and the refrac-

tory tail is called the excitable gap. Anatomically determined,

excitable gap reentry can explain several clinically important tachycardias,

like AV reentry, atrial flutter, bundle branch reentry VT, and VT in

scarred myocardium (Fig. 13.4).62

FIGURE 13.3 Schematic action potentials with EADs and DADs: afterdepolarizations are

spontaneous depolarizations in cardiac myocytes. EADs occur before the top of the nerve

impulse (phases 2 and 3), interrupting repolarization. DADs occur during phase 4 of the nerve

impulse after completion of repolarization. The cellular mechanisms of EADs and DADs differ

(see text).
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Types of cardiac arrhythmias

Bradycardia

Sinoatrial node dysfunction

SND and AV conduction blocks are the foremost common causes of patho-

logical bradycardia. SND may result from either extrinsic factors (e.g., drugs,

hypothyroidism, sleep apnea) or intrinsic causes [e.g., SSS, arteria coronaria

disease (CAD), inflammation].63

Atrioventricular conduction block

AV conduction block is defined as an impediment or intervention within the

transmission of an impulse, either transient or permanent, from the atria to the

ventricles thanks to an anatomic or functional impairment within the conduc-

tion system. The conductions are often delayed, intermittent, or absent.

Conduction block from the atrium to the ventricle can occur for various rea-

sons, including hypothyroidism, drugs, infections, inflammation, heritable/con-

genital diseases, and CAD.64 The AV conduction blocks are often classified

based on the severity of block into first-, second-, and third-degree block.

1. First-degree AV block: PR interval .0.21 s with all atrial impulses con-

ducted. In other words, first-degree block is slowed conduction without

missed beats.

FIGURE 13.4 Diagram of reentry: (A) The circuit contains two limbs, one with slow conduc-

tion. (B) A premature impulse blocks within the fast pathway and conducts over the slow path-

way, allowing the fast pathway to recover so that the activation wave can reenter the fast

pathway from the retrograde direction. (C) During sustained reentry utilizing such a circuit, a

niche (excitable gap) exists between the activating head of the wave and therefore the recovering

tail. (D) One mechanism of termination of reentry occurs when the conduction and recovery

characteristics of the circuit change and therefore the activating head of the wave collides with

the tail, extinguishing the tachycardia.
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2. Second-degree AV block: missed beats, often during a regular pattern,

for instance, 2:1, 3:2, or higher degrees of block.

3. Third-degree AV block: complete Adams�Stokes syndrome, during

which no supraventricular impulses are conducted to the ventricles.

Supraventricular tachyarrhythmia

Atrial premature complexes

Atrial premature complexes (APCs), also referred to as atrial premature

beats, APDs, premature atrial beats, or premature atrial complexes, result

from premature activation of the atria arising from a site other than the sinus

node. They are observed on the surface ECG as a P wave that happens rela-

tively early within the cycle (i.e., prematurely before subsequent sinus P

wave should occur) and features a different morphology from the sinus P

wave. APCs are the foremost common arrhythmia identified during extended

ECG monitoring. APCs typically are asymptomatic although some patients

experience palpitations or an irregularity of the pulse.65

Junctional premature complexes

Junctional premature complexes (JPCs), also referred to as junctional prema-

ture beats or junctional premature depolarizations, arise within the AV junc-

tion (e.g., AV node and His bundle). JPCs are very uncommon. They will

cause no symptoms or cause symptoms, like palpitations.66

Sinus tachycardia

Sinus tachycardia is defined as a rise in sinus rate to .100 beats/min. Sinus

tachycardia is assessed into physiological sinus tachycardia and inappropriate

sinus tachycardia (IST). Physiological sinus tachycardia occurs in keeping

with the extent of physical, emotional, pathological, or pharmacological

stress. These include exercise, fever, and hyperthyroidism. IST, also called

chronic nonparoxysmal sinus tachycardia, is an unusual condition that hap-

pens in individuals without apparent heart condition or other causes for sinus

tachycardia, like hyperthyroidism or fever. Affected patients have an ele-

vated resting pulse and/or an exaggerated pulse response to exercise; many

patients have both.67

The underlying pathological basis for IST is probably going to be multi-

factorial, but two main mechanisms are proposed: (1) enhanced automaticity

of the sinus node and (2) abnormal autonomic regulation of the sinus node

with excess sympathetic and reduced parasympathetic tone. Sinus tachycar-

dia is usually asymptomatic, although the patient may complain of a rapid

heartbeat.68
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Atrial fibrillation

AF is the commonest chronic arrhythmia, which is characterized by disorga-

nized, rapid, and irregular atrial activation. The ventricular response to the

rapid atrial activation is additionally irregular, and therefore the ventricular

rate in untreated patients also tends to be rapid. Many patients with AF are

asymptomatic. In some patients, it causes adverse consequences associated

with a discount in flow (e.g., palpitation, exercise intolerance, and hypoten-

sion) and to atrial and atrial appendage thrombus formation (e.g., ischemic

stroke and peripheral embolization).69

Atrial flutter

Macro-reentrant atrial tachycardias involving the atrial myocardium are col-

lectively mentioned as atrial flutter (AFL). AFL and macro-reentrant atrial

tachycardia are frequently used interchangeably, with both denoting a nonfo-

cal source of an atrial arrhythmia. There are two sorts of AFL: typical and

atypical. Typical (also referred to as counterclockwise) right AFL represents

approximately 80% of all AFL. Typical right AFL has an atrial rate of

260�300 beats/min with a ventricular response that tends to be 2:1 or typi-

cally 130�150 beats/min. Typical AFL is caused by a macro-reentrant right

atrial circuit around the tricuspid annulus, and intrinsically, it is also referred

to as cavotricuspid isthmus dependent flutter.70 AFL is a smaller amount

common than AF. AFL occurs most frequently in patients with chronic

obstructive pulmonary disease (COPD) but could also be seen in those with

rheumatic or CAD, congestive coronary failure, atrial septal defect, or surgi-

cally repaired congenital heart condition. AFL is usually related to palpita-

tion (acute) and fatigue (chronic). Almost like AF, AFL also predisposes the

individual to thromboembolism.71

Atrial tachycardias

Multifocal atrial tachycardia

Multifocal atrial tachycardia (MAT), also called chaotic atrial tachycardia, is

characterized by a minimum of three distinct P wave morphologies and

sometimes a minimum of three different PR intervals, and therefore the asso-

ciated atrial and ventricular rates are typically between 100 and 150 beats/

min. MAT is the signature tachycardia of patients with severe pulmonary

diseases, like COPD. It also can occur within the presence of coronary, val-

vular, hypertensive, and other sorts of heart diseases, particularly when asso-

ciated with coronary failure and/or underlying lung disease. In most cases,

the clinical manifestations of MAT differ from those of other tachyarrhyth-

mias therein symptoms predominantly relate to the underlying precipitating

illness instead of the arrhythmia. Patients rarely present with symptoms, such

as palpitations.72
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Focal atrial tachycardias

Focal atrial tachycardias (FATs) are caused by regular atrial activation from

atrial areas with centrifugal spread. FATs are usually manifest by atrial rates

between 150 and 250 beats/min, with a P wave contour different from that

of the sinus P wave. Neither the sinus nor the AV node plays a task within

the initiation or perpetuation of the tachycardia. FATs do not occur randomly

throughout the atria, but rather cluster at predefined anatomic locations.

Most patients with FAT report palpitations associated with their episodes of

tachycardia. Rarely, patients may present with syncope or exacerbation of an

underlying cardiac condition (e.g., angina).73

Atrioventricular nodal tachycardias

Atrioventricular nodal reentrant tachycardia

AVNRT is the commonest sort of paroxysmal supraventricular tachycardias

(PSVTs) and is more prevalent in females. AVNRT is related to palpitations,

dizziness, and neck pulsations. It is not usually related to structural heart

condition. Rates of tachycardia are often between 140 and 250 beats/min.

Although the reentrant circuit was initially thought to be confined to the

compact AV node, a more contemporary view recognizes the standard partic-

ipation of perinodal atrial tissue as the most common component of the reen-

trant circuit.74

Atrioventricular junctional tachycardias

Junctional tachycardias are further classified into different forms, including

focal junctional tachycardia and nonparoxysmal junctional tachycardia. Focal

junctional tachycardia, also known as automatic or paroxysmal junctional

tachycardia, may be a very uncommon arrhythmia. It always presents in

young adulthood. Nonparoxysmal junctional tachycardia may be a benign

arrhythmia that is characterized by a narrow complex tachycardia with rates

of 70�120 beats/min.75 The arrhythmogenic mechanism is assumed to be

related to an enhanced automaticity arising from a high junctional focus or

in response to a triggered mechanism. It shows a typical “warm-up” and

“cool-down” pattern and cannot be terminated by pacing maneuvers. The

most important feature about this tachycardia is that it is going to be a

marker for a significant underlying condition, like digitalis toxicity, postcar-

diac surgery, hypokalemia, or myocardial ischemia.76

Tachycardias associated with accessory atrioventricular pathways

They are reentrant tachycardias with an anatomically defined circuit that

consists of two distinct pathways, the traditional AV conduction system and

an AV accessory pathway, linked by common proximal (the atria) and distal

(the ventricles) tissues. If sufficient differences in conduction time and
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refractoriness exist between the traditional conduction system and the acces-

sory pathway, a properly timed premature impulse of atrial, junctional, or

ventricular origin can initiate reentry.77

Two terms, distinguished by the presence or absence of arrhythmias, are

wont to describe individuals with accessory pathways: (1) the WPW pattern

is applied to the patient with preexcitation manifest on an ECG within the

absence of symptomatic arrhythmias, and (2) the WPW syndrome is applied

to the patient with both preexcitation manifest on an ECG and symptomatic

arrhythmias [e.g., AV reentrant (or reciprocating) tachycardia (AVRT) and

AF] involving the accessory pathway.78

The two major sorts of arrhythmias in persons with an AV accessory

pathway are orthodromic AVRT (including permanent junctional reciprocat-

ing tachycardia) and antidromic AVRT. Orthodromic AVRT comprises

90%�95% of the reentrant tachycardias related to the WPW syndrome. The

diagnosis of WPW syndrome is reserved for patients who have both preexci-

tation and tachyarrhythmias.79

Ventricular tachyarrhythmia

Premature ventricular complexes

Premature ventricular complexes (PVCs), also referred to as ventricular pre-

mature beats, ventricular premature complexes, premature ventricular beats,

or ventricular extrasystoles, are triggered from the ventricular myocardium

during a sort of situation. PVCs are common and occur during a broad spec-

trum of the population. This includes patients without structural heart condi-

tion and people with any sort of cardiac disease, independent of severity.

PVCs produce few or no symptoms within the overwhelming majority of

patients. Some patients may experience palpitations or dizziness.3

Ventricular tachycardia

VT is defined as an arrhythmia of three or more consecutive ventricular

beats in duration at a rate of .100 beats/min (cycle length, 600 ms). VT is

further classified into nonsustained VT and sustained VT. As described

below, TdP is additionally a sort of VT.

Nonsustained ventricular tachycardia

Nonsustained VT is defined as a VT terminating spontaneously in ,30 s. It

is often monomorphic (with one QRS morphology) or polymorphic (with a

changing QRS morphology at cycle length between 600 and 180 ms).

Nonsustained VT is usually asymptomatic, but some patients experience pal-

pitations, light-headedness, presyncope, or dyspnea.80
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Sustained ventricular tachycardia

Sustained VT is defined as a VT .30 s in duration and/or requiring termina-

tion thanks to hemodynamic compromise in ,30 s. It is often monomorphic

or polymorphic. Sustained VT is potentially life threatening thanks to hemo-

dynamic instability.81

Torsades de pointes

TdP may be a sort of polymorphic VT that happens within the setting of

acquired or congenital QT interval prolongation82 within the specific case of

TdP, these variations take the form of a progressive, sinusoidal, cyclic alter-

ation of the QRS axis. The peaks of the QRS complexes appear to “twist”

around the isoelectric line of the recording, hence the name torsades de

pointes or “twisting of the points.”83 Typical features of TdP include an ante-

cedent prolonged QT interval, particularly within the last sinus beat preced-

ing the onset of the arrhythmia; a ventricular rate of 160�250 beats/min;

irregular RR intervals; and a cycling of the QRS axis through 180 degrees

every 5�20 beats. TdP is typically short-lived and terminates spontaneously.

However, most patients experience multiple episodes of the arrhythmia, and

episodes can recur in rapid succession, potentially degenerating to fibrillation

(VF) and SCD.84

Ventricular flutter

Ventricular flutter may be a regular (cycle length variability 30 ms or less)

monomorphic VT that happens at a really rapid rate of 150�300 beats/min

(usually around 200beats/min). Often, no distinctive T waves are discernible.

There is no isoelectric interval between QRS complexes. P waves or evi-

dence of atrial activity is absent since the ventricular rate is rapid (VF Rapid,

usually .300 beats/min), and this grossly irregular ventricular rhythm is

present with marked variability in QRS cycle length, morphology, and

amplitude. Both ventricular flutter and VF represent severe derangements of

the heartbeat that usually terminate fatally within 3�5 min unless corrective

measures are undertaken promptly.85

Long-QT syndrome

The LQTS could also be a disorder of myocardial repolarization character-

ized by a protracted QT interval on the ECG.86 As noted earlier, this syn-

drome is said to be an increased risk of TdP, a characteristic life-threatening

cardiac arrhythmia. The LQTS could even be either congenital or acquired.

Congenital LQTS consists of defects in cardiac ion channels that are respon-

sible for cardiac depolarization.87 Defects that enhance sodium or calcium

inward currents or inhibit outward potassium currents during the plateau

phase of the impulse prolong impulse duration and hence the QT interval.

Acquired LQTS usually results from drug therapy, hypokalemia, or
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hypomagnesemia. The primary symptoms in patients with LQTS include pal-

pitations, syncope, seizures, and SCD.88

Antiarrhythmic drugs

Classification of antiarrhythmic drugs

Antiarrhythmic drugs act primarily by suppressing or preventing abnormal

formation or conduction of cardiac nerve impulse.89 Because sodium chan-

nels are involved within the spontaneous depolarization of phase 4 of nerve

impulse in nodal cells and within the phase 0 depolarization of nonpace-

maker cells, drugs that block sodium channels can reduce abnormal automa-

ticity and slow conduction of the cardiac impulse.90 The automaticity is

decided by the speed of phase 4 spontaneous depolarization in pacemaker

cells, whereas the conduction velocity of nerve impulse in nonpacemaker

cells is decided by the speed of phase 0 depolarization.91

Similarly, since calcium channels are involved within the phase 0 depo-

larization of pacemaker cells, calcium channel blockers (CCBs) inhibit the

conduction of nerve impulse through the nodal cells or tissues.92 Likewise,

drugs that block repolarizing potassium channels can prolong repolarization

and the nerve impulse duration (APD) and thereby increasing the biological

time of cardiac tissue and hindering reentry.93

Drugs that block β-adrenergic receptors attenuate the sympathetic stimu-

lation of cardiac automaticity and conduction velocity and thereby prevent

the overstimulation of sympathetic tone that contributes to some sorts of car-

diac arrhythmias.94

On the idea of the abovementioned mechanisms, E.M. Vaughan�Williams

has divided the antiarrhythmic drugs into four main classes, with class I consist-

ing of sodium channel blockers, class II consisting of β-blockers, class III con-
sisting of potassium-channel blockers and other drugs that prolong the APD,

and sophistication IV consisting of CCBs. The Vaughan�Williams classification

has proven useful in helping understand the clinical effects of the antiarrhythmic

agents. However, it represents an oversimplification of the electrophysiological

events that occur with each of the drug classes. In addition, a couple of drugs

(e.g., adenosine) do not fit into any of those categories, and a few drugs (e.g.,

amiodarone) might be included in additional than one category (Table 13.4).95

Class I antiarrhythmic drugs

General aspects of class I drugs

Sodium channel binding and dissociation properties

Class I drugs act by blocking the sodium channels, thereby inhibiting phase

0 depolarization in nonpacemaker cells and phase 4 spontaneous depolariza-

tion in pacemaker cells. These drugs are charged and may interact with
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specific aminoalkanoic acid residues within the internal pore of the sodium

channels to cause inhibition.

Class I drugs are further divided into three subgroups. This subclassifica-

tion is based on their different effects on sodium channels, which, in turn,

result from the various binding and dissociation properties.96

Use-dependent blockage

Antiarrhythmic drugs preferentially bind to sodium channels when the chan-

nels are at active (open) and/or inactive states, and consequently, dissociation

occurs when the channels are at rest. During faster heart rates, less time

exists for the drugs to dissociate from the channels thanks to less time for

the channels to be at rest, thereby leading to an increased number of blocked

channels and enhanced blockade. These pharmacological effects may cause a

progressive decrease in conduction velocity of action potential and a

widening of the QRS complex in ECG. This property is understood as

use-dependent blockage. This explains why antiarrhythmic drugs are simpler

on tissue that’s firing rapidly, that is, tachyarrhythmias (Table 13.5).97

TABLE 13.4 Classification of antiarrhythmic drugs.

Class Effect Repolarization

time

Example

IA Sodium channel inhibition
kk

Prolongs Quinidine,
disopyramide,
procainamide

IB Sodium channel inhibition
k

Shortens Lidocaine,
phenytoin,
mexiletine,
tocainide

IC Sodium Channel Inhibition
kkk

Unchanged Flecainide,
propafenone

II If, a pacemaker and
depolarizing current;
indirect Ca21 channel block

Unchanged β--blockers (excluding
sotalol, which has class
III effects as well)

III Repolarizing K1 currents Markedly
prolongs

Amiodarone,
sotalol,
ibutilide,
dofetilide

IV AV nodal Ca21 block Unchanged Verapamil,
diltiazem

IV
like

K1 channel opener,
hyperpolarization

Unchanged Adenosine
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Specific class IA drugs

� Disopyramide (Norpace)

� Procainamide (Pronestyl)

� Quinidine

Molecular mechanisms and pharmacological effects

� Quinidine

Quinidine depresses the rapid inward depolarizing sodium current,

thereby slowing phase 0 depolarization and reducing the amplitude of the

nerve impulse without affecting the electric potential. In pacemaker cells

and Purkinje fibers, it reduces the slope of phase 4 depolarization and shifts

the edge voltage upward toward zero. The result is slowed conduction and

reduced automaticity altogether parts of the heart, with an increase of the

Effective Refractory Period (ERP) relative to the duration of the nerve

impulse within the atria, ventricles, and Purkinje tissues. Quinidine also

directly prolongs the biological time by blocking potassium channels.98

Quinidine increases the fibrillation thresholds of the atria and ventri-

cles, and it raises the ventricular defibrillation threshold also. By slowing

conduction and prolonging the ERP, quinidine can interrupt or prevent

reentrant arrhythmias and arrhythmias thanks to increased automaticity,

including atrial flutter (AFL), fibrillation (AF), and PSVT. In patients

with the SSS, quinidine can cause marked sinus node depression and bra-

dycardia. In most patients, however, the use of quinidine is related to a

rise within the sinus rate.99

Quinidine prolongs the QT interval during a dose-related fashion.

This might cause increased ventricular automaticity and polymorphic VT,

including TdP. In addition, quinidine has anticholinergic activity and neg-

ative inotropic activity, and it acts peripherally as an α-adrenergic antag-

onist, causing vasodilation.100

TABLE 13.5 Sodium channel binding and dissociation properties for

subclasses of class I drugs.

Subclass Sodium

channel

blockage

Binding and

dissociation from

sodium channels

Affinity for sodium

channels at open or

inactivated state

IA Moderate Intermediate High affinity for open state

IB Weak Rapid High affinity for both open
and inactive state

IC Strong Slow High affinity for open state
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Recently, the utilization of quinidine in treating cardiac arrhythmias has

received renewed attention. Quinidine could also be particularly effective

for the management of ventricular arrhythmias in BrS, a genetic disease

caused by abnormalities in sodium channels.101 However, quinidine is

inaccessible in many countries thanks to its limited use in CV medicine

and, consequently, a scarcity of incentives for drug manufacturing.102

� Disopyramide and procainamide

Disopyramide and procainamide are almost like quinidine with reference

to electrophysiological effects. The anticholinergic activity of disopyramide

is stronger than that of quinidine. Among the IA drugs, procainamide has the

weakest anticholinergic activity.103

Specific class IB drugs

� Lidocaine (Xylocaine)

� Mexiletine (Mexitil)

Molecular mechanisms and pharmacological effects

Lidocaine and mexiletine inhibit the inward sodium current, thus reducing

the speed of rise of the action potential (phase 0). They decrease the ERP in

Purkinje fibers. The decrease in ERP is of lesser magnitude than the decrease

in APD, with a resulting increase within the ERP/APD ratio. This increased

ratio appears to be liable for the inhibition of reentry and thereby raise the

fibrillation threshold.104

Because lidocaine and mexiletine have greater affinity for both open and

inactivated states of sodium channels, they are particularly effective in

blocking rapidly firing tissues, like ischemic tissue, where there’s a higher

likelihood of sodium channels being within the open or inactivated state.

This explains their efficacy in suppressing ventricular arrhythmias resulting

from myocardial ischemia (e.g., myocardial infarction) (Fig. 13.5).105

Specific class IC drugs

� Flecainide (Tambocor)

� Propafenone (Rythmol)

Molecular mechanisms and pharmacological effects

Among class I antiarrhythmic drugs, class IC drugs are the foremost potent

sodium channel blockers. Both flecainide and propafenone dramatically

reduce the speed of phase 0 of action potential, thereby slowing conduction

velocity and inhibiting reentry altogether parts of the guts with the best effect

on the His-Purkinje system. Blockage of sodium channels also slows down
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phase 4 depolarization in pacemaker cells, leading to decreased spontaneous

automaticity.106

Class IC drugs depress triggered activity likely thanks to inhibition of

inward sodium ion current mediated by partially recovered sodium ion chan-

nels during depolarization phase (phase 3). Class IB drugs, especially propafe-

none, exert cardiac depressing effects likely thanks to β-blocking activity.106

Class II antiarrhythmic drugs

General aspects

Class II antiarrhythmic drugs are β-blockers. These drugs block the proar-

rhythmic effects of β1-adrenergic receptor activation resulting from

FIGURE 13.5 Types and actions of antiarrhythmic drugs: Class I agents decrease phase zero

of the rapid depolarization of the nerve impulse (rapid sodium channel). Class II agents, b-

blocking drugs, have complex actions including inhibition of spontaneous depolarization (phase

4) and indirect closure of calcium channels, which are less likely to be within the “open” state

when not phosphorylated by cyclic AMP. Class III agents block the outward potassium channels

to prolong the nerve impulse duration and hence refractoriness. Class IV agents, verapamil and

diltiazem, and therefore the indirect calcium antagonist, adenosine, all inhibit the inward calcium

channel, which is most prominent in nodal tissue, particularly the cardiac muscle. Most antiar-

rhythmic drugs have quite one action. Within the lower panel are shown the main currents on

which antiarrhythmics act, consistent with the Sicilian gambit. Ca-L, long-lasting calcium; I, cur-

rent; If, inward funny current; Kr, rapid component of repolarizing potassium current; Ks, slow

component; Na, sodium; to, transient outward.
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sympathetic stimulation. Sympathetic activation of β1-adrenergic receptors

in SA nodal cells accelerates phase 4 depolarization, thereby increasing auto-

maticity. Activation of β1-adrenergic receptors in AV nodal cells augments

phase 0 Ca21 currents, leading to increased conduction velocity and elevated

risk of reentry. Activation of β1-adrenergic receptors in AV nodal cells also

increases phase 3K1 currents, resulting in shortened biological time.106

These β1-adrenergic receptor�mediated effects collectively contribute to

the event of cardiac arrhythmias associated with sympathetic

hyperactivation.

By blocking the aforementioned β1-adrenergic receptor�mediated

actions, class II antiarrhythmic drugs reduce heart rate, slow AV conduction

velocity, and prolong AV refractory period. Slowing AV nodal conduction

velocity and prolongation of AV nodal biological time end in decreased

reentry.107

AV nodal reentry may be a fundamental mechanism of supraventricular

tachyarrhythmias.

β-Blockers commonly used for treating arrhythmias

Although many β-blockers are approved to be used in the United States, met-

oprolol, carvedilol, atenolol, propranolol, and esmolol are most generally

wont to treat cardiac arrhythmias. It is generally considered that β-blockers
possess class effects which if titrated to the right dose, all can be used effec-

tively to treat cardiac arrhythmias also as other CV diseases. However, dif-

ferences in pharmacokinetic or pharmacodynamic properties influence the

choice of the actual β-blockers.

Class III antiarrhythmic drugs

Listed below are the US Food and Drug Administration (FDA)-approved

class III antiarrhythmic drugs. Among them, dronedarone is the newest mem-

ber of this drug class.108

Sotalol may be a β-blocker that also blocks potassium channels to pro-

long ERP, and intrinsically, it’s usually classified as a class III drug.109 It is

sometimes also classified as a category II drug, some other examples are:

� Amiodarone (Cordarone)

� Dronedarone (Multaq)

� Dofetilide (Tikosyn)

� Ibutilide (Corvert)

� Sotalol (Betapace)

General aspects

Class III drugs block the repolarizing potassium channels, thereby prolonging

repolarization and ERP. Prolongation of ERP reduces reentry. On the
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opposite hand, blockage of ventricular potassium currents leads to prolonga-

tion of the QT interval on ECG. Prolongation of QT interval may predispose

to TdP, a polymorphic VT.110

In addition to the blockage of potassium channels, amiodarone and drone-

darone also inhibit sodium channels in depolarized tissues, a characteristic

effect of sophistication IB drugs.111

Amiodarone and dronedarone also block calcium channels as well as

β-adrenergic receptors.112

Specific class III drugs

Amiodarone and dronedarone

Molecular mechanisms and pharmacological effects Amiodarone is usu-

ally considered a category III antiarrhythmic drug, but it possesses

electrophysiological characteristics of all four classes of antiarrhythmics,

including blockage of sodium channels, β-adrenergic receptors (as well as

α-adrenergic receptors), potassium channels, and calcium channels.113

Like class I drugs, amiodarone blocks sodium channels at rapid pacing

frequencies, and like class II drugs, it exerts a noncompetitive antisympa-

thetic action (blockage of both β- and α-adrenergic receptors). One of its

main effects is to lengthen the cardiac nerve impulse, a category III effect.

This results in prolongation of ERP. The negative chronotropic effect of

amiodarone in nodal tissues is analogous to the effect of class IV drugs. The

antisympathetic action and therefore the block of calcium and potassium

channels are liable for the negative dromotropic effects on the sinus node

and the slowing of conduction and prolongation of ERP within the AV node.

Its vasodilatory action can decrease cardiac workload and consequently myo-

cardial oxygen consumption.114

As an amiodarone derivative, dronedarone is believed to possess similar

mechanisms of actions of amiodarone, that is, dronedarone has antiarrhyth-

mic properties belonging to all four Vaughan�Williams classes. However,

the contribution of each of those activities to the clinical effect is not clear.

Ibutilide and dofetilide

Molecular mechanisms and pharmacological effects Ibutilide and dofeti-

lide, like other class III drugs, are traditionally thought to dam outward

potassium currents, thereby leading to prolongation of nerve impulse and

ERP. While dofetilide at clinically relevant concentrations is known to dam

the cardiac ion channel carrying the rapid component of the delayed rectifier

potassium current and have no effects on sodium channels, ibutilide may pri-

marily affect sodium channels. During this regard, voltage-clamp studies

indicate that ibutilide, at nanomolar concentrations, delays repolarization

mainly by activation of a slow, inward current (predominantly sodium),
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instead of by blocking outward potassium currents. This also results in pro-

longation of atrial and ventricular APD and refractoriness.115

Ibutilide produces mild slowing of the sinus rate and AV conduction. In

contrast, dofetilide does not influence cardiac conduction velocity and sinus

node function. Like other class III drugs, ibutilide and dofetilide cause pro-

longation of the QT interval, which can be related to TdP.116

Sotalol

Molecular mechanisms and pharmacological effects Sotalol blocks both

β-androgenic receptors and repolarizing potassium channels and thus has

both class II and III antiarrhythmic properties. The category II (β-blockade)
electrophysiological effects of sotalol are manifested by increased sinus

cycle length (slowed heart rate), decreased AV nodal conduction, and

increased AV nodal refractoriness. The category III electrophysiological

effects include prolongation of the atrial and ventricular monophasic action

potentials and ERP prolongation of atrial muscle, ventricular muscle, and

AV accessory pathways (where present) in both the anterograde and retro-

grade directions.117

Class IV antiarrhythmic drugs

� Diltiazem (Cardizem)

� Verapamil (Calan, Isoptin)

General aspects

Class IV drugs are nondihydropyridine CCBs and include diltiazem and

verapamil. By blocking L-type calcium channels, class IV drugs can slow

the sinus rate, increase the refractoriness of and prolong conduction through

the AV node, and depress left ventricular contractility. Verapamil features a

more pronounced effect on SA and AV nodes than diltiazem.95

Molecular mechanisms and pharmacological effects

Diltiazem and verapamil inhibit the influx of calcium ions during membrane

depolarization of cardiac and vascular smooth muscle. The therapeutic effi-

cacy of the drugs in supraventricular tachycardias is said to their ability to

slow AV nodal conduction time and prolong AV nodal refractoriness.118

Diltiazem and verapamil exhibit frequency (use)-dependent effects on

AV nodal conduction such that they may selectively reduce the guts rate dur-

ing tachycardias involving the AV node with little or no effect on normal

AV nodal conduction at normal heart rates. These drugs slow the ventricular

rate in patients with a rapid ventricular response during AF or AFL. They

convert PSVT to normal sinus rhythm by interrupting the reentry circuit in

AV nodal reentrant tachycardias.119
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Like other CCBs, due to their effect on vascular smooth muscle, diltia-

zem and verapamil reduce peripheral resistance, thereby decreasing vital

sign. These drugs relax arteria coronaria and stop arteria coronaria spasm

and reduce myocardial oxygen demand. As such, they are used to treat

angina.120

Other antiarrhythmic drugs

� Adenosine (Adenocard)

� Digoxin (Digox)

� Magnesium

� Vernakalant (Brinavess)

Adenosine

Molecular mechanisms and pharmacological effects

The antiarrhythmic effects of adenosine are mediated by specific G pro-

tein�coupled receptor signaling. Adenosine activates acetylcholine (Ach)-

sensitive potassium channels within the atrium and SA and AV nodes, lead-

ing to membrane hyperpolarization and therefore the subsequent inhibition

of voltage-dependent calcium channels. Adenosine slows AV conduction

time and inhibits reentry pathways through the AV node. The drug can

restore normal sinus rhythm in patients with PSVT, including PSVT associ-

ated with WPW syndrome.121

Magnesium

Magnesium ion is the fourth most abundant cation within the human body. It

is involved in multiple essential physiological, biochemical, and cellular pro-

cesses regulating CV function. Magnesium plays a critical role in modulating

vascular smooth muscular tone, endothelial cell function, and myocardial

excitability, and intrinsically, dysregulation of magnesium may play a crucial

part within the pathogenesis of CV disorders including hypertension, athero-

sclerosis, coronary artery disease, congestive coronary failure, and cardiac

arrhythmias.122 Probably the foremost widely accepted and practiced use of

magnesium in CV medicine is for the prevention and/or treatment of cardiac

arrhythmias. Multiple randomized clinical trials and/or metaanalyses of the

randomized trials suggest a role for magnesium supplementation within the

management of postoperative arrhythmias, AF, and ventricular arrhythmias

(including TdP).123 However, the precise efficacy of magnesium within the

prevention and treatment of cardiac arrhythmias remain to be established in

large-scale, randomized controlled trials. Likewise, basic research is war-

ranted to further elucidate the underlying molecular mechanisms of

magnesium-mediated antiarrhythmic activity.
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Vernakalant

Vernakalant may be a novel and comparatively atrium-selective drug, which

inhibits atrium-selective potassium ion currents with only a little inhibitory

effect on the rapidly activating delayed rectifier potassium ion current within the

ventricle. This results in prolongation of atrial refractoriness and slowing of

atrial impulse conduction. The drug has been recently approved in Europe as an

iv therapy for rapid conversion of recent-onset AF to sinus rhythm in adults.124

Vernakalant is currently not a US FDA�approved drug for clinical use.124�127

New developments in antiarrhythmic therapy

1. The persistent imperfections of current antiarrhythmic drugs and rapidly

expanding technologies have led to a continued explosion in the use of

devices and ablative techniques for both supraventricular and ventricular

arrhythmias.128�130

2. AF has become a very active focus of research, with the popularity that

with our aging population it’s now a serious hazard, yet with persisting

problems in management like the continuing controversy regarding rate

versus rhythm control with an ever-increasing trend toward intervention

by ablation.131�133

3. There has been increasing interest in the use of so-called upstream ther-

apy in arrhythmia management, particularly AF. Upstream therapy

involves the targeting of processes resulting in the development of the

arrhythmia substrate, with the hope of preventing initial arrhythmia

occurrence (primary prevention) or reducing the likelihood of arrhythmia

recurrence after initial presentation (secondary prevention).134,135

4. Stroke is recognized because the principal clinically significant complica-

tion of AF and therefore the introduction of latest antithrombotic agents,

so that stroke prevention has become one among the first considerations

within the science of AF management.136�139

5. Important gender differences in cardiac electrophysiology exist.

Compared with men, women have higher resting heart rates and longer

QT intervals with greater risk of drug-induced TdP. Women with AF are

at a higher risk of stroke, and they are less likely to receive anticoagula-

tion and ablation procedures. Women have a far better response to car-

diac resynchronization therapy in terms of reduced numbers of

hospitalizations and more robust reverse ventricular remodeling. Further

studies are required to elucidate the underlying pathophysiologic charac-

teristics of these sex differences in cardiac arrhythmias.140�146

Conclusion

Treatment is not required simply because an arrhythmia has been detected.

In an otherwise normal heart, asymptomatic arrhythmias and those that do

320 How Synthetic Drugs Work



not compromise hemodynamics, such as most atrial extrasystoles (AES) and

occasional ventricular extrasystoles (VES), first-degree A-V block, bundle

branch block, and so on, do not require antiarrhythmic medication; reassur-

ance is sufficient. Propranolol is the best solution if a patient is particularly

bothered by AES. Except in a few chosen patients, chronic preventive ther-

apy with class I and class IV antiarrhythmics does not appear to provide a

survival benefit. Vigorous therapy, on the other side, is recommended in

case life-threatening arrhythmias include sustained VT, TdP, and VF,

Hypotension, dyspnea, activity limitation, or heart failure, palpitation notice-

able in PSVT, persistent VT, AF, and TdP, when a minor arrhythmia can

develop to a more serious one, such as after a heart attack (warning arrhyth-

mias). Antiarrhythmics are usually only needed for a short time in the condi-

tions described above. The majority of antiarrhythmic medications have a

tight safety margin. The goal is to improve CV function by restoring sinus

rhythm, regulating ventricular rate, or changing the electrical and mechanical

activity pattern to a more desired pattern.

Despite substantial research, antiarrhythmic drug selection is still mostly

empirical.
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Pathophysiology associated with angina pectoris

Angina pectoris is a clinical condition of ischemic heart disease outcome of

transient myocardial ischemia. Generally, angina pectoris develops due to

atherosclerosis occurring in the coronary arteries which is followed by imbal-

ance between myocardial demand and coronary blood supply. It is character-

ized by paroxysmal pain in the substernal or precordial region of the chest,

which is provoked by an increase in the demand of the heart. Angina is a

preindicator symptomatic state for a variety of major cardiovascular events

that propagate in a cyclic manner. Coronary arteries are lined by the endo-

thelial cells, and these cells regulate the muscle tone and prevent thrombosis,

and if any of the abovementioned function is affected, it results into coronary

heart disease.1�4 Any injury in the lining will trigger the immune system,

which results into the development of fibrous tissue and consequently leads

to stenosis. Coronary artery stenosis is one of the important factors for the

development of myocardial ischemia. Angina pectoris is a clinical manifesta-

tion that develops from a dynamic myocardial ischemia. During angina, par-

oxysmal pain in the substernal or precordial region of the chest can be seen

when the oxygen demand is not sufficient as per the need of myocardial

cells, or when the coronary blood flow is obstructed due to various underly-

ing comorbid conditions such as chronic stenosing coronary atherosclerosis,

sudden vasospasm of coronary trunk induced by coronary atherosclerosis,

complicated coronary plaques, platelet thrombi over atherosclerotic plaques,

and vasospasm of the coronary artery.5�7 Dilation of left ventricle during

ischemia increases the myocardial oxygen demand; also, increase in the left
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ventricular filling pressure decreases the coronary perfusion pressure, which

ultimately results in the imbalance between the myocardial oxygen demand

and supply.8�12 Along with the increase in myocardial oxygen demand,

there is an increase in heart rate, blood pressure, filling pressure in left ven-

tricle, and catecholamine, which propagate the vicious cycle. Angina shows

majorly three different types of clinical patterns with divergent pathogenesis,

among which stable or atypical angina is the most common one. Stable

angina is characterized by attacks of pain following physical exertion or

emotional excitement, which is further relieved by rest. Epicardial vessels

and intra-myocardial arteries and arterioles together perform the function of

delivering oxygen to the heart. The main factors for determining the myo-

cardial oxygen demand are heart rate, intra-myocardial wall tension, and

contractility of the heart muscles. Increase in the end-diastolic volume will

subsequently increase the left ventricular preload; also, increase in the sys-

tolic pressure will raise the left ventricular preload. Thus, after increase in

the preload or afterload, the heart will demand more oxygen. Heart of a

healthy person experiences very little resistance during the blood flow in the

epicardial vessels. In the presence of atherosclerotic plaques, the blood flow

is obstructed, which is again compensated with the autoregulation mecha-

nism of the body. During autoregulation, the myocardial vessels dilate in

response to the increased oxygen demand.13�15 Various mediators that act as

a vasodilator are involved in the myocardial perfusion. The most common

symptoms in the stable angina are chest pain, which may extend to the left

arm, shoulder, or jaw. Symptoms are exacerbated by stress, which can be

subdued with sublingual nitroglycerine. The deficient oxygen supply to the

heart can also occur because of various functional macrovascular and micro-

vascular diseases, which reflects the heterogenicity of the disease. Aortic

stenosis and anemia can also contribute to the disease.16�20 The functional

microvascular abnormalities occur in the microvessels and the epicardial

arteries due to either enhanced vasoconstriction or impaired vasodilation.

Concentration of some vasoactive substances like endothelin-1 also gets

elevated. The vascular tone and the myocardial blood flow are maintained

by the coronary endothelium via nitric oxide�dependent mechanism, and

the abnormal vasodilation may occur due to resistance to NO, adenosine,

and prostacyclin.21�23 Variation in the neurogenic vascular tone, hormonal

changes, and various environmental factors such as low temperature, stress,

and exertion are also associated with the progression of pathology. The

patient will feel heaviness in the precordium, retro sternum, or the epigastric

region, which can be felt as crushing, tightening of the chest, or gripping

of the chest. Patients having comorbid condition like diabetes may report

symptoms other than precordial origin like dyspnea, diaphoresis, and emesis.

Chest pain that usually lasts for more than 15 min and subsequently radiates

to both the arms with an additional third heart sound or hypotension may

suggest myocardial infarction. Generally, most of the people do not seek
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medical care at the beginning, which is a major cause for worsening of the

symptoms. Around 17% ischemia is asymptomatic in the diabetic patients, and

75% of the patient’s episodes occur without any symptom. Many noncoronary

causes of chest pain exist such as peptic ulcer, GERD, pancreatic diseases,

esophagitis, arthritis, myositis, pulmonary embolism, pneumonia, pericarditis,

generalized anxiety disorder, panic disorder, and thyrotoxicosis. The other

subtype of angina is unstable angina, which occurs due to the increase in the

severity of the angina pectoris. Intracoronary grayish�white platelet-rich

thrombus or yellow plaque is formed on the ruptured atherosclerotic artery

with complex lesion. Inflammation causes rupturing of the fibrous plaque cups

with secretion of matrix metalloproteinases. There is a higher chance for myo-

cardial infraction in unstable angina patient. In classic angina, the attacks are

more frequent during exercise, whereas in variant angina, attacks are

unpredictable and are more common during sleep (Figs. 14.1 and 14.2).24�26

1. Pathology of classic angina: This is the most common form of angina.

Coronary arteries are responsible for blood supply in epicardium, and its

perforating branches supply blood in deeper tissue. In a healthy heart,

there is little resistance to blood flow in coronary artery. In presence of

atherosclerotic plaques (accumulation of cholesterol and other lipids),

blood flow is impeded. Autoregulation system helps to compensate dur-

ing this situation by dilation of myocardial vessels in response to

decreased oxygen supply. Due to autoregulation, blood flow changes in

heart rapidly as a result of higher oxygen stipulation. Due to coronary

FIGURE 14.1 Pathophysiology of development of angina pectoris.
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blockage, blood flow fails to meet the increased oxygen demand, which

causes ischemic pain. Endothelium damages, catecholamine surges cause

vasoconstriction and variation in arterial tone. Pathological changes

involved ischemic myocardium, coronary sinus blood pH falls, decrease

cellular potassium level, accumulation of lactate in myocardium, ECG

abnormalities, and deterioration of systolic and diastolic function.27�32

2. Pathology of variant angina: Variant angina, also known as vasospastic

angina or prinzmetal angina, is unpredictable and attacks may occur dur-

ing rest or sleep. Variant angina develops due to abnormal coronary artery

spasm. Several factors are responsible for coronary artery spasm. Balance

between sympathetic and parasympathetic tone is important for smooth

blood flow through coronary vessels. Any injury in endothelial layer and

primary smooth muscle cells of coronary artery may causes impaired reg-

ulation between vasoconstriction and vasodilation. This imbalance can

predispose vasospasm during certain circumstances like cold weather,

exercise, and exposure of certain drugs like alpha-agonists and cocaine.

Some risk factors including cigarette smoking, inflammatory states (high

hs-CRP level), and insulin resistance may precipitate variant angina.33�36

USFDA classification of antianginal drugs

Class of drugs Name

Nitrates Short acting: Glyceryl trinitrate (GTN, nitroglycerine)
Long acting: Isosorbide dinitrate (short acting by sublingual
route), isosorbide mononitrate, erythrityl tetranitrate,
pentaerythritol tetranitrate

(Continued )

FIGURE 14.2 Consequences of angina pectoris.
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(Continued)

Class of drugs Name

Beta-blockers Propranolol, metoprolol, atenolol, and others
Calcium channel blockers Phenyl alkylamine: Verapamil

Benzothiazepine: Diltiazem
Dihydropyridines: Nifedipine, felodipine, amlodipine,
nitrendipine, nimodipine, lacidipine, lercanidipine,
benidipine

Potassium channel opener Nicorandil, cromakalim, pinacidil
Newer drugs
Ranolazine
3-Ketoacyl CoA thiolase
blocker

Trimetazidine

Calcium channel blocker/
inhibition of the Rho-kinase
signaling pathway

Fasudil

Inhibitor of the cardiac
pacemaker current (If)

Ivabradine

Mechanism of action of nitrates

Organic nitrates are the most commonly used nitrates for the management

of acute angina pectoris. These potent coronary vasodilators are obtained

exogenously from nitric oxide. Nitrates almost act through same mechanism

only time course can differ according to time course it can be short acting

and long acting. They are available in a variety of preparations such as short

acting as intravenous preparations, sublingual tablets, and sprays and long-

acting transdermal ointments and patches, pills. Short-acting preparations are

of use in acute ischemic events, whereas long-acting nitrates are frequently

used in patients with stable angina. Nitrates mostly cause preload reduction

with dilation of veins, which results into decreased preload venous return to

the heart. The end-diastolic size and pressure of the heart are reduced which

restore the pressure gradient across the walls of the ventricles. Nitrates also

dilate some of the arteries, which reduce the total peripheral resistance and

thus afterload on heart. Nitrates, if given in a large dose, may lead to subse-

quent events such as fall in blood pressure, sympathetic stimulation, tachy-

cardia, increased cardiac contractility, and increased cardiac work, and thus

angina may be precipitated.

Nitrates mainly target the coronary arteries and not the arterioles or resis-

tance vessels due to which blood is redistributed and the blood flow is also

increased in the ischemic area in angina patients. On the other hand, resis-

tance vessels maintain their tone in the nonischemic zone in which the flow

does not increase.37�39

Organic nitrates are first dinitrated with the help of an enzyme in the

smooth muscles to release nitric oxide as a free radical. The expression and
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distribution of the mitochondrial aldehyde dehydrogenase enzyme, which

help in the denitration of organic nitrates to nitric oxide, generally differ, and

the concentration is found to be more in the veins and epicardial conducting

arteries as compared to arteries and autoregulatory arterioles. Therefore, pref-

erential dilation occurs in veins and epicardial conducting arteries due to

differential distribution of the enzyme in such vessels. Nitric oxide further

activates guanylyl cyclase, which results into increase in cyclic guanine

monophosphate (cGMP) causing dephosphorylation of myosin light chain

kinase (MLCK). Due to less amount of active MLCK, there is interference

with the activation of myosin. Due to less myosin, there is no further contrac-

tion which subsequently causes relaxation. Another theory states that increase

in the intracellular cGMP may also reduce Ca21 entry which may also causes

relaxation. The nitric oxides produced from organic nitrates can also activate

cGMP synthesis in the platelets which gives antiaggregatory effect. The anti-

aggregatory effect is important and useful in unstable angina.40

The short-acting glyceryl trinitrate (GTN) is a direct acting vasodilator

and also reduces pulmonary vascular resistance. In small doses, it causes

decrease in the ventricular filling pressure which is also indicated as preload,

and in high dose, it causes decrease in systemic vascular resistance which is

indicated as afterload. This combined decrease in the preload and afterload

causes increase in the cardiac output. GTN acts in a dose-dependent manner;

it dilates the arteries and veins. It causes dilation of the large veins which

can promote peripheral pooling of the blood and subsequently decreases

venous return. Decrease in the venous return to the heart causes reduction

in the left ventricular and end-diastolic pressure. Arteriolar relaxation due to

GTN causes reduction in the systemic vascular resistance. With the action of

GTN on the preload and afterload the myocardial oxygen consumption is

also decreased. GTN provides relief within 3 min to most of the patients.

The long-acting isosorbide dinitrate causes relaxation of the vascular

smooth muscle also in addition to dilation of the peripheral arteries and

veins; dilation of the veins causes reduction in the left ventricular-end-

diastolic pressure and preload. Dilation of the arteries causes decrease in

the systolic arterial pressure, mean arterial pressure, vascular resistance, etc.

Other long-acting organic nitrates like isosorbide mononitrate, erythrityl tet-

ranitrate, and pentaerythritol tetranitrate work in a similar fashion.

Organic nitrates are effective in classical as well as variant angina. The

sublingual formulation of GTN tablet or spray or isosorbide dinitrate can be

taken to terminate the angina attack. Longer acting formulation of GTN can

be included in the regular schedule for chronic prophylaxis. In the case of

acute coronary syndromes also GTN is given initially through sublingual

route, but if the pain persists, intravenous infusion of GTN is initiated.

The primary pharmacologic action of nitrodilators, arterial and venous

dilation, makes these compounds useful in the treatment of hypertension,
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heart failure, angina, and myocardial infarction. Another beneficial action of

nitrodilators is their ability to inhibit platelet aggregation.

Nitrates can be used to treat different pathologic conditions such as chronic

primary or secondary hypertension emerging from pheochromocytoma, steno-

sis, acute and chronic heart failure ischemic heart disease, and angina pectoris.

The drug can decrease preload, which may further decrease myocardial oxy-

gen demand, decrease vascular resistance and thus reduce the pain.

The side effects associated with nitrates are headache, flushing, postural

hypotension, and reflex tachycardia. Chronic use of sodium nitroprusside

may cause thiocyanate toxicity because it forms cyanide and NO. Nitrates

increase the production of cGMP, and drugs like sildenafil inhibit cGMP

degradation. Combination of these two may cause hypotension and impaired

coronary perfusion (Fig. 14.3).41�43

Mechanism of action of beta-blockers

The endogenous catecholamines such as epinephrine and norepinephrine

bind to the β1-adrenergic receptors and increase the automaticity as well as

the conductivity of the heart. Through renin-angiotensin system also

β1-receptors cause increase in the blood pressure. On the other hand, binding

of these catecholamines to the β2-receptors causes relaxation of the smooth

muscles along with some metabolic effects. Beta-blockers bind to their spe-

cific beta-adrenoceptors and block the binding of catecholamines from bind-

ing to their specific receptors, thus blocking the sympathetic responses. The

type of action of beta-blockers shows that they are dependent upon the type

of receptor and the type of organ system. Beta-blockers or sympatholytic

FIGURE 14.3 Mechanism of action of nitrates.
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drugs are classified as beta-1 selective like atenolol, bisoprolol, metoprolol

and esmolol and nonselective beta-blockers like propranolol, carvedilol, sota-

lol, and labetalol. Some of the beta-blockers when bind to its specific recep-

tors act as a partial agonist as they can activate the adrenoceptors to some

extent at the same time, they can inhibit the binding of norepinephrine to

its receptor. These kinds of beta-blockers thus prevent very prominent sym-

pathetic activity but evoke some sort of sympathetic action. These partial

blockers are known to having intrinsic sympathomimetic activity. Beta-

blockers also possess membrane stabilizing activity like sodium channel

blockers. The nonselective beta-blockers are the first-generation drugs, while

the selective beta-1 blockers are the second-generation drugs. The third-

generation beta-blockers are also there, and they can block the alpha-

adrenoceptors and possess vasodilating action. Beta-blockers inhibit the

automaticity and conductivity of the heart and thus slow down the heart

rate, which ultimately decreases the oxygen demand. They help decrease

the blood pressure via renin-angiotensin pathway. All these activities of the

beta-blockers help in the improvement of angina pectoris. Beta-blockers also

prolong the arterial refractory periods, thus showing a potent antiarrhythmic

effect. When beta-blockers bind to beta-adrenoceptors, which are present

in the cardiac tissue, conducting tissue and contracting myocytes give the

negative chronotropic and ionotropic effect. In the heart, both β1 and β2
adrenoceptors are there, but the former is the more prominent one. Beta-

adrenoceptors belong to the G-protein coupled receptor family and through

Gs-proteins, they have the potential to activate the adenylyl cyclase, which

can generate cAMP from adenosine triphosphate (ATP). Increase in the

cAMP activity can further activate cAMP-dependent protein kinase pathway,

which can phosphorylate L-type calcium channels, which allow more cal-

cium to enter into the cell during action potential. Due to more calcium entry

into the cell, there is more release of calcium through the sarcoplasmic

reticulum.44�46 All these pathways lead to the increase inotropy and chrono-

tropic effect in the heart. The protein kinase-A can also help in the phosphor-

ylation at the site of sarcoplasmic reticulum which increases release of

calcium through ryanodine receptors. As calcium is abundantly present this

may help in the binding of more troponin C to increase the inotropy. Protein

kinase-A can also phosphorylate myosin chains, which gives a positive

ionotropic effect. Thus, beta-blockers decrease the heart rate, contractility,

conductivity, in the heart. Vascular smooth muscles having β2-adrenoceptors
are activated by norepinephrine, the receptors are coupled to Gs-protein,

which helps in the formation of cAMP, which can cause smooth muscle

relaxation with the inhibition of MLCK. The inhibitory effect of cAMP is

responsible for the phosphorylation of smooth muscle myosin. Beta-blockers

show different cardiac as well as vascular effects among which the most

common cardiac effect that can be observed by beta-blockers are decrease

in contractility, relaxation rate, heart rate, and conduction velocity and the
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most common vascular effects is vasoconstriction due to smooth muscle

contraction.47�50

The most common side effects associated with the use of beta-blockers

due to blockage in the sympathetic tone of the heart are bradycardia, bronch-

oconstriction, reduced exercise capacity, heart failure, hypotension, and con-

duction block in the nodal tissue. Beta-blockers can cover the tachycardia

like symptom in diabetic patients (Fig. 14.4).51�54

Mechanism of action of calcium channel blocker

Calcium channel blockers regulate the entry of calcium through binding with

the L-type calcium channels which are present over the cardiac cells, nodal

tissues and vascular smooth muscles. This class of drugs causes vasodilation,

negative inotropy, negative chronotropy, decrease in conductivity, and nega-

tive dromotropy particularly in the nodal tissue. They are used in the treat-

ment of hypertension, angina, and arrhythmias. Calcium channel blockers

are classified chemically into dihydropyridines (nifedipine, amlodipine, laci-

dipine, benidipine, nimodipine, felodipine, nitrendipine, lercanidipine, cilni-

dipine, nicardipine), phenyl alkylamine (verapamil), and benzothiazepine

(diltiazem) among which dihydropyridines are lipophilic in nature with

greater potency, while the other two class of drugs are hydrophilic in nature

with less potency. Three different types of calcium channels exist in the

smooth muscles, which are voltage-sensitive channels (activated due to fluc-

tuation in the voltage), receptor-operated channel (activated by adrenergic

neurotransmitters), and leak channel (mechanical stretch causes the move-

ment of calcium ions). The voltage-sensitive channel is made up of glyco-

proteins with major α1 subunit enclosing the ion channel and associated

subunits like α2, β, δ, and γ. The voltage-sensitive calcium channels are

further subdivided into L-type channel, T-type channel, and N-type channel.

L-type channel causes excitation of the myocytes and contraction of the

smooth muscles in the heart. It also regulates the conductivity in the

heart. T-type channel regulate the activity of SA node and the N-type chan-

nel is mainly present in the central nervous system; it also regulates the

FIGURE 14.4 Mechanism of action of beta-blockers.
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neurotransmitter release in the sympathetic nervous system.55�57 The L-type

channels are found in different organs with specific isoform. Through calcium

channel blocker only the L-type channel can be blocked. Depolarization

occurs in the smooth muscle of the heart with the influx of calcium ion

through drop down in the potential up to 240 mV, and the entered calcium

triggers the release of more calcium from the calcium store in the cell. The

increase in the intracellular calcium causes both excitation and contraction by

phosphorylating the myosin light chain. The calcium channel blockers thus

relax the vascular smooth muscles, and relaxation of artery is more prominent

as compared to veins. It also relaxes the extravascular smooth muscles

such as bronchial, biliary, intestinal smooth muscle, etc. Calcium plays a very

important role in the ionotropic action of heart as it helps in the release of

more calcium from the sarcoplasmic reticulum. Contraction occur due to

surge in calcium concentration, it binds to the troponin protein which further

allows the interaction of myosin and actin. Depolarization in the SA and AV

node during the zero phase is calcium dependent. The refractory period,

which is of longer duration in the L-type calcium channel, decides the con-

ductivity and automaticity of the heart. Calcium channel blockers mainly tar-

gets the recovery period and prolongs that period so that the depolarization

process can be delayed. The phenyl alkylamine (verapamil) and benzothiaze-

pines (diltiazem) have negative chronotropic action while dihydropyridines

does not have. Verapamil can decrease the conductivity in SA and AV nodes,

but nifedipine does not show decrease in the conductivity. Diltiazem causes

less decrease in the contractility as compared to the verapamil.58�59

The most common therapeutic use of calcium channel blocker is for

hypertension, angina pectoris, and arrhythmia. With the chronic use of

calcium channel blockers, side effects like cutaneous flushing, headache,

hypotension, accumulation of fluid and reflex increase in the heart rate,

bradycardia, defective conduction, systole heart failure etc. may occur. For

stable angina, diltiazem and verapamil are most commonly used, because

drugs like nifedipine lacks direct negative cardiac effect. Drugs like nifedi-

pine and amlodipine, which act for a longer duration, can be used safely for

hypertension, also because of reduced reflex responses they are the drug of

choice for angina. Calcium channel blockers which belongs to the class non-

dihydropyridines, should not be co-administered along with beta-blocker as

they can together cause depression in the cardiac activity (Fig. 14.5).60

Mechanism of action of potassium channel opener

This class of drugs found helpful as an antianginal agent. These drugs have

both vasodilatory and cardioprotective property. Potassium channel openers

act on ATP-sensitive K1 -channels present in vascular smooth muscle. Due

to increased potassium efflux in smooth muscle cell, cells hold out hyperpo-

larized state. Hyperpolarized state reduces the chance of depolarization and
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sensitivity toward any kind of stimuli. The other actions include reduced

intracellular free Ca21. Both effects together relax vascular smooth muscle,

which found to be helpful for angina patient as it dilates peripheral and coro-

nary artery. Nicorandil also shows nitrate-like activity on vascular smooth

muscle cells, responsible for relaxation of blood vessels by increasing cGMP.

Thus, coronary blood flow is increased. It is beneficial for both stable as well

as vasospastic angina, compare to calcium channel blocker and nitrates.61�67

Other drugs

Dipyridamole

It is an adenosine transport blocker that causes elevation of tissue adenosine

levels. Adenosine stimulates angiogenesis due to reduced oxygen supply.

Angiogenesis is formation of new blood vessels results of proliferation and

migration of endothelial cells. Adenosine is released from vascular wall and

platelets. Adenosine receptor (A1 and A2) present in endothelial cell surface

stimulated during hypoxic condition and increase the proliferation of endothelial

cells and reuptake by red blood cells. In addition, it acts on adenosine receptor

of platelets and stimulates adenylyl cyclase cause increased level of cAMP,

which is a potent inhibitor of platelet activation and thus inhibits platelet aggre-

gation. Dipyridamole also inhibits cGMP PDE and stimulates the production of

PGI2 and act as a coronary dilator and increase coronary blood flow. It also

dilates resistance vessels and minimize anginal attack (Fig. 14.6).68�74

FIGURE 14.5 Mechanism of action of calcium channel blocker.
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Trimetazidine

It is a cytoprotective drugs responsible for inhibition of enzyme long-chain

3-ketoacyl coenzyme A thiolase (LC 3-KAT), which is a final enzyme

in free fatty acid (FFA) β-oxidation pathway. By inhibiting this enzyme,

it reduces FFA metabolism in myocardium and increases glucose metabo-

lism. During ischemia myocardium shifts to utilize fatty acid as a substrate

for ATP generation and fatty acid oxidation requires more oxygen to gener-

ate the same amount of ATP. Thus, it worsens the situation. Trimetazidine

inhibits this pathway and improves the ischemic condition. In addition,

trimetazidine also increases pyruvate dehydrogenase activity, thus it restores

the homeostasis between glucose oxidation and glycolysis. Combinedly

trimetazidine decreased oxygen consumption required for ATP production,

hydrogen ion production, reduced calcium ion accumulation, decreased

reactive oxygen species generation, and reduced neutrophil infiltration

(Fig. 14.7).75�79

Ranolazine

Ranolazine, a newer antianginal drug, acts as a specific inhibitor of late

sodium current and reduces sodium overload intracellularly. Myocardial

ischemia is accompanied with reduced ATP fluxes and thus energy supply

decreased causes disturbances in homeostasis in cardiac myocytes. During

ischemia, increased late sodium ion current causes intracellular increase

of sodium ion and calcium responsible for disturbances ion homeostasis

intracellularly. Ranolazine recorrects this ion disturbances by inhibiting late

sodium current and causes symptomatic relief in angina patient. Ranolazine

also inhibits reversible exchange of sodium�calcium and thus improves

FIGURE 14.6 Mechanism of action of Dipyridamole. m indicates increase, \ indicates

inhibition.
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diastolic tone by accumulation of calcium and coronary blood flow enhanced

(Fig. 14.8).80�83

Fasudil

Atherosclerosis is one of the reasons for developing stable angina, which is

associated with progressive inflammation, lipid accumulation, and fibrosis

occurred in coronary arterial wall. Rho kinase (ROCK) plays an important

role for development of atherosclerotic arterial lesion. Fasudil acts as a

ROCK inhibitor and upregulated eNOS and minimalizes endothelial dys-

function, ameliorates vascular cell contraction, proliferation and migration.

FIGURE 14.7 Mechanism of action of trimetazidine.
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It also helps to reduce oxidative stress, vascular inflammation, macrophage

infiltration, atherosclerosis plaque formation (Fig. 14.9).84�87

Ivabradine

This drug controls the heart rate by blocking the channel responsible for

cardiac pacemaker current, which controls heart rate. Ivabradine prolongs

FIGURE 14.8 Mechanism of action of ranolazine.

FIGURE 14.9 Mechanism of action of fasudil.
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diastolic time and reduced heart rate. Sinoatrial node has unique features in

terms of alteration in their resting membrane potential, which is needed for

spontaneous depolarization. Depolarization causes spontaneous repetitive

action potential which is needed for automatic functioning. Depolarization

is initiated by opening of mixed sodium�potassium current. Ivabradine

selectively blocks hyperpolarization-activated cyclic nucleotide�gated trans-

membrane channel present in SA node and reduces the slope of diastolic

depolarization of pacemaker action potential and thus reduces the heart rate.

Ivabradine shows its effect in a dose-dependent manner (Fig. 14.10).88�92

Conclusion

Angina pectoris remains a serious health issue and large number populations,

around 14.4% of women and 15.1% of men across the world, are diagnosed

with angina pectoris.93 Beta-blockers, nitrates, and calcium blockers remain

first line drugs to treat angina pectoris, and these classes of drugs are the

most extensively used. All these drugs give symptomatic relief, but they do

not give any robust outcomes. The second line drugs, such as dipyridamole,

fasudil, ranolazine developed to treat angina, have been extensively studied

for their mechanism of action. Numerous clinical trials have been performed

to study the effect of newer drugs. Still all antianginal drugs have similar

efficacy and with no such survival benefit, it is hard to decide the first choice

of drugs over other.

Several drugs are in pipeline to treat angina pectoris and its related

comorbidities. The present study gives an idea about the mechanism of

action of newer agents along with old drugs for angina pectoris. Recently,

one diamond approach has been suggested to treat angina along with antihy-

pertensive agents.94,95 This therapeutic approach toward angina may solve

the anginal complications more effectively.

FIGURE 14.10 Mechanism of action of ivabradine.
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The most common cardiovascular disease is considered to be hypertension.

Prevalence rate of hypertension increased with aging and aggravates further with-

out proper intervention. Hypertension can be defined as pressure exerted by blood

on inner wall of blood vessel. Elevated arterial hypertension for a prolong period

damages blood vessels in different organs, with incidences like renal failure in

kidney,1 stroke, heart failure, coronary disease in heart,2 and dementia in brain.3

Blood pressure levels of 120 mm Hg systolic and 80 mm Hg diastolic, or

less, are regarded to be the lowest risk.4 Hypertension is defined convention-

ally as elevated BP more than 140 mmHg as systolic and 90 mmHg as dia-

stolic pressure. Such condition refers that a certain individual is prone to

cardiovascular condition and could have needed medical attention. During

very high BP, e.g, more than 210 and 120 mmHg systolic and diastolic,

respectively, patients could develop fulminant arteriopathy characteristics,

including injury of endothelium lining, leads to a marked inflammation in

the intima, ultimately leading to arteriolar occlusion.5,6

Risk of cardiovascular disease augments with every 20/10 mmHg eleva-

tion of BP throughout range.7 Hypertension is risky and cannot be ignored,

because overtime it causes end-organ damage and both systolic, even iso-

lated one and diastolic hypertension associated with it. Accurate detection of

hypertension can prevent organ damage, though family history of cardiovas-

cular disease and metabolic disorder like diabetes and other inflammatory

factors also increases the chance of it along with other agonistic factors like

obesity and smoking.8 Hypertension does not show any early symptom,
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usually asymptomatic unless end-organ damage surfaced, thus referred to as

silent killer.9,10

Consideration of hypertension

Blood pressure (mmHg)
Classification Systolic Diastolic
Normal Less than 120 mmHg Less than 80 mmHg
Prehypertension or borderline 120�139 mmHg 80�89 mmHg
Hypertension with risk (stage 1) 140�159 mmHg 90�99 mmHg
Hypertension with high risk (stage 2) Greater than 160 mmHg Greater than 100 mmHg

BP is quantitative trait, so arbitrarily the dichotomy between hypertension

and normotension is involved in positive relation with cardiovascular risk.11

Dilatory sodium also plays an important role in hypertension. It is also

reported that individuals prone to hypertension have kidneys unable to

excrete excess sodium unless renal perfusion rate is increased over normal

limit. Individual with genetically susceptible with hypertensive traits while

exposed to high level of dietary sodium would develop salt and water reten-

tion, increased cardiac output (CO), peripheral vascular resistance (PVR)

would increase, and hypertension would develop.12,13

Etiology of hypertension

In most cases, elevation of BP is associated with increased resistance to flow of

blood through arterioles, often without any change in CO. There are many factors

associated with integrally in PVR and essential hypertension, such as baroreceptor

reflex, autonomic nervous system function, rennin angiotensin aldosterone system,

and renal perfusion rate but none of them are responsible for it. Investigations

suggest that hypertension is a cause of several abnormalities or a combination of

those factors. Population with habit of daily low salt (sodium) intake does not

show manifestation of hypertension with aging, whereas individuals with labile

hypertension are prone to cardiac arrest after salt-enriched diet elevates BP. Other

epidemiological factors are psychological stresses, genetic factors, reduced potas-

sium and calcium in diet which develop the hypertension.14

Mutations in several genes play intricate and rare causes of hypertension.

Functional variations of the genes for angiotensinogen (AGT), angiotensin-

converting enzyme (ACE),15 the β2 adrenorecetor,
16,17 and α adducin18,19 (a cyto-

skeletal protein) appear to contribute to some cases of essential hypertension.

Normal regulation of blood pressure

As per the hydraulic equation, arterial BP is directly proportionate to the

product of CO and the PVR:20

BP5CO3 PVR
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BP is maintained by three anatomic sites arterioles, postcapillary venules

(capacitance vessels), and heart. Kidney is another important site to maintain

BP by regulating volume of intravascular fluid. Autonomic nerves interact

through baroreceptors known as baroreflex along with humoral controls.

Renin�angiotensin�aldosterone system (RAAS) controls all the abovemen-

tioned sites for pressure homeostasis. Vasoactive substance like EDRF,

released from vascular endothelium, may also involve local vascular

resistance.

1. Postural baroreflex

Baroreflex is related directly with posture of human body through bar-

oreceptors. Baroreceptors are pressure receptors in simple terms.

Sympathetic neurons centrally arise from vasomotor center of medulla

and activated tonically by blood vessel. This tonic change reflects in

adjustment of BP during postural changes. Baroreceptor in carotid artery

is stimulated due to stretching of the vessel wall and prevents central

sympathetic discharge. Similarly reduction of stretch reduces

FIGURE 15.1 Different pathways of controlling blood pressure: NTS, Ach, NE, ADR.

Different pathways contribute different aspects on hypertension. Activation of reflex barorecep-

tor reduces blood pressure by inhibiting catecholamine discharges. Reduced adrenergic discharge

reduces heart rate, contraction of blood vessel, reduction of adrenalin liberation. Reduced blood

pressure affects on salt reabsorption and activates RAAS. Renin activates AngII production and

resulting increased blood pressure. Adrenalin also elevates heart rate and blood pressure. The

dotted lines indicate reducing effect, and straight lines indicate inducing effects. Ach,

Acetylcholine; ADR, adrenalin; AngII, angiotensin-II; NE, Norepinephrine; NTS, nucleus tractus

solitarius; RAAS, renin�angiotensin�aldosterone system.
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baroreceptor activity. To clarify, in an upright position, baroreceptors

detect reduced pressure in ascending blood arteries as blood pools near

the lower extremities of the body due to gravity. Thus reduced stress or

tone withdraws inhibition of sympathetic discharge. As a result, sympa-

thetic output increases through nerve endings and also increases PVR by

artery constriction and increased CO through stimulation of heart and

narrowing of capacitance vessels which lead to increased venous return,

final restoration of BP.21�24

2. Renal response BP

Kidney controls blood volume and is primarily responsible for controlling

long-term BP. When renal perfusion rate decreases, pressure change in

Bowman’s capsule causes internal redistribution of blood flow and reabsorp-

tion of salt and water will be increased in nephron. Simultaneously, reduced

pressure in afferent blood vessels or arterioles in glomerulus stimulates pro-

duction of renin (through sympathetic outlets via β-adrenoceptors) in juxtaglo-

merular apparatus through macula dense pathway. Renin increases production

of angiotensin-II (AngII) that is responsible for direct vasoconstriction in resis-

tance vessels and induces aldosterone synthesis. Angiotensin-II is product of

angiotensin I (AngI) by ACE and AngI is product of AGT, a circulating pro-

tein produced in liver. The function of aldosterone is to increase absorption of

salt (sodium) and water, thus increasing circulating blood volume. To maintain

pressure homeostasis, vasopressin is released from posterior pituitary gland

and regulates water balance through kidney (Fig. 15.1).25�28

Control of renin secretion

The renin secretion from juxtaglomerular cells is controlled by the following

pathways: the macula densa pathway, intrarenal baroreceptor pathway, and

β1 adrenergic receptor pathway.
The juxtaglomerular apparatus is a specialized structure formed by the

ascending distal convoluted tubule and the glomerular arterioles. The macula

densa is a collection of specialized epithelial cells which lies adjacent to the

juxtaglomerular cell in the distal convoluted tubule that detects sodium con-

centration of the fluid in the tubule. Change in salt reabsorption modifies

renin release. In the case of increased NaCl (specially sodium) reabsorption,

cells of macula densa contract afferent arterioles, reduce blood flow in glo-

merulus and glomerular filtration rate, and simultaneously prevent renin

release resulting reduced BP in arterioles whereas reduction in NaCl flux sti-

mulates renin release (Fig. 15.2).29�32

ATP, adenosine, and prostaglandins (PGs) modulate the macula densa path-

way. During NaCl, reabsorption adenosine diphosphate (ADP) is utilized to fuel

sodium�potassium antiport in renal tubule. Adenosine is produced by renal tissue

and has potent effects on renal blood flow. More NaCl reabsorption causes deple-

tion of ADP, as a result adenosine level increases. Adenosine acts as metabolic
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regulator to maintain renal hemodynamics. By acting on A1 adenosine receptor

that is an inhibitory, G protein�coupled receptor (Gi) prevents activation of ade-

nylyl cyclase (AC), hence cAMP concentration is diminished and renin release

prevented.33�35 Decreased renin concentration in blood reduces concentration of

AngII, thus BP decreases which leads to reduction of glomerular filtration rate

and decreases NaCl transportation. Reduced Na1 concentration in macula densa

induces cyclooxygenase-2 (COX-2) and neuronal nitric oxide synthase.

Upregulation of nNOS also helps in induction of COX-2. PGs mainly PGE2,

PGI2 are released when NaCl reabsorption decreases as a result of COX-2. These

PGs act on a stimulatory G-protein receptor (Gs) and increase renin release fol-

lowed by cAMP formation by AC activation.36�38 ATP is also released when

NaCl transport increases and inhibits renin release by working on P2Y receptors.

Renin release is also controlled by internal baroreceptor pathway.

Increased BP or increased renal perfusion rate inhibits renin release and

decreases in BP in preglomerular vessels stimulates it. The β-adrenergic
receptor pathway is controlled by the release of norepinephrine (NE) from

postganglionic sympathetic nerves; activation of β1 receptors on juxtaglomer-

ular cells enhances renin secretion.39�41

Renin and prorenin receptor

Renin is secreted as prorenin. Prorenin is inactive due to accessibility of

AGT which is blocked by a propeptide chain. Prorenin can be activated by

binding with catalytic site of prorenin receptor (PPR), where propertied chain

is cleaved. Angiotensinogen is the substrate for renin, an abundant globular

FIGURE 15.2 Different pathways that interfere renin release. “1 ” refers to increasing activity

and “�” refers to decreasing activity.
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glycoprotein. It contains 452 amino acids and is synthesized secreted primar-

ily from the liver. AngI is produced by cleaved amino terminus of

angiotensinogen.42�44

ACE (kininase II, dipeptidyl carboxypeptidase) is a glycoprotein and an

ectoenzyme. ACE is identical to kininase II, which acts and inactivates bra-

dykinin and many prominent vasodilator peptides. ACE helps in the conver-

sion of AngI to AngII, process occurs in plasma. Another carboxypeptidase

is reported to work in angiotensin, which is termed ACE2.45,46 ACE2 has a

stronger affinity for AngII than AngI. A group of researchers says ACE2

also serves as SARS coronavirus receptor.47

Most recognized biological effects are observed by AngII on angiotensin

I (AT1) receptor. Upon acting on AT1 receptor, AngII is responsible for

vasoconstriction of coronary artery, hypertrophic cardiomyopathy and

directly is associated with hypertension. AT1 receptors involved in variety of

signal transduction system result primary and secondary response depending

upon cell types. AT1 receptors are coupled with different G proteins, includ-

ing excitatory (Gq), inhibitory (G1), and G12/13. Largely AT1 receptors are

coupled with Gq in most of the cell types by activating the IP3, through Ca21

pathway, via PLCβ.48,49 As a result, activation of phosphokinase C, phospho-

lipase A2, phospholipase D, and other eicosanoids production leads to activa-

tion of calcium-dependent MAP kinases (primary response) and the

Ca21�calmodulin-dependent activation of NOS may occur through second-

ary response. Reactive oxygen species (ROS) is also generated from the

activity of membrane-bound nicotinamide adenine dinucleotide/nicotinamide

adenine dinucleotide phosphate (NADH/NADPH) oxidase stimulated by AT1

receptors.50 Various biochemical activities are associated with ROS like acti-

vation of MAP kinase, tyrosine kinase, and phosphatases and inactivation of

NO. These biochemical changes lead to physiological change in acute renal

function variation, chronic effect on BP, and vascular hypertrophy and

inflammation in cellular level.51,52

Classification of antihypertensive drugs

1. Diuretics

a Thiazides: hydrochlorothiazide, chlorothiazide, methyclothiazide,

chlorthalidone, metolazone, bendroflumethiazide, indapamide, chlorta-

lidone, cyclopenthiazide, indapamide, xipamide.

b Loop diuretics: furosemide, bumetanide, torasemide, ethacrynic acid.

c Potassium sparing diuretics: spironolactone, eplerenone, triamterene,

amiloride.

2. Sympatholytic agents

a β-Receptor antagonist: metoprolol, atenolol, betaxolol, bisoprolol,

esmolol, nadolol, carteolol, nebivolol, penbutolol, pindolol, timolol,

propranolol.
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b α-Receptor antagonist: prazosin, terazosin, doxazosin, phentolamine,

phenoxybenzamine.

c Mixed α�β-receptor antagonist: labetalol, carvedilol, nebivolol.
d Centrally acting adrenergic agents: methyldopa, clonidine, guanabenz,

guanfacine.

e Adrenergic neuron blocking agents: reserpine, guanadrel.

3. Ca21 channel blocking agents

a Verapamil, diltiazem, amlodipine, nisoldipine, felodipine, nicardipine,

isradipine, clevidipine, nifedipine, nitrendipine, nimodipine.

4. ACE inhibitors

a Enalapril, captopril, lisinopril, quinapril, ramipril, benazepril, fosino-

pril, moexipril, perindopril, trandolapril.

5. AngII receptor antagonist

a Losartan, candesartan, irbesartan, valsartan, telmisartan, eprosartan,

olmesartan, eprosartan, azilsartan.

6. Direct renin inhibitor

a Aliskiren.

7. Vasodilators

a Arterial: hydralazine, minoxidil, diazoxide, fenoldopam.

b Arterial and venous: nitroprusside.

8. D1 receptor agonist: fenoldopam.

Diuretics

The strategy to use diuretics is to control sodium ion balance pharmacologi-

cally, although early management of hypertension is to restrict Na1 in diet.

Thiazides decrease extracellular volume initially in the distal convoluted

tubule in the nephrons by interacting with a thiazide-sensitive NaCl cotran-

sporter expressed, influencing Na1 excretion in the urine, and leading to a

fall in CO. Although the exact mechanism is not certain, study refers that

reduction of arterial BP by thiazides may open Ca21-activated K1 channels.

According to abovementioned hypothesis, vascular smooth muscle cells get

hyperpolarized. Hyperpolarization results closing of L-type Ca21 channels,

hence Ca21 permeability becomes low, resulting vasodilation due to lack of

calcium.53 The major action of these drugs is NaCl cotransporter (genetic

code: SLC12A3) found predominantly in the distal convoluted tubule (DCT)

but not in the heart or vascular smooth muscle. By acting on NaCl cotran-

sporter, thiazides reduce BP by decreasing peripheral resistance through

reduced sodium concentration.54

In the thick ascending limb of the loop of Henle, loop diuretics inhibit

activity of the Na1�K1�2Cl2 symporter.55 Loop diuretics are known to

produce rapid and profound natriureses make them most efficient in diuretic

class. Acute diuresis produced by loop diuretics may lead to other side

effects in patients rather than other mild- or slow-acting diuretics. It is more
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useful in patient with edema or congestive heart failure, where reduction of

body fluid is a fundamental. Still, by reducing body fluid, they reduce blood

volume and manage hypertension.56,57

Late distal tubule and collecting duct contain epithelial cells where cyto-

solic mineralocorticoid receptor is expressed with affinity toward aldoste-

rone. Aldosterone enters the epithelial cell and binds to aldosterone receptor

that regulates the expression of multiple gene products called aldosterone-

induced proteins (AIPs). AIPs are associated with sodium channel expres-

sion, and consequently, trans-epithelial NaCl transport is enhanced. This

physiology greatly enhances the driving force for K1 and H1 secretions into

the tubular lumen.58 Potassium-sparring diuretics like spironolactone and

eplerenone prevent binding of aldosterone to aldosterone receptor, thus pre-

venting NaCl reabsorption and increase luminal fluid, thus decreasing blood

volume and BP.59,60

Sympatholytic agents

Antagonism of β-adrenergic receptors affects reduction of myocardial con-

tractility, heart rate, and CO. Another important consequence is blockade of

the β-receptors of the juxtaglomerular complex which causes reducing renin

secretion and thereby diminishing production of circulating AngII. This

action likely contributes to the antihypertensive action of this class of drugs,

in concert with the cardiac effects.

Metoprolol has rapid distribution in blood and extravascular fluids and is

eliminated as metoprolol and metabolites also. Two of the metabolites have

mild β1-antagonistic activity. Metoprolol is also used in angina pectoris

though it is reported that metoprolol is less effective than any other

β-blockers.61,62 Atenolol is well-tolerated and an effective drug having

β-adrenoceptor antagonistic activity. Atenolol is selective β1-receptor antago-
nist it significantly reduces systolic and diastolic BP and increases the con-

sumption of oxygen in myocardial infraction. Due to its low lipid solubility,

it likely has limited penetration in brain and effect on central nervous system

(CNS), compared to propranolol.63 Propranolol has potency to reduce hyper-

tension both through renin-dependent and renin-independent pathways.64

Although propranolol is a nonselective β-adrenergic blocker, betaxolol is

more cardio-selective drug as it does not have partial agonistic activity

toward β-adrenergic receptors. It significantly reduces systolic and diastolic

BP as is myocardial oxygen demand and heart rate. It has a long duration of

action and about four times more potent than propranolol.65 Bisoprolol is a

long-acting highly selective β1 antagonist having no partial agonistic- or

membrane-stabilizing activity. It is less potent than propranolol and betaxolol

but more potency than atenolol or metoprolol.66,67 Esmolol is a very short-

acting relatively cardio-selective β-adrenoceptor antagonist, while used in

infusion it prevents myocardial infraction, ischemia, and postoperative
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hypertension.68,69 Nadolol was introduced and approved after propranolol by

FDA for treatment of hypertension, angina, and arrhythmia induced by

adrenalin.70 Nebivolol is highly selective β1-adrenergic receptor antagonist,

also having vasodilatory activity through nitric oxide pathway. With BP low-

ering and NO-mediated effects, nebivolol not only improves systolic and dia-

stolic function but also reduces peripheral resistance.71,72 Penbutolol and

pindolol are nonspecific adrenal receptor antagonist and having serotonin

antagonistic activity, which are also used in behavioral syndromes.73,74

Carteolol and timolol both are ocular nonselective β-adrenergic antagonist

which are used to improve nasolacrimal occlusion.75

Sympathomimetic agents are used to activation of α-adrenergic receptors

in vascular smooth muscle. As a result, PVR is increased and BP is main-

tained or elevated. α1-Adrenergic receptor antagonists reduce arteriolar resis-

tance and increase venous capacitance.76 α1-Adrenergic blockers also cause

a variable amount of postural hypotension due to persisted vasodilation, but

CO, heart rate, and plasma renin activity return to normal.

Prazosin exerts antihypertensive action by reducing vascular resistance

and is a potent α1-adrenoceptor antagonist acting on postsynaptic neurones

with competitive inhibition.77,78 Terazosin has similar activity like prazosin

and is used in mild-to-moderate hypertension having mild affinity toward

nonselective α2-adrenoceptors. Difference of terazosin from prazosin is that

it has longer plasma half-life, effectively reduces urethral pressure and blad-

der outlet resistance, and also improves symptoms associated with benign

prostate hyperplasia.79�81 Doxazosin produces reduction of left ventricular

hypertrophy and reduces risk of coronary heart disease.82,83 Phentolamine

causes vasodilation followed by reduction of afterload during systolic con-

traction, although it also produces inotropic effect in heart to increase blood

ejection.84 Phenoxybenzamine is a nonselective irreversible α-receptor
antagonist used in benign prostate hyperplasia.85

Labetalol is an equimolar mixture stereoisomer. One isomer is an α1-

antagonist, another is a nonselective β-antagonist with partial agonist activ-

ity, and the other two isomers are inactive.86 Carvedilol is a β-receptor
antagonist with α1-receptor antagonist activity. The drug has been approved

for the treatment of hypertension and symptomatic heart failure. Carvedilol

reduces risk of heart failure associated with systolic dysfunction.87 Nebivolol

is a β1-selective adrenergic antagonist that also promotes vasodilatation

rather than blocking α1 receptors, nebivolol augments arterial smooth muscle

relaxation via nitric oxide pathway.88

Methyldopa is converted to α-methyldopamine, again converted to

α-methylnoradrenaline followed by metabolism in adrenergic neurons by the L-

aromatic amino acid decarboxylase. After conversion to α-methylnoradrenaline,

it is stored in the secretory vesicles of adrenergic neurons, instead of NE, substi-

tuting it. When the adrenergic neuron stimulates to discharges its neurotransmit-

ter, α-methylnoradrenaline is released instead of NE. α-Methylnoradrenaline
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acts in the CNS to inhibit adrenergic neuronal outflow from the brainstem and

probably acts as an agonist at presynaptic α2-adrenergic receptors in the brain-

stem, attenuating NE release and thereby reducing the output of vasoconstrictor

adrenergic signals to the peripheral sympathetic nervous system.89

Clonidine, guanabenz, and guanfacine, these drugs stimulate the α2A sub-

type of α2-adrenergic receptors in the brainstem, resulting in a reduction in

sympathetic outflow from the CNS.90

Clonidine is an α-adrenergic receptor agonist that preferably stimulates

postsynaptic adrenergic receptors (α2A subtype), although it can also stimu-

late preganglionic neuron in the depressor site of the vasomotor center of the

medulla oblongata in the region of the nucleus tractus solitarius (NTS).

Activation of postsynaptic adrenergic receptors in NTS declines the efferent

sympathetic neuronal vasoconstrictor tone to the heart, kidneys, and periph-

eral vasculature causing vasodilatation and lowering BP.91

The α2-adrenergic agonists lower arterial pressure by an effect on both

CO and peripheral resistance.

Guanadrel is an exogenous false neurotransmitter. Guanadrel is absorbed,

stored, and released like NE but does not interact with monoamine oxidase.

It specifically inhibits the function of peripheral postganglionic adrenergic

neurons. Because of sympathetic blockade, adrenergic activity is reduced in

both the vasculature of blood vessels and on CO and heart rate.92,93

Rauwolfia serpentina produces reserpine, an alkaloid obtained from the

root of it. Reserpine tends to binds at the storage vesicles in central and

peripheral adrenergic neurons. This intracellular interaction is strong enough

to reduce adrenergic flow due to its prolong binding time. This interaction

prevents the vesicular catecholamine transporter (VMAT2) thus inhibiting

reuptake of catecholamine, so that nerve endings lose their physiological

capacity to concentrate and store NE and dopamine. Catecholamines are

metabolized followed by spontaneous liberation due to leakage into the cyto-

plasm. As a result active neurotransmitter no longer exists to release from

nerve endings. Depletion of amine leads to antihypertensive activity both

centrally and peripherally.94,95

Ca21 channel blockers

Ca21 channel blockers are one of the most important groups of antihyperten-

sive agents. The general perception of hypertension is increased PVR in sev-

eral types of blood vessels. Vascular smooth muscle contracts because of

free calcium-ion concentration in intracellular fluid. Ca21 activate myosin

lite chain kinase through calcium�calmodolin complex, thus, initiates mus-

cle contraction. Movements of calcium ions are controlled by various

voltage-sensitive channels and inhibition of such channels decreases total

amount of intracellular calcium ions. Calcium channel blocking agents
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reduces BP by relaxing vascular smooth muscle of arteries and lowering

PVR.96

Decreased PVR induces a sympathetic discharge through baroreceptors.

Cases of tachycardia may occur during adrenalin stimulation of SA node dur-

ing use of dihydropyridines, which is almost absent with verapamil and dilti-

azem due to negative chronotropic effect.

Long-lasting calcium channels (L-type calcium channels) are responsible

for the slow inward current of calcium in normal cardiac tissues, also respon-

sible for prolonged action potential in cardiac cells. Verapamil blocks L-type

channels in SA node and AV node, reduces myocardial contractility, and

produces negative inotropic effect electrophysiologically. Verapamil is effec-

tive for essential hypertension as it produces systemic vasodilation and

reduces systemic vascular resistance.97,98 Diltiazem reduces stimulation of

SA node and produces negative chronotropic effect and also improves ver-

nacular function. Diltiazem is a potent vasodilator greatly which reduces vas-

cular and coronary resistance.99

Amlodipine like other dihydropyridine antagonizes L-type calcium chan-

nels and is more vasoselective unlike verapamil and diltiazem. As it is a

vasoselective agent, it does not have cardio-depressant effect and as it has a

relatively long plasma presence, it prevents reflex tachycardia and subse-

quently manages catecholamine and renin activity.100 Nifedipine also acts

like amlodipine, along with treatment of different kinds of angina.101

Nisoldipine produces coronary and peripheral vasodilation.102 Felodipine

relaxes vascular smooth muscle by acting on peripheral arterioles and it low-

ers peripheral resistance.103 Nicardipine lowers mean BP by decreasing sys-

temic and PVR.104 Isradipine inhibits slow voltage�gated calcium channels

in cardiac and vascular tissues, although it prefers vascular tissue. Like other

dihydropyridine, it also increases coronary, skeletal muscle, and cerebral

blood flow but has unchanged to reduced renal blood flow.105 Clevidipine is

newer generation drug used in both pre and postoperative cases where neces-

sary. It shows high degree of vasoselectivity and has great effect on lowering

arterial pressure.106 Cilnidipine is a newer generation calcium channel

blocker that acts both on L- and N-type calcium channels.107

Angiotensin-converting enzyme inhibitors

Angiotensin-II inhibitors lower BP principally by decreasing PVR. CO and

heart rate are not significantly changed. Unlike direct vasodilators, these

agents do not result in reflex sympathetic activation and can be used safely

in persons with ischemic heart disease. The absence of reflex tachycardia

may be due to downward resetting of the baroreceptors or to enhanced para-

sympathetic activity. This class of drug inhibits the converting enzyme

peptidyl-dipeptidase that hydrolyzes AngI to AngII. This class of drug also

inactivates bradykinin, a potent vasodilator, which works partly by
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stimulating release of nitric oxide and prostacyclin. Icatibant is an example

of bradykinin receptor antagonist.

Enalapril is an oral prodrug that is converted by hydrolysis to a convert-

ing enzyme inhibitor, enalaprilat. Enalaprilat itself is available only for intra-

venous use, primarily for hypertensive emergencies. All Benazepril,

fosinopril, moexipril, perindopril, quinapril, ramipril, and trandolapril are

other long-acting members of the class, are prodrugs like enalapril, and are

converted to the active agents by hydrolysis, primarily in the liver.108,109

Benazepril exerts hemodynamic effects that benefited through decreasing

vascular resistance by prevision of angiotensin-II formation.110 Captopril

reported to decrease kallikrein level and that elevates level of bradyki-

nin.111,112 Along with ACE inhibition, fosinopril was reported to reduce

mass of left ventricle and thinning of cardiac wall.113 Lisinopril is well toler-

ated and gives symptomatic relief in congestive heart failure.114 Quinapril

lowers BP both through renin-dependant and nondependant pathways. It

reduces systemic vascular resistance and heart rate but increases CO,

although pressure changes are not observed in normotensive subjects.115,116

Moexipril and ramipril are comparative less effective, less effective but

enough hypotensive effect.117,118 Perindopril is prodrug, converted into peri-

ndoprilat which exerts ACE inhibiting activity. Perindopril significantly

reduces arterial and hemodynamic abnormalities.119 Trandolapril is con-

verted into trandolapril and the metabolite is more potent than other metabo-

lites like enalaprilat, ramiprilat, pendolaprilat.120

AngII receptor antagonist

The AngII receptor blockers (ARBs) bind to the AT1 receptor with high

affinity and are more than 10,000-fold selective for the AT1 receptor over

the AT2 receptor. The mechanism of insurmountable antagonism by ARBs

may be due to slow dissociation kinetics of the compounds from the AT1

receptor; however, a number of other factors may contribute, such as ARB-

induced receptor internalization and alternative binding sites for ARBs on

the AT1 receptor.
121

ARBs potently and selectively inhibit most of the biological effects of

AngII,122,123 including AngII-induced contraction of vascular smooth muscle,

rapid and slow pressor responses, thirst, vasopressin release, aldosterone

secretion, release of adrenal catecholamines, enhancement of noradrenergic

neurotransmission, increases in sympathetic tone, changes in renal function,

and cellular hypertrophy and hyperplasia.

Valsartan is oral angiotensin-II receptor antagonist used in hypertension

management with rapid activity.124 Losartan is a potent AT1 receptor antago-

nist. A metabolite of losartan E3174 is 15�20 times more potent over AT1

receptor. Losartan improves left ventricular mass index, vascular resistance,

heart rate while reduces renal function.125 Candesartan often gives in a salt
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form to prevent primary metabolism. It binds with AT1 receptor competi-

tively and nonselectively and is used in every kind of hypertension.126

Irbesartan selectively binds with AT1 receptor and inhibits AngII activity

longer and greater than valsartan and losartan.127 Telmisartan is a nonpep-

tide, competitive, highly selective AT1 receptor antagonist.128 Eprosartan is

another drug that has high affinity for AT1 receptor (1000 times more than

AT2 receptor) effecting on RAAS in management of high BP. It does not

have selectivity for serotonin, adrenalin, or any other receptors.129,130

Olmesartan is newer generation with high affinity toward angiotensin-II

receptor, often used as active metabolite of a salt prodrug form.131 Azilsartan

is new generation of the same group used in essential hypertension.132

Direct renin inhibitor

Aliskiren is an oral active, low-molecular-weight nonpeptide that is a potent

competitive inhibitor of renin and only molecule to be used clinically.

Enalkiren, zankiren, CGP38560A, and remikiren are other drugs of this class

but do not prove satisfactory in clinical trial, due to either poor bioavailabil-

ity, low potency, or very short half-life. It binds the active site of renin and

prevents binding of angiotensinogen to block conversion of it to AngI and,

consequently decreases the production of AngII. Aliskiren also has negative

impact on aldosterone levels and enhances natriuresis.133�135

Vasodilators

Action of hydralazine is on arteriolar smooth muscle directly. Mechanism of

it is unclear but somehow involves in reduction of intracellular calcium con-

centration. Variety of cellular pathway would be interfered due to calcium-

ion concentration and sting probability suggests inhibition of Ca21 through

IP3-induced pathway that leads to diminished contraction.136 Another evi-

dence is opening of calcium-mediated potassium channel which promotes

arterial dilation.137

Minoxidil is reported to be not active but when metabolized by hepatic

sulfotransferase and it becomes active compound minoxidil N-O sulfate.

Minoxidil sulfate causes hyperpolarization by activation of K1 channel

mediated by ATP in smooth muscle, hence permitting potassium ion efflux.

Hyperpolarization effecting relaxation of smooth muscle causes vasodilation

and fall of BP.138 This agent is also used in the treatment of alopecia.

Nitroprusside, like a nitrovasodilator, releases NO that activates the gua-

nylyl cyclase. Guanylyl cyclase acts on GTP and converts it into cGMP

through PKG pathway, leading to vasodilation,139 simulating the generation

of NO by vascular endothelium, which is impaired in many hypertensive

individuals.140
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D1 receptor agonist

Fenoldopam is a D1 receptor selective agonist that causes peripheral vasodilation.

It reduces BP in a dose-dependent manner in patients with severe hypertension.

Along with vasodilatory activity, it also has diuretic activity.141�143

Conclusion

Strategies in the management of hypertension are continuously evolving.

Broad-spectrum pharmacological strategies are being employed.

Additionally, drugs targeting cardiovascular and renal diseases are promising

and their exploration at the Genetic and molecular level could start an era of

targeted and personalized drug therapies in the management of hypertension.

These technologies will be a source of decoration for the future antihyperten-

sive therapies, but currently, available medications should be pharmacologi-

cally optimized in such a way so as to improve patient compliance, dose and

appropriate access to the health-care system in the management of hyperten-

sion and associated complications.
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Introduction

Diuretics are drugs those increase the rate of flow of urine.1�9 These drugs

increase the rate of Na1 and Cl2 excretion and reduce extracellular fluid

(ECF) volume by decreasing total body NaCl. Diuretics exert their action by

acting on different parts of nephron that is the structural and functional unit

of kidney.

To know the mechanisms of action of various diuretics, we have to know

the renal physiology regarding the formation of urine and concentration

mechanisms.

We shall discuss briefly the anatomy and physiology of nephron regard-

ing flow of urine in different parts starting from glomerulus to collecting

duct (CD).

Brief anatomy and physiology of the nephron

Each nephron (Fig. 16.1) consists of two parts, renal corpuscle (also known

as Malpighian corpuscle) and renal tubule.10�14 Renal corpuscle is formed

by Glomerulus and Bowman’s capsule. Renal tubule is the continuation of

Bowman capsule and its different parts are proximal convoluted tubule

(PCT), Henle’s loop and distal convoluted tubule (DCT), and CD.

Urine formation is the blood purifying function of the kidneys. Normally,

about 1200�1300 mL of blood, which is around 24%�26% of total cardiac

output, enter the kidneys. Kidneys excrete unwanted and toxic substances
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along with water from blood as urine. Normal urinary output is around

1000�1500 mL per day.

In short, as blood passes through glomerular capillaries, the plasma gets

filtered into Bowman capsule (this is called glomerular filtration). This fil-

trate from the Bowman capsule passes through tubular portion and undergoes

many changes. Some wanted substances (e.g., glucose, amino acids, water,

and electrolytes) are reabsorbed from the tubules and this process is called

tubular reabsorption, while unwanted substances are secreted into tubule

from peritubular blood vessels (this is called tubular secretion or excretion).

So, urine formation consists of three mechanisms: (1) glomerular filtration,

(2) tubular reabsorption, and (3) tubular secretion.

Classification of diuretics (according to site of their action)

1. Drugs acting on glomerulus14�17

a. Adenosine receptor antagonist: caffeine, theophylline, theobromine.

2. Drugs acting on PCT

a. Carbonic anhydrase (CA) inhibitors: acetazolamide, dorzolamide,

ethoxzolamide, methazolamide, etc.

3. Drugs acting on loop of Henle

a. Loop diuretics: furosemide, torsemide, bumetanide, ethacrynic acid.

4. Drugs acting on DCT

a. Thiazide diuretics: chlorothiazide, hydrochlorothiazide, chlorthali-

done, indapamide, metolazone.

FIGURE 16.1 Structure of nephron and location of various channels in apical membrane. AQP2,

Aquaporin-2; ENaC, epithelial Na channel; NHE3, Na1/H1 exchanger; NKCC2, Na1/K1/2Cl2

cotransporter; NCC, Na1/Cl2 cotransporter; SGLT2, sodium-glucose cotransporter, isoform 2.
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5. Drugs acting on DCT and CD

a. Potassium sparing diuretics: aldosterone antagonists: spironolactone

and eplerenone.

b. Inhibitors of renal epithelial Na1 channel (ENaC): triamterene and

amiloride.

6. Others

a. Osmotic diuretics: mannitol, glycerol, urea, and isosorbide, etc.

Normal physiology of different parts of nephron and related
diuretics

Glomerulus and Bowman’s capsule

As blood passes through glomerular capillaries, plasma is filtered into

Bowman capsule.15�27 All the substances of plasma are filtered (such as

Na1 , K1 , Ca21 , Cl2 , HCO32 , amino acids, and some organic solutes)

except few plasma proteins having relatively high molecular weight. The fil-

trate then reaches tubular portion and moves toward CDs.

Adenosine plays very important role in regulating the glomerular filtra-

tion rate (GFR). Adenosine is released from macula densa and acts on adeno-

sine receptor (A1 receptor) which is present in afferent arteriole and causes

constriction of the afferent arteriole which leads to decreased GFR. A1

receptors are also present in PCT and stimulate the reabsorption of Na1 .

Diuretic acting on glomerulus

Adenosine receptor antagonist: caffeine, theophylline, theobromine

Mechanism of action

They inhibit the A1 receptors. Dilatation of afferent arterioles occurs in glo-

merulus. Also, Na1 reabsorption from the PCT in inhibited. This results in

diuresis and natriuresis.

Proximal convoluted tubule

PCT is the coiled segment arising from the Bowman’s capsule and is situated

in cortex.28�57 The wall of PCT is made up of a single-layer cuboidal epithe-

lial cells with hair like projections toward lumen and called brush bordered

epithelial cells.

About 80%�85% of filtrate is reabsorbed in PCT. The brush borders of

epithelial cells increase the surface area and facilitate the reabsorption. CA

enzyme plays an important role in reabsorption in this portion. Type IV CA

enzyme is found in brush border of the luminal membrane and basolateral

membranes and type II in the cytoplasm. Substances reabsorbed from PCT

are sodium (almost 85% of filtered sodium bicarbonate and 40% of sodium
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chloride), glucose, phosphate, amino acids, lactate, chloride, potassium, cal-

cium, bicarbonates, urea, and uric acid via specific transport systems. There

is passive reabsorption of water for maintaining constant osmolality.

In the middle third of PCT, there are organic acid secretory systems that

secrete few organic acids such as uric acid, penicillin antibiotics, diuretics

like loop, and thiazide diuretics. There are organic base secretory systems in

the proximal and middle third of PCT which secretes bases like creatinine,

choline, etc.

There are various transporters in the epithelial cells. Na1 /H1
exchanger is present in luminal membrane and involved in Na1 uptake and

H1 extrusion. In the basolateral side, there is Na1K1ATPase transporter

that pumps K1 into the cell in exchange of Na1 ion. In the basolateral

membrane, there is another cotransporter Na1 /HCO32 which moves

Na1 along with HCO32 in the interstitium.

NaHCO3 reabsorption in PCT is started by the action of the Na1 /H1
exchanger (Fig. 16.2). Na1 enters into the cell from tubular lumen in exchange

for an intracellular H1 . Na1 /K1�ATPase transporters are situated in the

basolateral membrane pumps and these reabsorbed Na1 ions into the intersti-

tium for maintaining a low-intracellular Na1 ion concentration.

The secreted H1 combines with bicarbonate HCO32 to form carbonic

acid into the lumen. Carbonic acid is rapidly dissociated into CO2 and H2O

by the CA (CA-type IV) enzyme. CO2 being lipid soluble enters the

FIGURE 16.2 Na1 reabsorption in PCT. CA, Carbonic anhydrase; NHE3, Na1 /H1

exchanger; PCT, proximal convoluted tubule; SGLT2, sodium-glucose cotransporter, isoform 2.
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proximal tubule (PT) cells by simple diffusion. Then it is rehydrated back to

H2CO3 by intracellular CA (CA-type II) enzyme.

This H2CO3 ionizes spontaneously to form H1 ion and HCO32 ion

and an electrochemical gradient for HCO32 is created across basolateral

membrane. This electrochemical gradient for HCO32 is used by the Na1 /

HCO32 symporter in the basolateral membrane to transport Na1 and

HCO32 into the interstitial space.

Thus bicarbonate reabsorption in the PCT is dependent on CA activity.

Net effect is transport of NaHCO3 from tubular lumen to interstitial space

followed by movement of water by isotonic reabsorption.

PCT reabsorbs almost all of the glucose filtered by the glomeruli in nor-

mal individuals. Around 90% of the glucose reabsorption occurs through

sodium-glucose cotransporter 2 which reabsorbs glucose along with Na1 .

Drugs acting on proximal convoluted tubule

Carbonic anhydrase inhibitors: acetazolamide, dorzolamide,
ethoxzolamide, methazolamide, etc

Mechanism of action

CA inhibitors, by acting on proximal tubular epithelial cells, inhibit CA

enzyme (Flow diagram 16.1) and thus block the abovementioned pathway.

H2CO3 is not dissociated into H2O and CO2 which enter the epithelial cell to

form H2CO3 again in cytoplasm to supply free HCO32 ions to be trans-

ported along with Na1 to interstitium by cotransporter in basolateral mem-

brane. As a result, transport of NaHCO3 from tubular lumen to interstitial

space is inhibited. This is associated with inhibition of water reabsorption.

CA inhibitor thus causes increased excretion of HCO32 along with Na1 ,

K1 , and water.

However, CA inhibitors also act on distal part of distal tubule. Due to

inhibition of CA enzyme here, the physiological mechanism of acidification

of urine also fails.

Net excretion of alkaline urine contains NaHCO3, KHCO3, and water

with mild metabolic acidosis. Body tries to conserve Na1 by increasing its

reabsorption from the remaining tubule in the nephron. As a result, over cou-

ple of days, action of CA inhibitor becomes self-limiting.

Sodium-glucose cotransporter 2 inhibitors: dapagliflozin,
canagliflozin, empagliflozin, etc

Mechanism of action

They inhibit this sodium-glucose cotransporter (Flow diagram 16.2) and

hence Na1 reabsorption also stops along with glucose.58�60 This leads to

Na1 excretion and exerts their diuretic effect. Further, due to the presence
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of unabsorbed glucose hypertonicity of the luminal fluid increases, this inhi-

bits the water reabsorption from the tubule and urine volume increases.

Loop of Henle

The PCT straightens and the next portion of each nephron is the loop of

Henle. Loop of Henle consists of (1) descending limb, (2) hairpin bend, and

FLOW DIAGRAM 16.1 Mechanism of action of CA inhibitor. CA, Carbonic anhydrase.

FLOW DIAGRAM 16.2 Mechanism of action of SGLT2 inhibitor. SGLT2, Sodium glucose co

transporter-2 inhibitor.
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(3) ascending limb. Descending limb has two segments, continuation of PCT

is thick (6 mm) followed by thin segment up to hairpin bend. Ascending

limb also consists of two segments, continuation of hairpin bends as thin seg-

ment followed by thick segment (9 mm). Thin segment consists of thin per-

meable cells with flattened epithelium while thick portion of the ascending

limb is made up of thick cells containing many mitochondria.

Thin descending limb does not participate in salt reabsorption but is per-

meable to water and site of water reabsorption. So, tubular fluid is concen-

trated here.

Thick ascending limb (TAL) is impermeable to water but is site of

NaCl reabsorption and so regarded as diluting segment. In the luminal

membrane, there are Na1K1 2Cl2 cotransporter, Na1 /H1
exchanger, and K1 channels. The Na1K1ATPase pumps are located

in the basolateral membrane.

From this region, active reabsorption of sodium ion is mediated by

Na1K1 2Cl2 cotransporter system. There are actually two isoforms of

Na1K1 2Cl2 cotransporter: absorptive and secretory isoform. The

absorptive isoform is expressed at the luminal membrane and secretory iso-

form is expressed on the basolateral membrane.

Sodium, potassium, and chloride ions are reabsorbed by these

Na1K1 2Cl2 cotransporter (Fig. 16.3). One Na1 , one K1 , and two

FIGURE 16.3 Na1 ion reabsorption in thick ascending limb of Henle’s loop. NKCC2, Na1 /

K1 /2Cl2 cotransporter.
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Cl2 ions are transported together to the epithelial cells via this cotranspor-

ter. These Na1K1 2Cl2 cotransporters are electrically neutral because

two cations are transported along with two anions.

Na1 /K1 -ATPase transporter in the basolateral membrane extrudes the

reabsorbed Na1 ion into the interstitium to maintain a low-intracellular Na1
concentration and pumps K1 into the cell. Thus Na1 is reabsorbed in TAL.

Due to K1 transport by luminal Na1K1 2Cl2 cotransporters and

basolateral Na1 /K1 -ATPase pump, there is accumulation of K1 within

the tubular cell.

Accumulation of K1 within the cells promotes its back diffusion from

the tubular cell into the lumen through K1 channels. Now a positive poten-

tial is created inside the lumen by this back diffusion of K1 .

This positive potential drives divalent cations Ca21 and Mg21 reab-

sorption via paracellular pathway into the interstitium.

Diuretics acting on thick ascending limb

Loop diuretics: furosemide, torsemide, bumetanide and ethacrynic
acid, etc

Mechanism of action

Loop diuretics primarily act on TAL of loop of Henle.61�63 Loop diuretics

bind to the chloride binding site of Na1K1 2Cl2 cotransport proteins and

inhibit them (Fig. 16.3 and Flow diagram 16.3) the reabsorption of Na1
and Cl2 ions. Na1 and Cl2 ions are retained in the lumen and excreted.

Loop diuretics thus exert their action.

The increased sodium concentration reaches the DCT and promotes loss

of H1 and K1 ions.

Mechanism of hypocalcaemia and hypomagnesemia

As discussed earlier, K1 transport by luminal Na1K1 2Cl2 cotranspor-

ters (Fig. 16.3) as well as basolateral Na1 /K1 -ATPase pump leads to

accumulation of K1 ion within the tubular cell.

Accumulation of K1 within the cells promotes its back diffusion from

the tubular cell into lumen through the K1 ion channels. Now a positive

potential is created inside the lumen by this back diffusion of K1 .

This positive potential drives divalent cations Ca21 and Mg21 reab-

sorption via paracellular pathway into the interstitium.

By inhibiting Na1K1 2Cl2 cotransporter (Flow diagram 16.3), loop

diuretics inhibit these reabsorptions of Ca21 and Mg21 leading to hypo-

calcemia and hypomagnesemia.
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Mechanism of hypokalemia and metabolic alkalosis

Loop diuretics bind to chloride binding sites of Na1K1 2Cl2 cotransport

(Flow diagram 16.3) proteins and inhibit the reabsorption of Na1 , K1 ,

and Cl2 ions. Na1 , K1 , and Cl2 ions are retained in the lumen and

excreted. The increased sodium concentration that reaches the distal tubule

promotes loss or hydrogen and potassium iron (discussed later). Loop diure-

tics in high dose, particularly, may produce metabolic alkalosis as there is

loss of hydrogen and potassium and also increased excretion of calcium and

magnesium as already stated.

Distal convoluted tubule

DCT is the continuation of TAL starting at medulla and occupies the cortex of

nephron and is continued as CD.64�66 DCT is lined by single-layer cuboidal

epithelial cells without any brush border and these cells are called intercalated

cells (I cell). Na1 , Ca21 , bicarbonate, and water are reabsorbed from DCT.

There are Na1Cl2 cotransporters, Ca21 ion channels in the luminal

membrane and Na1K1ATPase pump, Ca21H1ATPase pump, and

Na1 /Ca21 exchanger in the basolateral membrane.

FLOW DIAGRAM 16.3 Mechanism of action of Loop diuretics.
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From this region, active reabsorption of sodium ion is mediated by

Na1Cl2 cotransporter system. This part is also impermeable to water and

8%�10% of filtered sodium chloride is reabsorbed in this segment.

This Na1Cl2 cotransporters are electrically neutral because one cation

is transported along with one anion.

Na1K1ATPase pump, located in the basolateral membrane, pumps

K1 into the cell in exchange of Na1 ion for maintaining a low-

intracellular Na1 ion concentration. Na1 is transported the interstitium.

Unlike TAL segment, in DCT there is no excess accumulation of K1
within the tubular cell. There is no back diffusion of K1 ions from the

tubular cell into the lumen and hence inside the lumen no positive potential

is created. So, there is no drive of divalent cations Ca21 and Mg21 ion

reabsorption via paracellular pathway into the interstitium like in case of

TAL of loop of Henle.

Instead calcium is actively reabsorbed from this segment via calcium

channels located in the luminal membrane. Both parathyroid hormone and

calcitriol promote calcium ion reabsorption.

Diuretics acting on distal convoluted tubule

Thiazide diuretics: chlorothiazide, chlorthalidone,
hydrochlorothiazide, indapamide, metolazone

They have moderately powerful diuretic action not to that extent of loop

diuretics.59,67

Mechanism of action

Thiazide diuretics are secreted in PCT by the organic acid secretory systems

and reach early DCT via tubular fluid. In the early part of DCT, they inhibit

electro neutral Na1Cl2 cotransporter system. Na1 and Cl2 ion reab-

sorption stops (Flow diagram 16.4). The Na1 and Cl2 ions are excreted

along with water.

Loop diuretic action of thiazide is also partially mediated by renal PGE2

and PGI2 synthesis. They also inhibit CA enzyme in PCT.

Mechanism of no hypocalcemia

Thiazide diuretics inhibit electro neutral Na1Cl2 cotransporter system.

So, there is no excess accumulation of intracellular K1 and no back diffu-

sion of K1 in the lumen and no Ca21 reabsorption due to lumen positive

potential created by K1 ions.

Instead calcium is actively reabsorbed from this segment via calcium

channels (Fig. 16.4 and Flow diagram 16.4) located in the luminal membrane

by the help of parathyroid hormone and calcitriol. Thiazide causes low-

intracellular sodium that promotes enhanced Na1 /Ca21 exchange in the
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basolateral membrane and overall absorption of Ca21 is increased. Unlike

the situation in the TAL of Henle’s loop where loop diuretics directly inhibit

the calcium reabsorption as discussed earlier, thiazide diuretics rather

enhance parathyroid hormone-regulated calcium reabsorption from the DCT.

When more sodium reaches the CD from the DCT, the high flow rate of

the filtrate produced by thiazides also increases K1 excretion by continu-

ously flashing it away increasing the gradient from the principal cells to the

lumen. Potassium loss is significant.

Thiazide diuretics decrease the calcium concentration of urine promoting

calcium reabsorption in the DCT. During diuresis by thiazides, urine is reach

in sodium and chloride but almost free of bicarbonate. Increased bicarbonate

and decreased ECF volume lead to increased concentration of bicarbonate

per unit volume of ECF.

Aldosterone stimulation in collecting tubule promotes hypokalemia and

hydrogen ion secretion which stimulates bicarbonate reabsorption from the

proximal tubule.

All these events lead to development of hypochloremic metabolic

alkalosis.

FLOW DIAGRAM 16.4 Mechanism of action of thiazide diuretics.
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Collecting tubule system

Several distal tubules open into each collecting tubules and the collecting tubules

join to form the CDs.68,69 Lower part of the CD is located in medulla. 7�10 initial

CD s join to form the straight CD passing through medulla. CD is formed by two

types of epithelial cells; principal cell (P cell) and intercalated cell (I cell).

There are no apical cotransport systems for sodium and other ions in

principal cells. Instead, in the apical membrane, they have different ion chan-

nels for Na1 absorption and K1 excretion, but no channel for anions. In

the basolateral side, there are Na1K1ATPase pumps.

In the intercalated cells, there is H1 /ATPase pump in luminal membrane

and HCO32 /Cl2 exchanger in the basolateral membrane.

These cells are normally impermeable to water in absence of antidiuretic hor-

mone (ADH) and to sodium in absence of aldosterone. Aldosterone enters the epi-

thelial cell (Fig. 16.5) from interstitial side and combines with mineralocorticoid

receptor (Mr) in cytosol to form drug�receptor complex. The Mr aldosterone com-

plex translocates to the nucleus. This promotes gene-mediated mRNA synthesis

that regulates the expression aldosterone-induced proteins (AIPs). AIPs activate

Na1 ion channels and translocate them from cytosolic site to luminal membrane

and Na1K1ATPase pumps to basolateral membrane. They also increase produc-

tion of ATP by mitochondria. All these changes increase Na1 ion reabsorption.

By the epithelial Na1 channels (ENaC), Na1 ions enter the principal cell

(Fig. 16.6) from tubular fluid and via basolateral Na1 /K1 -ATPase, transported

FIGURE 16.4 Na1 reabsorption in distal convoluted tubule. NCC, Na1 /Cl2 cotransporter;

PTH, Parathyroid hormone.
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FIGURE 16.5 Mineralocorticoid receptor�mediated Na1 reabsorption. Mr�Aldo, mineralo-

corticoid receptor�aldosterone complex; AIP, aldosterone-induced protein; ENaC, epithelial

sodium channel.

FIGURE 16.6 Na1 reabsorption via epithelial sodium channels. ENaC, Epithelial sodium

channel.

Mechanism of action of diuretic and anti-diuretic drugs Chapter | 16 381



to the blood. K1 ion is secreted into lumen via K1 channels. Na1 entry inside

cell predominates over K1 ion secretion into the lumen and lumen-negative elec-

trical potential of 10�50 mV develops. The lumen-negative electrical potential

drives transport of Cl2 ion back to blood via paracellular pathway and secretes

K1 ion out of the cells through the apical membrane K1 ion channel.

Via the HCO32 /Cl2 exchanger located in the basolateral membrane,

chloride enters the intercalated cell in the exchange of bicarbonate which is

driven out of the cell to the interstitium. The ATP-driven H1 pump situated

in the luminal membrane secretes the hydrogen to the lumen. Lumen-

negative potential also drives the secretion of hydrogen by these pumps.

From DCT and CD water is reabsorbed in facultative way by the action

of ADH.

Normally, the DCT and the collecting duct are impermeable to H2O but

become permeable when ADH acts. ADH combines with vasopressin (V2)

receptors in the basolateral side of tubular epithelial membrane and activates

adenylyl cyclase, to form cyclic adenosine monophosphate (AMP). This

cyclic AMP increases protein kinase A (PKA) activity which leads to activa-

tion of aquaporins (aquaporin-2) channels and their transportation to luminal

membrane. These channels increase make these segments permeable to water

and increase water reabsorption (Fig. 16.7).

FIGURE 16.7 ADH induced aquaporin channel-mediated water reabsorption. ADH,

Antidiuretic hormone; AQP2, aquaporin channel 2; AQP3,4, aquaporin channel 3,4; cAMP,

cyclic adenosine monophosphate; DNA, deoxyribonucleic acid; PKA, protein kinase A; V2R,

vasopressin receptor.

382 How Synthetic Drugs Work



Diuretics acting on tubule system

Aldosterone receptor antagonist or mineralocorticoid receptor
antagonist (K1 sparing diuretics): spironolactone, eplerenone

Mechanism of action

Aldosterone receptor antagonist acts on distal part of distal tubule and col-

lecting tubules.53,69 They bind to Mrs (Flow diagram 16.5) and prevent

mRNA synthesis followed by AIPs expressions. Thus activation of sodium

channel is inhibited. So, Na1 reabsorption decreases. As a result, potassium

secretion is also decreased. H1 secretion is decreased. Uric acid secretion is

decreased.

Inhibitors of renal epithelial Na1 channel (K1 sparing diuretics):
triamterene, amiloride

Mechanism of action

Epithelial sodium channel inhibitors (like amiloride and triamterene) are

secreted through organic base secretory system at the PCT and act at the dis-

tal part of DCT and collecting tubule. They inhibit this epithelial Na1 ion

channel (Flow diagram 16.6) and thus inhibit the entry of Na1 in the cell.

This promotes the excretion of Na1 as lumen-negative potential does not

FLOW DIAGRAM 16.5 Mechanism of action of aldosterone receptor antagonist.
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develop, and Cl2 ion is also not transported back to blood via paracellular

pathways. So, this facilitates Na1 and Cl2 excretion and exerts their

diuretic effects.

So, by blocking up this channel, they inhibit Na1 reabsorption. Thus the

lumen-negative potential decreases. Lumen-negative potential is the driving

force of potassium secretion. So, potassium secretion is also inhibited.

Net loss of sodium is minor; potassium excretion is prevented in signifi-

cant level.

The lumen-negative potential is also the driving force of H1 ion secre-

tion. So, these drugs by reducing the lumen-negative potential also inhibit

the secretion of hydrogen ions as well. This leads to metabolic acidosis.

Since their mode of action is independent of aldosterone, so, they have

diuretic activity even in patients of Addison’s disease. Amiloride is not

metabolized in the liver and therefore is 10 times more potent and longer-

acting compared to triamterene. Both are mild uricosurics.

Antidiuretic hormone receptor (vasopressin) antagonist: tolvaptan,
conivaptan

Mechanism of action

As discussed earlier, Anti diuretic hormone (ADH) combines with V2 recep-

tors which activates cAMP which increases the activity of PKA and aquapor-

in channels are formed leading to water reabsorption.63�66 ADH receptor

FLOW DIAGRAM 16.6 Mechanism of action of epithelial sodium channel inhibitor.
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antagonists inhibits (Flow diagram 16.7) the receptors and thereby inhibit

aquaporin channel activation. This leads to inhibition of water reabsorption

and thus exerts diuretic effect.

Nonspecific cation channel inhibitor: natriuretic peptides: (1) atria
natriuretic peptide, (2) brain natriuretic peptide, (3) C-type
natriuretic peptide and urodilatin

Mechanism of action

They inhibit sodium absorption by acting on the nonspecific cationic chan-

nels in the inner medullary CDs (Fig. 16.8).64�67 Natriuretic peptides (NPs)

bind to cell surface receptors that are isoforms of particulate guanylyl

cyclase. Guanylyl cyclase synthesizes cGMP which directly inhibit those cat-

ion channels (cyclic nucleotide gated cation channel or CNGC). They also

inhibit the cation channels indirectly by activating protein kinase G (PKG).

PKG also inhibits the Na1K1ATPase pump on the basolateral membrane.

As a result, Na1 absorption is inhibited.

Others

Osmotic diuretics: mannitol, urea, isosorbide, glycerol

Mechanism of action

They act indirectly in water-permeable segments of nephron: PCT and des-

cending limb of Henle’s loop, and collecting tubules.68,69

They are minimally metabolized in human body and freely filter edat the

glomerulus and undergo minimal reabsorption. Due to the presence of non-

reabsorbable solutes along with other electrolytes, the hypertonicity of the

luminal fluid increases. This limits osmosis of water into interstitium and

FLOW DIAGRAM 16.7 Mechanism of action of ADH receptor (V2) antagonist. ADH, anti-

diuretic hormone.
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thereby reduces the Na1 ion concentration in the lumen till Na1 reabsorp-

tion stops. This inhibits the water reabsorption from the tubule and urine vol-

ume increases.

They extract water from intracellular compartments and expand ECF vol-

ume and thus decrease viscosity of blood and inhibit renin release. These

effects increase renal blood flow. The increase in renal medullary blood flow

helps in removal of NaCl and urea from the renal medulla and reduces med-

ullary tonicity. This reduction in medullary tonicity promotes a decrease in

the excretion of water from the descending thin limb, which in turn limits

the concentration of NaCl in tubular fluid which enters ascending thin limb.

This latter effect inhibits the passive reabsorption of NaCl in the ascending

thin limb.

Mannitol when given intravenously first increases the osmolarity of the

ECF. To equalize the osmolarity, water shifts from the intracellular space to

the extracellular space which increases filtration load at Glomerulus.

Conclusion

Therefore the main effect of osmotic diuresis is to increase the amount of

water, with a relatively small increase in sodium excretion. They increase

urinary excretion of almost all electrolytes (e.g., Na1 , K1 , Cl2 , HCO2 ,

Ca21 , Mg21 , and phosphate). This chapter sheds light on the various sites

and pharmacological actions of drugs affecting these. The chapter mainly

FIGURE 16.8 Mechanism of action of natriuretic peptides.
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focuses on loop diuretics, which are the primary line of treatment in case of

patients with chronic kidney disease (CKD). The chapter deals not only with

thiazides and mineralocorticoid antagonists but also with other class of diure-

tics dealing with subsets of CKD patients.

References

1. Bauersachs J, et al. Mineralocorticoid receptor activation and mineralocorticoid receptor

antagonist treatment in cardiac and renal diseases. Hypertension. 2015;65:257�263.

2. Benarroch EE. Oxytocin and vasopressin: social neuropeptides with complex neuromodula-

tory functions. Neurology. 2013;80:1521�1528.

3. Berl T, et al. Oral tolvaptan is safe and effective in chronic hyponatremia. J Am Soc

Nephrol. 2010;21:705.

4. Berl T. Vasopressin antagonists. N Engl J Med. 2015;372(23):2207�2216.

5. Bernstein PL, Ellison DH. Diuretics and salt transport along the nephron. Semin Nephrol.

2011;31(6):475�482.

6. Brater DC. Diuretic therapy. N Engl J Med. 1998;339:387�395.

7. Brater DC. Mechanism of Action of Diuretics. UpToDate; 2013. ,http://www.uptodate.

com..

8. Brenner BM, ed. Brenner & Rector’s the Kidney. 8th ed. Saunders; 2008.

9. Brown J, et al. Spironolactone vs placebo or in combination with steroids for hirsutism

and/or acne. Cochrane Database Syst Rev. 2009;(2)CD000194.

10. Cooper BE. Diuresis in renal failure: treat the patient, not the urine output. Crit Care Med.

2009;37:761.

11. Costello-Boerrigter LC, Boerrigter G, Burnett Jr. JC. Revisiting salt and water retention:

new diuretics, aquaretics, and natriuretics. Med Clin North Am. 2003;87:475.

12. D’Elia E, Krum H. Mineralcorticoid antagonists in heart failure. Heart Fail Clin.

2014;10:559�564.

13. Edelmann F, et al. Effect of spironolactone on diastolic function and exercise capacity in

patients with heart failure with preserved ejection fraction: the Aldo-DHF randomized con-

trolled trial. JAMA. 2013;309:781�791.

14. Ernst ME, Moser M. Use of diuretics in patients with hypertension. N Engl J Med.

2009;361:2153.

15. Faris R, et al. Current evidence supporting the role of diuretics in heart failure: a meta

analysis of randomised controlled trials. Int J Cardiol. 2002;82:149�158.

16. Forssmann WG, Meyer M, Forsmann K. The renal urodilatin system. Clinical implications.

Cardiovasc Res. 2001;51(3):450.

17. Garcia ML, Kaczorowski GJ. Targeting the inward-rectifier potassium channel ROMK in

cardiovascular disease. Curr Opin Pharmacol. 2014;15:1�6.

18. Ginès P, Schrier RW. Renal failure in cirrhosis. N Engl J Med. 2009;361:1279.

19. Hao C-M, Breyer MD. Physiological regulation of prostaglandins in the kidney. Annu Rev

Physiol. 2008;70:357.

20. Hays RM. Vasopressin antagonists: progress and promise. N Engl J Med. 2006;355:146.

21. Hill JA, Yancy CW, Abraham WT. Beyond diuretics: management of volume overload in

acute heart failure syndromes. Am J Med. 2006;119:S37.

22. Hocher B. Adenosine A1 receptor antagonists in clinical research and development. Kidney

Int. 2010;78(5):438.

Mechanism of action of diuretic and anti-diuretic drugs Chapter | 16 387

http://refhub.elsevier.com/B978-0-323-99855-0.00016-6/sbref1
http://refhub.elsevier.com/B978-0-323-99855-0.00016-6/sbref1
http://refhub.elsevier.com/B978-0-323-99855-0.00016-6/sbref1
http://refhub.elsevier.com/B978-0-323-99855-0.00016-6/sbref2
http://refhub.elsevier.com/B978-0-323-99855-0.00016-6/sbref2
http://refhub.elsevier.com/B978-0-323-99855-0.00016-6/sbref2
http://refhub.elsevier.com/B978-0-323-99855-0.00016-6/sbref3
http://refhub.elsevier.com/B978-0-323-99855-0.00016-6/sbref3
http://refhub.elsevier.com/B978-0-323-99855-0.00016-6/sbref4
http://refhub.elsevier.com/B978-0-323-99855-0.00016-6/sbref4
http://refhub.elsevier.com/B978-0-323-99855-0.00016-6/sbref5
http://refhub.elsevier.com/B978-0-323-99855-0.00016-6/sbref5
http://refhub.elsevier.com/B978-0-323-99855-0.00016-6/sbref5
http://refhub.elsevier.com/B978-0-323-99855-0.00016-6/sbref6
http://refhub.elsevier.com/B978-0-323-99855-0.00016-6/sbref6
http://www.uptodate.com
http://www.uptodate.com
http://refhub.elsevier.com/B978-0-323-99855-0.00016-6/sbref7
http://refhub.elsevier.com/B978-0-323-99855-0.00016-6/sbref8
http://refhub.elsevier.com/B978-0-323-99855-0.00016-6/sbref8
http://refhub.elsevier.com/B978-0-323-99855-0.00016-6/sbref9
http://refhub.elsevier.com/B978-0-323-99855-0.00016-6/sbref9
http://refhub.elsevier.com/B978-0-323-99855-0.00016-6/sbref10
http://refhub.elsevier.com/B978-0-323-99855-0.00016-6/sbref10
http://refhub.elsevier.com/B978-0-323-99855-0.00016-6/sbref11
http://refhub.elsevier.com/B978-0-323-99855-0.00016-6/sbref11
http://refhub.elsevier.com/B978-0-323-99855-0.00016-6/sbref11
http://refhub.elsevier.com/B978-0-323-99855-0.00016-6/sbref12
http://refhub.elsevier.com/B978-0-323-99855-0.00016-6/sbref12
http://refhub.elsevier.com/B978-0-323-99855-0.00016-6/sbref12
http://refhub.elsevier.com/B978-0-323-99855-0.00016-6/sbref12
http://refhub.elsevier.com/B978-0-323-99855-0.00016-6/sbref13
http://refhub.elsevier.com/B978-0-323-99855-0.00016-6/sbref13
http://refhub.elsevier.com/B978-0-323-99855-0.00016-6/sbref14
http://refhub.elsevier.com/B978-0-323-99855-0.00016-6/sbref14
http://refhub.elsevier.com/B978-0-323-99855-0.00016-6/sbref14
http://refhub.elsevier.com/B978-0-323-99855-0.00016-6/sbref15
http://refhub.elsevier.com/B978-0-323-99855-0.00016-6/sbref15
http://refhub.elsevier.com/B978-0-323-99855-0.00016-6/sbref16
http://refhub.elsevier.com/B978-0-323-99855-0.00016-6/sbref16
http://refhub.elsevier.com/B978-0-323-99855-0.00016-6/sbref16
http://refhub.elsevier.com/B978-0-323-99855-0.00016-6/sbref17
http://refhub.elsevier.com/B978-0-323-99855-0.00016-6/sbref18
http://refhub.elsevier.com/B978-0-323-99855-0.00016-6/sbref18
http://refhub.elsevier.com/B978-0-323-99855-0.00016-6/sbref19
http://refhub.elsevier.com/B978-0-323-99855-0.00016-6/sbref20
http://refhub.elsevier.com/B978-0-323-99855-0.00016-6/sbref20
http://refhub.elsevier.com/B978-0-323-99855-0.00016-6/sbref21
http://refhub.elsevier.com/B978-0-323-99855-0.00016-6/sbref21


23. Iovino M, et al. Molecular mechanisms involved in the control of neurohypophyseal hor-

mones secretion. Curr Pharm Des. 2014;20:6702�6713.

24. Jackson EK. Drugs affecting renal excretory function. In: Brunton LL, Dandan RH,

Knollmann BC, eds. Goodman & Gilman’s the Pharmacological Basis of Therapeutics.

13th ed. New York: McGraw Hill Education; 2018:445�470.

25. Kaplan NM. The place of diuretics in preventing cardiovascular events. J Hum Hypertens.

2004;18:S29.

26. Kellenberger S, Schild L. International Union of Basic and Clinical Pharmacology. XCI.

Structure, function, and pharmacology of acid-sensing ion channels and the epithelial Na1

channel. Pharmacol Rev. 2015;67:1�35.

27. Kim GH, et al. Antidiuretic effect of hydrochlorothiazide in lithium-induced nephrogenic

diabetes insipidus is associated with upregulation of aquaporin-2, Na-Cl cotransporter, and

epithelial sodium channel. J Am Soc Nephrol. 2004;15:2836.

28. Kishore BK, Ecelbarger CM. Lithium. A versatile tool for understanding renal physiology.

Am J Physiol Ren Physiol. 2013;304:F1139�F1149.

29. Kortenoeven MLA, et al. Amiloride blocks lithium entry through the sodium channel

thereby attenuating the resultant nephrogenic diabetes insipidus. Kidney Int.

2009;76:44�53.

30. Kortenoeven MLA, et al. Demeclocycline attenuates hyponatremia by reducing aquaporin-

2 expression in the renal inner medulla. Am J Physiol Ren Physiol. 2013;305:

F1705�F1718.

31. Layek A, et al. Efficacy of vasopressin during cardio-pulmonary resuscitation in adult

patients: a meta-analysis. Resuscitation. 2014;85:855�863.

32. Lee C, Burnett J. Natriuretic peptides and therapeutic applications. Heart Fail Rev.

2007;12:131.

33. Lüss H, et al. Renal effects of ularitide in patients with decompensated heart failure. Am

Heart J. 2008;155:1012.

34. Mitrovic V, et al. Cardio-renal effects of the A1 adenosine receptor antagonist SLV320 in

patients with heart failure. Circ Heart Fail. 2009;2:523.

35. Na KY, et al. Upregulation of Na1 transporter abundance in response to chronic thiazide or

loop diuretic treatment in rats. Am J Physiol. 2003;284:F133.

36. Nejsum LN. The renal plumbing system: aquaporin water channels. Cell Mol Life Sci.

2005;62:1692�1706.

37. Nigwekar SU, Waikar SS. Diuretics in acute kidney injury. Semin Nephrol. 2011;31:

523�534.

38. Nijenhuis T, et al. Enhanced passive Ca21 reabsorption and reduced Mg21 channel abun-

dance explains thiazide-induced hypocalciuria and hypomagnesemia. J Clin Invest.

2005;115:1651.
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Overview

Oxygen and food provide energy and are the building blocks for the survival

of the human body.1 Direct respiration is responsible for oxygen intake; this

oxygen is further utilized for metabolic processes inside the body, while

food undergoes a long process called digestion and absorption to provide

nutrition values for metabolic reactions. Digestion is basic function of the

gastrointestinal tract (GIT); along with this function,2 it also servers as

important part of endocrine system. As specific enteric nervous system, inte-

grative neuronal networks are present in GIT, where almost similar number

of neurons is present in the spinal cord. This organ system is the site for dif-

ferent diseases ranging from short modalities (dyspepsia) to complicated dis-

eases like Crohn’s disease. In this chapter, we will discuss about

physiological functions of GIT and pharmacological activities of synthetic

drugs used for the treatment of different illnesses associated with GIT.3

Introduction

The gastrointestinal tract (GIT) comprises almost 9-m long tube starting in

the mouth and ending into anus, and different accessory organs, liver, gall

bladder, and pancreases, are also associated with GIT. The food enters in

mouth, where it is chewed by teeth and then swallowed through esophagus

to reach stomach, and it stays there for several hours depending on stomach
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motility and nature of food, food further processed in intestine for absorption

and finally for elimination thought rectum. Two muscular rings (lower

esophagus sphincter and pyloric sphincter) are responsible for food strict

storage in the stomach for digestion and to avoid its unwanted availability in

esophagus and duodenum. Lower esophagus sphincter helps to avoid damage

of esophagus resulting due to acidic backup; pyloric sphincter precedes the

semidigested food in duodenum only when it is not occupied and intestine

gets enough time to absorb nutritional substances from this semidigested

food.4

Neuronal and hormonal control over gastrointestinal tract

Various pathways are responsible for mutual communication between central

nervous system and GIT.5 Intestinal metabolic compounds and bacterial con-

tents indirectly stimulate the vagus nerve and amalgamate details to central

nervous system to produce balance between nervous system and intestinal

tract.6 Afferent fibers of vagus nerve express toll receptors and neurotrans-

mitter receptors at fibers end, on which different subtracts bind directly such

as bacterial metabolites, short-chain polysaccharides, and lipopolysacchar-

ides. The stimuli-receptor binding generated signals transmit information to

the brain, which is responsible for intestinal motility and immunity.7

Intestinal hormones such as serotonins [5-hydroxytryptamine (5-HT)] and

cholecystokinin (CCK) are produced in the small intestine, in response to

activation of endocrine cells by food components (carbohydrates, proteins,

and lipids) present in GIT, and these hormones also bind to afferent nerve

receptors and regulate intestinal movement.8

Gastrointestinal acid regulation

When acid secretion was discovered in the stomach earlier last century,

scientists were convinced regarding the role of acid in pathogenesis of differ-

ent diseases associated with stomach and other neighboring organs (esopha-

gus and duodenum).9 Gastric acid regulation is initiated by different

pathways (hormonal, paracrine, and neuronal). When we ingest the food,

these pathways get activated by stimuli either in brain or in the stomach

such as proteins (chemical stimuli), stomach distension (mechanical stimuli).

Acetylcholine (neurotransmitter), histamine (paracrine), gastrin (hormone),

and also somatostatin (paracrine inhibitory hormone) are important secretory

agents responsible for regulation of acids in the GIT.10

Peripheral regulation of acid

About 2.5-L gastric juice is secreted in a day. Prorenins and pepsinogens are exo-

crine secretions produced in peptic cells, along with these hydrochloric acids, and
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some intrinsic factors are also produced and secreted from oxyntic cells.11 Gastric

mucosa is surrounded by mucus-producing cells, which works as protective layer

(trapped bicarbonate ions produce gel-like protective structure and maintain pH

6�7) in the acidic environment of GIT. Disturbance among secretion and protec-

tion mechanism is responsible for the development of gastric ulcers which also

are the target sites for treatment drugs.12

Gastric partial cells contain G-cells, which are responsible for the initia-

tion of acid secretion in terms of release of gastrin, which further activates

CCK B receptor present in enterochromaffin-like cells resulting in the series

cascade of calcium ions. Histamine release from exocytotic cells results in

activation of Cl current. Histamine released during the process also activates

partial cell H2 receptor�mediated H1/K1/ATPase. This is the final pathway

for gastric acid secretion.13

Initially, isotonic hydrochloric acid (15 mmol) with pH ,1 is produced

in the parietal cells, which has hydrogen concentration more than million

than in the plasma. Active chloride ions transport occurs into canaliculi in

the cells that communicate with gastric gland lumen and then with stom-

ach.14 Chloride ion secretion is accompanied by potassium ion secretion that

is exchanged for hydrogen ion within the cell (K1H1/ATPase) and bicarbon-

ate ions. The bicarbonate ion also exchanges for chloride ions in the parietal

cells. Parietal cells activated by different stimuli include gastrin (stimulatory

hormone), acetylcholine (stimulatory neurotransmitter), histamine (stimula-

tory autacoid), prostaglandin (inhibitory autacoid).15

Gastrin

A gastric antrum and duodenum mucosa contain endocrine cell that produces

gastrin, which is further transported to portal vein; the gastrin stimulates acid

production in parietal cells and mucosa production in acid-secreting part of

stomach. During and after meal, production of acid is also regulated by cir-

culating gastrin.16

Acetylcholine

Neurotransmitters released from vagus nerve (acetylcholine) activate muscarinic

receptors of parietal cells and on the histamine-containing cell surfaces.17

Histamine

Within the stomach, mast cells (or histamine-containing cells similar to mast

cells) lying close to the parietal cell release a steady basal release of hista-

mine, which is further increased by gastrin and acetylcholine. The hormone

acts on parietal cell H2 receptors, which are responsive to histamine concen-

trations that are below the threshold required for vascular H2 receptor activa-

tion18 (Table 17.1 and Fig. 17.1).
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Peptic ulcer

One of the common diseases related to acid disturbance is peptic ulcer,

which requires gastric acid for its formation. Peptic ulcer is divided into

three main categories, including Helicobacter pylori (HP) associated, nonste-

roidal antiinflammatory drugs (NSAIDs) induced, and ulcers induced by

stress.19 Almost every gastric ulcer results due to an imbalance between

defensive and aggressive factors (pepsin and gastric acid) in the presence of

HP, NSAIDs, and other causative agents (Table 17.2) associated with it.

TABLE 17.1 Summary of factors involved in regulation of acid secretion.

S. no. Acid regulation

1 The proton pump (K1H1ATPase) in gastric parietal cells is responsible for
secretion of acid.

2 Acetylcholine, gastrin, and histamine act like endogenous secretory agents
for acid in gastrointestinal tract.

3 Prostaglandins (I2and E2) are responsible for mucus and bicarbonate
secretion, and blood vessels dilation also inhibits acid production.

FIGURE 17.1 Physiology of acid secretion, M3/M1, Ach, G, H2, PGE2, HCO3. Ach,

Acetylcholine; G, gastrin receptors protein; H2, histaminergic receptor type-2; M3/M1, musca-

rinic receptor types 3 and 1; PGE2, prostaglandin E2; HCO3, bicarbonate ions.
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Histamine released by muscarinic stimulation of gastrin may integrate

and interact with the local secretory and circulatory in responses to hormones

such as histamine, acetylcholine, and gastrin regulate H1 secretion by the

parietal cell (Table 17.2).

Potential causes of peptic ulcer

Common causes
Helicobacter pylori infection
Nonsteroidal antiinflammatory drugs
Critical illness (stress-related mucosal damage)
Uncommon causes
Hypersecretion of gastric acid (e.g., Zollinger�Ellison syndrome)
Viral infections (e.g., cytomegalovirus)
Vascular insufficiency (crack cocaine associated)
Radiation
Chemotherapy (e.g., hepatic artery infusions)
Rare genetic subtypes

The bacterium HP is a Gram-negative microaerophilic microorganism, which

is involved in broad spectrum infections associated with digestive tract. It was first

isolated by Warren and marshal in 1982.20 The vaca gene and urease molecular

complex are universally present as essential virulence factor in any HP strain.

Gastric mucosa is damaged directly or indirectly by ammonia and bicarbonate,

either produced by urease enzyme or by compounds produced in ammonia pro-

cessing. Local inflammatory reactions result due to excessive production of urease

enzymes.21 NSAIDs are most commonly prescribed medicines that are dispensed

TABLE 17.2 Comparison of common forms of peptic ulcer.

Characteristic H. pylori induced NSAID induced SRMD

Condition Chronic Chronic Acute

Site of damage Duodenum. stomach Stomach. duodenum Stomach. duodenum

Intragastric pH More dependent Less dependent Less dependent

Symptoms Usually epigastric

pain

Often asymptomatic Asymptomatic

Ulcer depth Superficial Deep Most superficial

GI bleeding Less severe, single

vessel

More severe, single

vessel

More severe,

superficial mucosal

capillaries

H. pylori, Helicobacter pylori; NSAID, nonsteroidal antiinflammatory drug; SRMD, Stress related mucosal
disease
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over the counter in many countries also in India. Chronic administration of nonse-

lective NSAIDs is widely linked with gastrointestinal injuries.22�24 It has been

found that two mechanisms are involved in progression of GIT mucus damage,

that is, inhibition of systemic prostaglandin synthesis and direct damage to gastric

epithelium. Acidic nature of different NSAIDs results in direct damage to gastric

mucosa. Inhibition of cyclooxygenase enzyme (COX) is predominantly responsi-

ble for mucosal damage, as COX is key enzyme for the synthesis of protective

endogenous molecule called prostaglandin25 (Fig. 17.2).

Drugs used for neutralizing and inhibiting acid release

Antacids

These are alkaline compounds used to neutralize acid content in stomach. These

drugs are being used for such conditions for more than 100 years.26 Aluminum,

magnesium, and calcium hydroxide, and also sodium bicarbonate, counteract acid

in the stomach due to their alkaline nature, increase pH to neutral, reduce pepsin

activity, and increase prostaglandin and bicarbonate secretion.

FIGURE 17.2 Sites of action of antisecretory drugs and other antiulcer agents. H. pylori,

Helicobacter pylori; H2, histaminergic receptor type-2; HCO3, bicarbonate ions; M3, muscarinic

receptor type 3; PGE2, prostaglandin E2, NSAIDs, nonsteroidal antiinflammatory drugs.

396 How Synthetic Drugs Work



Classification

On the basis of digestive absorbance nature, it can be classified into the following:

� Absorbable

� sodium carbonate

� magnesium oxide

� magnesium carbonate

� calcium carbonate

� Nonabsorbable

� aluminum phosphate

� aluminum hydroxide

� magnesium silicate

� magnesium hydroxide

� aluminum�magnesium combination

Due to various systemic side effects, absorbable antacids are rarely used

for clinical practices. These are quick acting but have short duration of

action (15�20 min), also these antacids may provoke rebound syndrome

(secondary acid secretion).26,27

Nonabsorbable antacids have lesser side effects compared to absorbable anta-

cids and these drugs have longer duration of action 2�3 h. The therapeutic mech-

anism of action is associated with hydrochloric acid absorption. Acid-neutralizing

capacity is effective until pH reaches 3�4. Other beneficial effects include

absorption of pepsin (reducing proteolytic activity), connecting lysolecithin and

bile acid to protect gastric mucosa, stimulate prostaglandin synthesis that further

stimulates mucin and bicarbonate secretion to improve microcirculation. Antacids

are also capable to bind epithelial growth factor in ulcerous region and stimulate

cell proliferation and angiogenesis.

Acid-neutralizing capacity expressed in mEq of hydrochloric acid, neu-

tralized by standard dose of antacids to increase pH to 3.5 in approximately

15 min (predetermined).28 Acid-neutralizing capacity is evaluation of antacid

efficiency. Types of cation present in antacid determine pharmacodynamics

of antacids.

Aluminum-containing antacids have more beneficial effects than other

antacids29,30 that include neutralizing, cytoprotective, and absorbing effects.

But due to these effects, gastric motility also gets affected, and constipation

results. Magnesium-containing antacids have laxative effect on gastric motil-

ity. A combination of aluminum and magnesium antacids has better thera-

peutics as aluminum hydroxide provides longer duration of action and

magnesium hydroxide shows quick onset of action (Table 17.3).

Antacid side effects

1. On short-term administration, absorbable antacids produce (rebound syn-

drome) secondary hypersecretion.
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2. On long-term application, antacids produce milk acidity syndrome and

hyperacidity.

3. Water salt metabolism is adversely affected by sodium bicarbonate.

4. Magnesium and sodium antacids produce urinary alkalization, which

leads to settling of phosphate molecules in the form of phosphate stones.

5. Calcium-containing antacids produce hypercalcemia, which leads to kid-

ney stone formation.

6. A combination milk and calcium antacid is not administered together as

it promotes milk-alkali syndrome (vomiting, polyuria, and mental

disorder).

7. Nonabsorbable antacids have lesser side effects as compared to absorb-

able ones. These drugs show side effects only in long duration of uses.

Aluminum antacids cause constipation and magnesium salts are responsi-

ble for laxative effects.

Contraindication

Aluminum antacids are not used in pregnancy; other contraindications are

severe kidney failure and Alzheimer’s disease.

Histamine receptor antagonist

Gastric parietal cells embedded in stomach epithelium are responsible for the

release of hydrochloric acid, and histamine is important stimuli for this pro-

cess that is secreted from neighboring enterochromaffin cells.31 H2-type his-

tamine receptor is present on parietal cells. Pharmacological antagonist of H2

receptor on GIT is used for different GIT diseases from acidity to peptic

ulcers, erosions to gastroesophageal reflex disease (GERD).

These drugs are responsible for inhibition of acid production due to hista-

mine, gastrin, and acetylcholine; also pepsin secretion is reduced. Nocturnal

and basal acid secretion is affected mostly, which helps in peptic ulcer heal-

ing by these drugs.32

H2 blocker drugs are well tolerated, used widely by prescription, and

over the counter. The Binding site for H2 blocker drugs is basolateral mem-

brane of gastric parietal cells. Selectivity of histamine receptor is key

TABLE 17.3 Comparison of antiulcer effects of different ion salts.

Action Calcium Magnesium Aluminum

Neutralizing effect 1 11 111

Cytoprotective effect � � 11

Absorbing effect 1 � 11

398 How Synthetic Drugs Work



importance, as selective H2 blocker drugs do not bind to H1 receptor which

is blocked by antiallergic drugs.

S. no. Antiulcer drug

1 Cimetidine
2 Ranitidine
3 Famotidine
4 Nizatidine

These drugs are safe for use; only some minor side effects are produced,

including diarrhea, constipation, fatigue, and headache. These drugs are metabo-

lized in liver by cytochrome P450 enzyme33 (Table 17.1). Therapeutic uses:

Treatment of conditions associated with excessive acid production including: 1.

Dyspepsia or heart burn à using low dose formulation given 30 mins before

meals (high acidic condition inactivates pepsin).2. Treatment of gastric & duode-

nal ulcer à Decrease acid secretion which ultimately decrease pain and allow

complete healing of the ulcer; this require 6-8 weeks treatment with.3.

Prophylaxis against stress induced peptic ulcer (1 tablet at bed time).4. Treatment

of gastroesophageal reflux disease (GERD) & esophageal ulcer.5. Second choice

drugs in treatment of hypersecretory conditions as Zollinger Ellison syndrome

(gastrinoma) , as it requires high doses to control excess acid secretion. Adverse

effects: Dizziness, headache, confusion, diarrhea & skin rashes. 2. Cimetidine
binds to androgen receptors and cause antiandrogen effects Male: gyneco-

mastia, decreased sperm count, low testicular weight & reversible impotence in

patients receiving high doses.Female: galactorrhea. Rantidine, famotidine & niza-

tidine à don’t bind to androgen receptors 3. Liver toxicity: cimetidine causes

reversible cholestatic effects while ranitidine causes reversible hepatitis with or

without jaundice. 4. CNS dysfunction à delirium and confusion (most common

in elderly patients receiving cimetidine). 5. Cimetidine can inhibit cytochrome

P450 (mixed function oxidase) à inhibits the metabolism of co-administered

drugs as phenytoin, warfarin & hypoglycemic drugs (drug-drug interaction).

Ranitidine is weak inhibitor of cytochrome P450.

H1/K1 ATPase inhibitor/ Proton pump inhibitor (PPIs):
Omeprazole, Lansoprazole, Rabeprazole, Pantoprazole,
Esomeprazole Mechanism of Action

They are acid labile pro-drugs administered orally as enteric coated preparations,

after absorption from the gut, the prodrug then distributed to the canaleculi of

parietal cells where converted to the active metabolite (sulfoxide derivative) that

binds to H1,K1 ATPase enzyme (proton pump) located at the luminal mem-

brane of gastric parietal cells and inhibits the excretion of H1. They are very

potent anti-secretory agents at a single dose of 20 mg omeprazole can produce

95% inhibition of gastric acid secretion for 2 days (40mg can cause 100%
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inhibition). Therapeutic Uses: 1. Drugs of first choice for Zollinger Ellison syn-

drome (gastrinoma). 2. Peptic ulcer disease (together with antibiotic to eliminate

H. pylori which is the main cause of peptic ulcer). 3. Most effective in treating

Gastroesophageal reflux disease. Adverse effects: 1. PPIs generally are well tol-

erated. Adverse drug reactions are rare: Headache, confusion & rarely skin

rashes or affect liver causing liver damage. 2. Gastric tumors (gastrinoma) in

rats not human, so not used for more than 1 month, as it reduces acid secretion

which can contribute to Hypergastrinemia & gastric tumours. They can increase

Bacterial growth in stomach which secrete nitroso compounds which are known

for carcinogenicity. 3. Reduces secretion of intrinsic factor which contributes to

decrease absorption of B12 that serve major reason to cause pernicious anemia.

Antimuscarinic drugs: Pirenzipene & Telenzepine. Mechanism of
Action: These are selective M1 antagonist which block M1 receptors on

enterochromaffin-like (ECL) cells and decrease histamine release ultimately

stimulation of parietal H2 receptors does not take place and reduction of HCl

secretion results finally. Less potent than H2 inhibitors & has many side effects.

These drugs are not in use now, because of the availability of safer and more

efficacious drugs. Adverse effects: Blurred vision, photophobia, enhances

Intraocular pressure (IOP), cycloplegia, declines sweating, urinary retention,

constipation, dry mouth & difficulty in swallowing. Contraindicated in glaucoma

or elder patients (urinary retention).

PG analogue: Misoprostol, Enprostil, Rioprostil Mechanism of Action:

PGE2 and PGI2 are produced by gastric mucosal cells and considered to be

cytoprotective by decreasing gastric acid secretion and enhancing the mucus and

HCO3
- secretion. Further Prostaglandins also inhibit Gastrin secretion and

improve mucosal blood flow. PGE1 analogue found to increase thickness of

mucous layer, HCO3 secretion and to decrease gastric HCl production (through

stimulating PGs receptors in parietal cells which inhibit cAMP generation inra-

cellularly and finally inhibit the proton pump, hence serve as the cytoprotective

& antisecretory (dual mechanism). Therapeutic Uses: It is used for prophylaxis

(prevention) against NSAIDs induced ulcers when used for long term as in rheu-

matoid arthritis. Adverse effects: 1. Nausea, vomiting, diarrhea, intestinal colic

& may cause fever. 2. Have oxytocic effect can cause contraction of the uterus

which lead to induction of abortion for pregnant female (abortifacient), so con-

traindicated in pregnancy (can be used safely for men),proton pump inhibitors

are preferred over these. Antibiotics for Helicobacter pylori infection.

Antibiotics for Helicobacter pylori infection: Helicobacter pylorus is

pathogenic bacteria present in acidic condition of GIT. HP infection

produces different gastrointestinal disorders that include heartburn, gastritis,

GERD, and duodenal ulcer and gastric cancers. More than 90% duodenal

ulcer occurs due to HP infection.34,35

Most widely used method for bacterial eradication is antibiotic combina-

tion such as amoxicillin1 clarithromycin or proton pump inhibitor and

metronidazole.36
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Antibiotic resistance is major cause of treatment failure. Low drug con-

centration, short gastric residence time, and poor drug penetration are the

causes for antibiotic resistance.37

Standard treatment regimen for this infection is clarithromycin1 proton

pump inhibitor1 amoxicillin and metronidazole for 7, 10, and 14 days.

Different studies showed drug regimen that provides 80%�90% eradication

rate always consists of PPIs, amoxicillin, and clarithromycin38 (Tables 17.4

and 17.5).

Antiemetics and emetics

Vomiting

Unpleasant urge of vomit is called nausea and forceful expulsion of gastroin-

testinal content is called emesis (vomiting), when gastrointestinal content is

forced into esophagus, without expulsion is termed retching40,41

Mechanism of evacuation

Bidirectional interaction (due to different stimuli), between gut and brain,

leads to nausea and vomiting. Systemic emetic stimuli circulating in blood

and cerebrospinal fluid act directly on central receptor sites in area postrema

that lacks blood�brain barrier. A systemically administered drug activates

receptors present on vagal afferents projecting sensory signals to solitary

tract nucleus.42,43 When toxic drugs and various microorganisms (virus, bac-

teria, fungi) enter, the gastrointestinal lumen leads to release of emetic mod-

ulators and local neurotransmitters that act on vagal afferent receptors and

via circulating in blood the sesecretions stimulate brainstem area postre-

ma.44,45 Diseases associated with visceral organs (kidney, heart) produce sen-

sation that reaches nucleus of solitary tract, through splanchnic nerve.

Motion sickness and opioid analgesic-related signals reach vestibular appara-

tus or cerebellum, and these signals are further collected by brainstem vestib-

ular nuclei. Emotional and cognitive stimuli are collected and processed by

cerebral cortex and limbic system.46�48 The dorsal motor nucleus is output

pathway of nucleus solitary tract, which projects to upper GIT for emetic

reflexes. For the nausea perceptions the mid and forebrain works as projec-

tions for solitary tract nucleus49�52 (Fig. 17.3).

5-HT (serotonin) and substance P (SP) are fundamentals of gastric motil-

ity, nausea, and vomiting and these components are synthesized largely in

gastric enterochromaffin cells (. 90% total body content).53,54 Emetogenic

stimuli (chemical, mechanical, and neurological) stimulate release of 5-HT

and SP in calcium-dependent manner from gastrointestinal enterochromaffin

cells.55�58 These released constituents further activate their corresponding

receptors to produce nausea and vomiting (Fig. 17.4).
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TABLE 17.4 Current treatment regimen of Helicobacter pylori infection.39

S. no. Standard regimen

(7�14 d)

Sequent regimen (5 d) Quadruple bismuth

regimen (7, 10, 14 d)

Concomitant

regimen (7�10 d)

Levofloxacin

regimen (5�7 d)

1 PPI (standard dose
bid)1 amoxicillin
(1 g bid)1
clarithromycin
(500 mg)

PPI (standard dose bid)1
amoxicillin (1 g)

PPI (standard dose,
bid)1 clarithromycin
(500 mg)1
amoxicillin (1 g)1
metronidazole
(500 mg)1 tinidazole
(500 mg bid)

PPI (standard dose,
bid)1 levofloxacin
(500 mg, bid)1
either amoxicillin
(1000 mg or
tinidazole 500 mg,
bid)

2 PPI (standard dose
bid)1metronidazole
(400 mg, bid)1
clarithromycin
(500 mg)

PPI (standard dose bid)1
amoxicillin (1 g) followed by
PPI1 clarithromycin
(500 mg)1metronidazole
(500 mg)

PPI PPI (standard dose,
bid)1 amoxicillin
(750 mg, bid)1
sitafloxacin (100 mg)

Esomeprazole
(40 mg, bid)1
amoxicillin
(1000 mg, bid)1
Levofloxacin
(500 mg, bid)

3 PPI (standard dose
bid)1 amoxicillin
(1 g bid)1
metronidazole
(400 mg)

PPI (standard dose bid)1
amoxicillin (1 g) followed by
PPI1 clarithromycin
(500 mg)1 tinidazole
(500 mg)

Esomeprazole
(20 mg, bid)1
amoxicillin (1 g,
bid)1 levofloxacin
(250 mg, bid)



TABLE 17.5 Different classes of antiulcer drugs, mechanism of action, and

adverse effects currently in use.

Pharmacological

agents

Mechanism of action Adverse effect

Antacids Proteolytic inhibition of pepsin
and increase in gastric pH

Nausea, vomiting,
constipation

Histamine
receptor blocker

Inhibition of H2 receptor in
parietal cells

Headache, anxiety,
cardiovascular effects

Proton Pump
inhibitor

H1/ K1ATPase inhibition Nausea, vomiting,
constipation, flatulence

Cytoprotective
agents

Increases mucus production and
blood circulation

Nausea, vomiting,
diarrhea, abdominal pain

FIGURE 17.3 Pathways involved in nausea and vomiting.

Mechanism of action of drugs used in gastrointestinal diseases Chapter | 17 403



Stimulants for vomiting

See Table 17.6.

Classification of antiemetics

See Table 17.7.

5-Hydroxytryptamine 3 receptor antagonist

Area postrema, vagal afferents, solitary tract nucleus are different sites where

5-HT3 receptors are found. 5-HT3 receptors are ligand-gated ion channels

that cause fast depolarization via modulating the influx and outflux of Na1/

K1 ions.59 The others biological actions involving 5-HT3 receptors are gut

peristalsis, decreased heart rate, decreased blood pressure (transient), apnea,

pain, and itch.

Drugs that block 5-HT3 receptors include ondansetron, granisetron, palo-

nosetron, dolasetron, and alosetron (Table 17.7).

Adverse effects: relatively safe antiemetic, the most common include

headache, mild constipation and abdominal discomfort, rashes and mild

allergies observed when injected IV

FIGURE 17.4 Pathways involved in nausea and vomiting.
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Uses: ondansetron blocks emetogenic impulses peripherally as well as at

central relays. It has weak gastrokinetic activity because of 5-HT3 antagonism.

The first choice drugs for treatment of chemotherapy-induced vomiting,

for other types of vomiting such as postoperative nausea and vomiting are

now being treated with ondansetron.60

D2 receptors antagonists/neuroleptics

� chlorpromazine

� prochlorperazine

� haloperidol

� domperidone

These drugs antagonize D2 receptors in CTZ. These drugs show extended

spectrum of antiemetic activity and found promising effects.61

1. drug induced and in the treatment nausea and vomiting after anesthesia

2. gastritis, migraine, liver diseases, and other disease-induced vomiting

3. chemotherapy and cancer-associated vomiting

4. treatment of radiation sickness

5. treatment of motion sickness: indicated only in hyperemesis gravidarum

Less effective in motion sickness because dopaminergic link is absent in

vestibular pathway

Most of these drugs produce sedation and acute muscle dystonia especially

in children and girls. Antiemetic dose is much lower than antipsychotic.

TABLE 17.6 Potential stimulants of nausea and vomiting.

S. no. Stimulants for vomiting Mechanism of stimulation

1 Drugs, bacteria, toxins, viruses These agents enter the gastric lumen
and indirectly activate emetic centers
located in dorsal vagal complex (as
local emetogenic neurotransmitters are
released in upper gastrointestinal tract
and further stimulation of vagus nerves
receptors).

2 Infectious organism and drugs
(which enters directly
systemically)

Act directly on dorsal vagal complex
emetic area in brainstem.

3 Pathological abnormalities in
gastrointestinal tract

Stimulation of vagal afferents directly
or via visceral organs (heart).

4 Emotional and cognitive Stimuli within CNS.

5 Motion sickness Disturbance in vestibular nuclei and
cerebellum.
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Prochlorperazine is a labyrinthine suppressant and has antivertigo and

antivomiting effects. It is available for parenteral use in the treatment of ver-

tigo associated with vomiting, primarily effective in vomiting rather than

psychosis.

Adverse effects: sedation (chlorpromazine), extrapyramidal adverse

effects because of D2 receptors blockade (domperidone doesn’t have these

adverse effects because it does not cross blood�brain barrier).

Prokinetic drugs

� metoclopramide

� cisapride

� mosapride

TABLE 17.7 Summarizing different classes of antiemetic drugs and their

special uses.

S. no. Class of

drugs

Drugs Uses

1 5-HT3
antagonist

Ondansetron
Palonosetron

Chemotherapy-induced nausea,
vomiting
Postoperative nausea vomiting

2 D2 antagonist Phenothiazines
Butyrophenone

Motion sickness, migraine, viral
gastroenteritis, radiotherapy,
chemotherapy, pregnancy-
associated nausea and vomiting

3 H1 antagonist Promethazine
Diphenhydramine

Increased Intracranial pressure,
motion sickness, and pregnancy-
induced nausea and vomiting

4 Anticholinergic Hyoscine
(scopolamine)

Used as prophylactic drug for
motion sickness

5 Synthetic
cannabinoids

Dronabinol
Nabilone

Used in patients who failed to
respond to other antiemetics in
chemotherapy- and radiotherapy-
induced nausea vomiting

6 corticosteroids Dexamethasone Hyperemesis associated with
cancer chemotherapy and
pregnancy

7 SP/NK1
antagonist

Aprepitant Postoperative nausea vomiting
and chemotherapy-induced
nausea vomiting in combination
with corticosteroids and serotonin
antagonist
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Metoclopramide is the prototype drug of this class; it is highly effective

against chemotherapy-induced emetogenic influences (especially cisplatin

high dose�related emesis) and is found to prevent emesis in 30%�40% of

patients and decrease emesis in majority.62 The pharmacological actions are

mediated through D2 antagonism, 5HT-3 antagonism, and 5-HT4 agonism.

Antagonism of D2 and 5-HT3 receptors is responsible for antiemetic effects

while 5-HT4 agonism causes prokinetic influences. Cisapride use is found to

cause acute death because of severe cardiac adverse events.63

Metoclopramide is also used for the treatment of concurrent hiccups,

GERD, and heartburn because of its prokinetic activities and its influences

on lower esophagus sphincter tone.64

The adverse effects associated with metoclopramide use are extrapyrami-

dal adverse events, sedation, and diarrhea which limit its use.

Antihistamines and anticholinergic

Antihistamines

� diphenhydramine

� dimenhydrinate

� cyclizine

� meclizine (with B6)

� promethazine

Anticholinergics

� dicyclomine

� hyoscine

Mechanism of action

Antihistamines and anticholinergic are believed to be most efficacious in the

treatment of motion sickness because of the involvement of histaminergic

(H1) and muscarinic (M1) receptors between vestibular nerve and vomiting

center.65

Uses: treatment of motion sickness and morning sickness. Treatment of

vertigo, nausea and vomiting associated with Meniere’s disease (distension

of membrane of labyrinth of inner ear from excess fluids due to inflamma-

tion of the inner ear and dilated endolymph sac). Prophylactic against motion

sickness (0.5-mg orally before traveling or 1.5-mg transdermal patches

behind the pinna to give prolonged effect for 3 days).

Adverse effects: atropine-like side effects-blurred vision, urinary reten-

tion, constipation, sunstroke, and dryness of mouth; sedation (atropine causes

central nervous system (CNS) stimulation).
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Cannabinoids

tetrahydrocannabinol (THC)

dronabinol

nabilone

The exact mechanism of action is still under debate but the current pro-

posed mechanisms suggested as cannabinoids interact with the central CB1

and 5-HT3 receptors in the dorsal vagal complex, which are well established

mediator of emesis, in the area postrema. Researchers have studied and con-

firmed that the endogenous cannabinoid, THC, inhibits 5-HT3 receptors

action. Preclinical research finding concludes that cannabinoids agonize

CB1-mediated action and diminish serotonin release, and prevent nausea/

emesis.66 The mechanism for the 5-HT3 inhibition suggested that CBN-1

receptors activate 5-HT1A receptor that are inhibitory in nature and decline

serotonin release, which is responsible for lower prospective to elicit emesis.

Gastrointestinal CB1 receptors via activation of inhibitory G protein coupled

to receptors decrease the motility also.67

Uses: treatment of cancer chemotherapy-induced emesis-by blocking 5-

HT3 receptors in the vomiting center in medulla but less effective than

ondansetron and metoclopramide.

Mild appetite stimulant-in AIDs or cancer patients to treat anorexia (by

blocking 5-HT receptors in satiety centers leading to increase the appetite).

Adverse drug rections (ADRs): hallucination, confusion, and CNS

depression.

Glucocorticoids

� dexamethasone

� prednisolone

� methylprednisolone

The glucocorticoids are now used as adjuvant to manage the

chemotherapy-induced nausea and vomiting.68

The antiemetic mechanisms of glucocorticoids are suggested as:

1. They are potent antiinflammatory as they can block the generation of

inflammatory mediators; cytotoxic drugs and radiation therapy are well

established to cause inflammatory mediator generations that can contrib-

ute to the emesis.

2. Findings of the research demonstrated that glucocorticoids decline the

serotonin expressions in rat brain.

3. Glucocorticoids are found to have antiadrenergic activities and the

research studies conclude adrenergic involvement in the emesis.

Uses: insomnia and can worsen the situation of diabetes.
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Vitamin B6

It acts as cofactor in the decarboxylation of glutamic acid to form gamma

amino butyric acid (GABA) that is an inhibitory transmitter in the brain

causing inhibition of vomiting center.69

Vitamin B6 is not used alone as it has weak effect.

Emetics

Emetics are used to treat toxicity within short period of intoxication.

Ipecacuanha

Ipecac sirup contains emetine and cephaline.

Mechanism of action

Ipecacuanha centrally activates chemoreceptor triggor zone (CTZ) and

peripherally, causes irritation of gastric mucosa, stimulates afferent vagus

nerve, and induces vomiting and treatment of poisoning.

(Child dose: 5�15 m—adult dose: 15�30 mL)-if no vomiting, repeat

the dose-if no vomiting, make gastric lavage to remove ipecac as it is

toxic.

Extract is 14 times more concentrated than sirup-so toxic.

Apomorphine

Mechanism of action

Apomorphine centrally stimulates D2 receptors at CTZ and vomiting. It

has weak depressant effect on respiratory centers-should be avoided in tox-

icity with morphine and opioids.70

Contraindications

� The emetics should be avoided in case ingestion of acid or alkali-corro-

sion of stomach or esophagus (use milk or egg white)

� In case of unconsciousness.

� In case of convulsions (such as toxicity due to colchicine and strychnine).

� In case of gas and petroleum distillate.

� In case of esophageal varices-bleeding

Laxatives, purgatives, and cathartics

Laxatives-mmotility-facilitate defecation-treat constipation.

Purgatives (cause diarrhea)-evacuation of bowel before surgery or X-

ray examination and treatment of poisoning (Hg poisoning) and with some

antiparasitic drugs (to expel the worms or larvae to prevent reinfection).71

Cathartic (large-dose purgative)-severe diarrhea-dehydration and shock.
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Classification (laxatives, purgatives, and cathartics)

See Table 17.8.

Antidiarrheal agents

Diarrhea is a condition of frequent watery feces, which is commonly

escorted by abdominal cramps and with nausea and vomiting sometimes.

Mostly, it is a physiological response for rapid ridding the gut of poisonous

or irritating substances. Many causes suggested infection, toxins, and even

anxiety. Side effects of drug or radiation therapy have also been suggested as

etiological factors for this disease. Manifestations include from mild discom-

fort to a medical emergency which require hospitalization and parenteral

water and electrolyte replacement. Globally, acute diarrheal disease is one of

the principal causes of death in malnourished infants, especially in develop-

ing countries where medical care is compromised.72

During diarrhea, increase gastrointestinal motility is accompanied by an

increased secretion coupled with a decreased absorption of fluid, which leads to

a loss of electrolytes (particularly Na1 ) and water. Cholera toxins and some

other bacterial toxins produce a profound increase in electrolyte and fluid secre-

tion by irreversibly activating the guanine nucleotide regulatory proteins that

couple the surface receptors of the mucosal cells to adenylate cyclase.

There are three approaches generally employed for the treatment of

severe/acute diarrhea:

� maintenance of fluid and electrolyte balance

� use of antiinfective agents

� use of spasmolytic or other antidiarrheal agents

Oral rehydration supplements

The maintenance of fluid and electrolyte balance by means of oral rehydration

is the first priority, and wider application of this cheap and simple remedy could

save the lives of many infants in the developing world. Many patients require

no other treatment. In the ileum, as in parts of the nephron, there is cotransport

of Na1 and glucose across the epithelial cell. The presence of glucose (and

some amino acids) therefore enhances Na1 absorption and thus water uptake.

Preparations of sodium chloride and glucose for oral rehydration are available in

powder form, ready to be dissolved in water before use.73

Other types of antidiarrheal drug that mitigate the symptoms of the condi-

tion include:

� spasmolytic or antimotility agents,

� adsorbents, and

� agents that modify fluid and electrolyte transport (Table 17.9).
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TABLE 17.8 Different classes of anticonstipating drugs their uses and adverse effects.

S.

no.

Drug

classes

Examples Mechanism of actions Uses Adverse effects

1 Bulk-

forming

agents

Psyllium seeds, Nigella

sativa, methylcellulose,

carboxymethylcellulose,

and agar-agar

Dietary fibers-bran and

other vegetable fibers

Nondigestible fibers-induce water retention

in intestinal lumen-mmass or bulk of

intestinal materials-distension of intestinal

wall-stimulate peristaltic activity of

GIT-facilitate defecation

laxative and protect against colon cancer Gases in colon

2 Osmotic laxatives or purgatives

2a. Saline

osmotic

laxative

1. MgSO4 (Epsom’s

salt)-10�15 mg in

300-mL water

2. MgO (milk of

magnesia)-7%�
10%

Only 1% absorbed and 99% remain in

intestine-hypertonic solution-attract and

retain water in the intestinal lumen by osmosis

(acting by physical mechanism)-m

intraluminal pressure-mperistaltic

motility-copious watery

diarrhea-evacuation of GIT

Evacuate the bowel before surgery/radiology

used after treatment of parasites, e.g., Taenia

solium

Not suitable in renal

failure

(Continued )



TABLE 17.8 (Continued)

S.

no.

Drug

classes

Examples Mechanism of actions Uses Adverse effects

2b. Lactulose Nondigestible synthetic

disaccharide-formed of

fructose�galactose

Taken in high dose 10 g

It is not digested and not absorbed-reach

colon-bacteria cause hydrolysis of

lactulose-lactic acid1 acetic1other

acids-retain water by

osmosis-bulk-stimulate peristaltic

movement-laxative effect

1. Laxative to treat constipation-effect

appear after 2 days

2. In prophylaxis and treatment of hepatic

coma (in case of liver cirrhosis or alcohol

or bilhariziasis):

a. Lactic and acetic acids formed react

with NH3 in colon and neutralize it to

salt-prevent absorption of NH3 from

colon.

b. To treat constipation-prevent

hydrolysis of protein in feces by

bacteria.

Used orally or by enema (usually with

neomycin tablets to kill normal bacterial

flora-k formation of ammonia)

2c. Sorbitol

40%

Polyalcohol and used in

high concentration

Sweet taste-not

absorbed-hyperosmosis-bulk-m

motility-diarrhea

Used in the treatment of toxicity with activated

charcoal-sweet taste make charcoal more

acceptable and it is not adsorbed on charcoal

&facilitates excretion of charcoal after

absorbing the toxins.

Less toxic than saline

cathartics



3 Stimulant laxatives and purgatives

Castor oil Hydrolyzed by pancreatic lipase in the

intestine-ricinoleic acid (irritant fatty acid)-

irritation of intestinal mucosa and stimulate

myenteric plexus in GI mucosa-release 5-HT

and substance P-mmotility-severe

diarrhea-complete evacuation of GIT

Taken 15�30 mL orally late at

evening-diarrhea after 4�5 h in the

morning-action continues till complete

evacuation of GIT

Before surgery or radiological examination of

the abdomen as purgative.

1. Cramps, colic and

dehydration and

abortion in pregnant

women

(contraindication)

2. Not used in

toxicity-as it may help

in absorption of lipid-

soluble toxic material.

Anthraquinone

glycosides: senna,

cascara, rhubarb, and

aloes

1. Glycosides (sennosides A and B)

hydrolyzed at colon by bacterial flora-free

aglicone rhein anthrone-stimulate

myenteric plexus-mmotility-defecation

2. Also, m PGE2 synthesis in intestine-m

contraction and motility

In small dose-laxative/higher

dose-purgative/toxic dose-cathartic

Allergic reactions-skin

rashes.

Cramps (colic).

In large doses-excessive

purgation-may cause

dehydration &shock.

Excreted in milk-diarrhea

in breast-fed infants.

Chronic use-damage

myenteric plexus-colonic

atony (cathartic

colon5 laxative abuse)

Coloration of urine

depending on the pH of

the patient’s urine

(alkaline-reddish.

acidic-yellow).

Bisacodyl Not absorbed orally -but cause irritant effect

on intestinal mucosa

Available as:

Enteric-coated tablets (to prevent irritation of

stomach-vomiting) (not with

antacids-dissolve enteric coating)

Suppositories

Used in the treatment of constipation and

before radiological examination

Glycerol Mild irritant Used as rectal suppository

(Continued )



TABLE 17.8 (Continued)

S.

no.

Drug

classes

Examples Mechanism of actions Uses Adverse effects

4 Surfactant laxatives: (stool softeners)

Docusate (dioctyl

sodium sulfosuccinate)

An anionic surfactant-stimulates the

incorporation of water into fatty intestinal

material-emulsification of fat-softens the

feces

Used in the treatment of hemorrhoids and anal

fissures

Hepatotoxicity, abdominal

cramps, increased

absorption of some drugs

5 Tegaserod 5-HT4 agonist used orally before meals as its

bioavailability is low enhanced motility

Used (2- to 6-mg tab) in the treatment of

chronic constipation.

Headache, diarrhea in high

dose.

6 Lubricant

laxatives

Paraffin oil It is an inert hydrocarbon, neither digested nor

absorbed, used as lubricant

1. To avoid straining during defecation-in

hemorrhoids &painful anal fissures.

2. As laxative during pregnancy (may also use

bulk-forming agent—but not stimulant

laxatives)

1. Dissolve fat-soluble

vitamins (A,D,E,K)-

inhibit their

absorption-deficiency.

2. If aspirated to

lungs-lipid

pneumonia.

3. Leak from anal

sphincter-staining of

clothes

4. Slightly absorbed if

given with

docusate-deposited in

myenteric lymph

nodes-granulomas

5. (Paraffinomas)-

inflammatory reaction

resulting in tumor

formation.

Bold means defining the new class and drugs.
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Introduction

An important aspect for any antimicrobial drug is its inherent selectivity,

owing to which the drugs inhibit the growth of the pathogenic microbe pref-

erentially or selectively is used in the pharmacotherapy of a broad spectrum

of infectious diseases.1�6 Both in terms of the spectrum of activity, the anti-

microbial drugs and its selectivity are important grading considerations in

the therapeutic modality of antimicrobial therapy.

A list of classification of β-lactams is given next.

Classification of β-lactams

1. Acid-resistant penicillin: penicillin V (semisynthetic)

2. Penicillinase- or β-lactamase resistant (antistaphylococcal): methicillin,

oxacillin, and cloxacillin

3. Extended spectrum

a. aminopenicillins (also active against Haemophilus influenzae

Pneumococci): ampicillin and amoxicillin

b. carboxypenicillin (Pseudomonas and Proteus or antipseudomonal):

carbenicillin and ticarcillin

c. ureidopenicillin (Pseudomonas and Klebsiella): piperacillin and

mezlocillin

4. β-lactamase inhibitors: clavulanic acid and sulbactam

5. Miscellaneous β-lactam antibiotics:
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a. carbapenem drugs: imipenem

b. monobactam: aztreonam

Cell wall biosynthesis inhibitors7�9

These groups of drugs are also known as β-lactams or penicillins that have

been synthesized as a by-product of Penicillium chrysogenum and as also

from Penicillium notatum. Benzylpenicillin (PnG) was first discovered fol-

lowed by phenoxymethylpenicillin (PnV).

After the drug gets attached to the various specific penicillin-binding pro-

teins in the cell wall, they proceed to cleave the transpeptidase as well as

carboxypeptidase enzymes, thereby inhibiting the formation transpeptidation

process and cross-linking.

The diagrammatic representation of the mechanism of β-lactam antibio-

tics with their mechanism is discussed.

Carbapenems

The treatment modality of enterobacteria infection involves the use of carba-

penems, because it is resistant to destruction by the β-lactamase produced by

these organisms. Imipenem, an example of a carbapenem, acts in the same

way as the other β-lactams. It has a very broad spectrum of antimicrobial

activity, being active against many aerobic and anaerobic Gram-positive and

Gram-negative organisms.

Unwanted effects are, in general, similar to those of other β-lactam anti-

biotics, but this agent does not necessarily cross-react immunologically with

penicillin and its products, and so it does not usually cause allergic reactions

in penicillin-sensitive individuals.

Cephalosporins

Cephalosporin C was originally extracted from the fungus Cephalosporium

acremonium in the 1950s and has a similar spectrum of activity to that of

penicillin against Gram-positive bacteria but is active against more Gram-

negative bacteria than penicillin.10�12 Another important structural difference

is that cephalosporin C possesses two R groups, compared with just one R

group for penicillin, and this provides for greater diversity in chemical altera-

tions and the development of semisynthetic cephalosporins.

Protein synthesis inhibitors that bind the 30S subunit

Aminoglycosides are large, highly polar antibacterial drugs that bind to the

30S subunit of bacterial ribosomes, impairing the proofreading ability of the

ribosomal complex.13�19 This impairment causes mismatches between
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codons and anticodons, resulting in the production of proteins with incorrect

amino acids and shortened proteins that insert into the cytoplasmic mem-

brane. The disruption of the cytoplasmic membrane by the faulty proteins

kills the bacterial cells.

Protein synthesis inhibitors that bind the 50S and 30S
ribosomal subunits

There are several classes of antibacterial drugs that work through binding to

the 50S subunit of bacterial ribosomes.20�26 The macrolide antibacterial

drugs have a large, complex ring structure and are part of a larger class of

naturally produced secondary metabolites called polyketides (Fig. 18.1).

Complex compounds are produced in a stepwise fashion through the

repeated addition of two-carbon units by a mechanism similar to that used

for fatty acid synthesis. Macrolides are broad-spectrum, bacteriostatic drugs

that block the elongation of proteins by inhibiting peptide-bond formation

between specific combinations of amino acids. The first macrolide was

erythromycin. The lincosamides include the naturally produced lincomycin

and semisynthetic clindamycin. Although structurally distinct from

FIGURE 18.1 The mechanisms of action of protein synthesis inhibitor drugs acting at 50S and

30S ribosomal sites. Adopted from Polikanov YS, Aleksashin NA, Beckert B and Wilson DN (2018).
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macrolides, lincosamides are similar in their mode of action to the macro-

lides through binding to the 50S ribosomal subunit and preventing peptide

bond formation. Lincosamides are particularly active against streptococcal

and staphylococcal infections.

Chloramphenicol also reportedly causes anemia in two different ways.

One mechanism involves the targeting of mitochondrial ribosomes within

hematopoietic stem cells, causing a reversible, dose-dependent suppression

of blood cell production. Once chloramphenicol dosing is discontinued,

blood cell production returns to normal. This mechanism highlights the simi-

larity between 70s ribosomes of bacteria and the 70s ribosomes within our

purview.

Membrane function inhibitors

A small group of antibacterials target the bacterial membrane as their mode

of action. The polymyxins are natural polypeptide antibiotics that were first

discovered in 1947 as products of Bacillus polymyxa; only polymyxin B and

polymyxin E (colistin) have been used clinically.27�35 They are lipophilic

with detergent-like properties and interact with the lipopolysaccharide com-

ponent of the outer membrane of Gram-negative bacteria, ultimately disrupt-

ing both their outer and inner membranes and killing the bacterial cells.

Unfortunately, the membrane-targeting mechanism is not a selective toxicity,

and these drugs also target and damage the membranes of cells in the kidney

and nervous system when administered systemically.

Because of these serious side effects and their poor absorption from the

digestive tract, polymyxin B is used in over-the-counter topical antibiotic

ointments (e.g., Neosporin), and oral colistin was historically used only for

bowel decontamination to prevent infections originating from bowel

microbes in immunocompromised patients or for those undergoing certain

abdominal surgeries. However, the emergence and spread of multidrug-

resistant pathogens have led to increased use of intravenous colistin in hospi-

tals, often as a drug of last resort to treat serious infections. The antibacterial

daptomycin is a cyclic lipopeptide produced by Streptomyces roseosporus

that seems to work like the polymyxins, inserting in the bacterial cell mem-

brane and disrupting it. However, in contrast to polymyxin B and colistin,

which target only Gram-negative bacteria, daptomycin specifically targets

Gram-positive bacteria. It is typically administered intravenously and seems

to be well tolerated, showing reversible toxicity in skeletal muscles.

Inhibitors of nucleic acid synthesis

Some antibacterial drugs work by inhibiting nucleic acid synthesis.36�41 For

example, metronidazole is a semisynthetic member of the nitroimidazole

family that is also an antiprotozoan. It interferes with DNA replication in
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target cells. The drug rifampin is a semisynthetic member of the rifamycin

family and functions by blocking RNA polymerase activity in bacteria.

ATP synthase inhibitors

Bedaquiline and delamanid represent the synthetic antibacterial class of com-

pounds called the diarylquinolines; they use a novel mode of action that spe-

cifically inhibits mycobacterial growth.42�52 Although the specific

mechanism has yet to be elucidated, these compounds appear to interfere

with the function of ATP synthases, perhaps by interfering with the use of

the hydrogen ion gradient for ATP synthesis by oxidative phosphorylation,

leading to reduced ATP production. Due to their side effects, including hepa-

totoxicity and potentially lethal heart arrhythmia, the use is reserved for seri-

ous, otherwise untreatable cases of tuberculosis.

Conclusion

Antibacterial drugs serve as the pillar of the pharmacotherapeutic treatment

of infections and allied disorders. They serve as a major group of drugs in

surgery in both pre and postsurgery stages but antimicrobial resistance has

limited the effectiveness of antimicrobials that has to be counteracted.
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Introduction

In the recent world scenario, human fungal diseases are a notable global

health complication with inflated morbidity and mortality.1,2 Fungi exist in

nature and they are very common part of normal flora in humans and ani-

mals.3 Especially in immunocompromised patients, there can be a wide

range of fungal infection in human, including effect as a common, mild-to-

superficial infection (SFI), as well as life-threatening invasive one. It is

worth noticing that the fungal infection affects immunocompromised, cancer

patients; premature infants are more affected compared to immunocompetent

individuals.3,4 Pathogenic fungi cause approximately 1.5 million death every

year.5,6The pathogenicity of fungi, host immune response, and the site of

infection ultimately determine the consequences. “In general, fungal infec-

tions are classified as superficial, cutaneous/mucosal, subcutaneous and

Invasive.”7 Cutaneous infections in the skin and mucous membrane are

sometimes caused by yeast pathogen, of which Candida species is an indi-

vidual one.6,8 “Subcutaneous infections (e.g., chromoblastomycosis) are asso-

ciated with deeper layers of skin dermis and subcutaneous tissue.”3 On the

other hand, lungs, heart, brain, kidneys, liver, and other internal organs of

the body can be affected by to SFIs, invasive infection; observed mostly in

immunocompromised patients.3 These three species Candida, Aspergillus,

and Cryptococcus cause more than 80% of the 1.5 million invasive fungal

deaths occur every year globally.5,6 This chapter provides a recent study on

brief mechanism of action of antifungal agents on the recent development of

fungal diseases.
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Fungal infections that are also known as “mycoses” are sometimes

chronic in nature.9 Infections caused by fungi are superficial as well as sys-

temic in nature. Fungi (singular:fungus) are generally nonmotile eukaryotic

cells having a rigid cell wall composed of chitin and sterol.9,10 Fungi are

often mistaken for their plant-like appearances. Some are parasitic in nature,

while others like mushrooms have economic importance due to their edible

nature; they are also useful in the production of antibiotics and in the brewing

industry.9,11 Fungal diseases in humans are predominantly caused by pathogenic

fungi. There are approximately 300 fungi pathogenic to humans but only a few

are infective. Fungal infections are conventionally opportunistic in nature and

attack the host when the immune system is weak or weakened due to some

conditions like diabetes or due to the use of immunosuppressive agents and

corticosteroids, etc. Fungal infections are aggravated due to the action of broad-

spectrum antibiotics that kill the nonpathogenic bacteria originally competing

with the fungi. Fungal infections are generally resistant to antibiotic therapy. A

well-known fungal infection candidiasis affects a wounded human host or a

pregnant woman.11

Fungi are classified into four types according to their morphological and

some physical characteristics like the formation of hyphae.9,11

1. Yeast—Cryptococcus neoformans is the only pathogenic yeast that

causes meningitis.9

2. Yeast-like fungi—which partly grows like yeast and hyphae also;

Candida albicans, the pathogenic fungus in this group, causes systemic

candidiasis and vaginal thrush.9 Pityrosporum orbiculare is yeast-like

fungus that causes superficial mycosis pityriasis versicolor.9

3. Molds—it is a true mycelium with filamentous fungi; Aspergillus fumiga-

tus is to cause pulmonary aspergillosis.9 Dermatophytes are the patho-

genic molds that cause skin and nail infections.9

4. Dimorphic fungi which may grow as filaments or as yeast depending on

their nutritional elements, for example, Histoplasma capsulatum causing

histoplasmosis, Coccidioides immitis causing coccidioidomycosis,

Blastomyces dermatitidis causing blastomycosis, etc.9,11 Pneumocystis

carinii is another opportunistic organism that has both protozoa- and

fungi-like character and is resistant to antifungal drugs. It typically

affects immunocompromised patients.11

Pathophysiology fungal diseases

Aspergillosis—Lung is the most commonly affected site of aspergillosis.12

Respiratory tract is the common route of entry of aspergillosis spore and

other entry site is gastrointestinal tract, including skin on rare side.13 Inhaled

aspergillosis spore makes cavity in lungs or it may found colonize mucus

within the bronchi. Patient may deteriorate with moderately severe asthma
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with tenacious mucous and also produce a gradually progressive and destruc-

tive process in lungs containing centrilobular emphysema.14 Infection may

also involve asymmetric facial swelling, epistaxis, proptosis and cranial

nerve abnormalities, bone erosion, and some nonspecific effects like cough,

fever, and dyspnea that are frequent in pulmonary aspergillosis.13 Pleuritic

chest pain from pulmonary infection may occur with vascular invasion,

which without adequate therapy may lead to mediastinal extension.13 The

involvement of central nervous system is a catastrophic consequence of dis-

seminated aspergillosis and may manifest by seizures or focal neurologic

effect.15

Blastomycosis—It is generally a systemic pyogranulomatous infection

caused by spore of dermatitis.16 Most infected patients are asymptomatic.

Blastomycosis mainly involves the lungs and also has an effect on different

organs like skin, oesteoarticular structure and genitourinary system, eye,

peritoneum, and breast with pulmonary infection, which varies from subclini-

cal pneumonia to ARDS (acute respiratory distress syndrome).17 Symptoms

and radiographic finding for pulmonary blastomycosis are nonspecific like

fever, chills headache, malaise and chest pain, hemoptysis, anorexia, and

weight loss.18 Radiography can show nodules in the case of disseminated

infection; cutaneous lesion often appears on neck, head, or extremities

genitourinary, whereas prostates are more common involvement for

men. Some symptoms include perineal discomfort, dysuria, and obstructive

symptoms.17,18

Candidiasis—C. albicans and Candida tropicalis are most common caus-

ative organisms for candidiasis.19 Generally, candidiasis are present as nor-

mal flora of the skin and mucocutaneous area and intestines.20 Candidiasis in

immunocompromised patients may occur due to the presence of diabetes

mellitus or excessive use of contraceptive pills, antibiotic, and corticoste-

roid.20 There are generally four types of candidiasis:

1. Oral thrush: Also known as mucocutaneous candidiasis. In this type of

candidiasis the tongue, soft palate and buccal mucosa is covered with

creamy white pseudomembrane composed of fungi.21

2. Candidal vaginitis: It is characterized by thick yellow curdy discharge

from vagina; pseudomembrane lesions are also seen in vaginal mucosa.20

3. Cutaneous candidiasis: It involves changes in the shape of nail plate and

colonized lesions seen in the intertriginous area of skin, axilla, groin, and

intermammary area.22

4. Systemic candidiasis: It is rare in case and generally occurs in immuno-

compromised patients. Organism enters into body via mucous membrane,

skin, or via intravenous infusion.20 Most common type of disease like

pyelonephritis and endocarditis occurs in this case.20

Coccidioidomycosis—Coccidioidomycosis infects through the inhalation

of spores that travel through air. Farmers, construction workers, and people
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with outdoor activities are at high risk of this type of infection. Heavy rains

followed by drought and winds accelerate the growth of mycelia. Traveling

of the infectious person to other places and delayed onset of action also

increase the spreadability of the mycelia.23 The spherules grow in a size of

75 μm in diameter and divide internally by developing an internal septa and

separating it into compartments consisting of endospores. The impregnated

spherules rupture and release the endospores in the alveolar sac to start the

infection. An airborne coccidioidomycosis C. immitis when enters the alveo-

lar tissue, it has the ability to convert the spores into large tissue-invasive

spherules. As spherules enlarge and rupture, each releases thousands of small

endospores, which may form new spherules. In the alveolar sacs the macro-

phages pick up the endospores leading to acute inflammation. The remaining

endospores either multiply within the tissues or are released in the environ-

ment again and further can lead to the regeneration of mycelia.24

The pulmonary diseases caused are characterized by acute, subacute, or

chronic granulomatous reaction with varying degrees of fibrosis. In suscepti-

ble patients the spherules may also set up an extrapulmonary infection in the

lungs. The infection generally branches with either or both widespread lung

or systemic dissemination. Focal lesions may form in almost any tissue, most

commonly in skin, subcutaneous tissues, bones (osteomyelitis), joints, and

meningitis.23

Cryptococcosis—Cryptococcosis is also caused by the inhalation of the

fungal propagules (either poorly encapsulated yeast cells or basidiospores)

and affects the alveoli in lungs. The patients become asymptomatic with

self-limited primary lung lesions.25 After inhalation, Cryptococcus generally

disseminates to the brain and meninges exhibiting microscopic multifocal

intracerebral lesions with meningeal granulomas and larger focal brain

lesions. In immunocompetent patients the pulmonary lesions can heal with-

out antifungal therapy but cryptococcal meningitis is life-threatening and

requires aggressive therapy.25,26

Focal sites of dissemination may occur in skin, bones, joints, liver,

spleen, kidneys, prostate, and other tissues, but only the skin lesions have

symptoms. Rarely, pyelonephritis occurs with renal papillary necrosis. The

accumulated cryptococcal capsular polysaccharide causes cyst in the infected

tissues with lesser inflammation.25

Histoplasmosis—Lungs are the most commonly affected organ for histo-

plasmosis, fungi phagocytized by pulmonary macrophages and neutrophils

and spread via lymph nodes.27 Pneumonitis occurs as a local infection.

Disease generally does not occur in healthy individual due to histoplasma-

mediated cellular immunity; if not controlled by cellular immunity, dissemi-

nation occurs in reticuloendothelial site.27,28 Disease may depend on waving

cellular immunity from primary to acute, granulomatous inflammation devel-

ops as cell-mediated immunity controls infection, and immunodeficient

patient may develop acute or chronic progressive disseminated infection.28
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Mucormycosis—it is a life-threatening fungal infection affecting immu-

nocompromised host.29�32 Burn, traumatic disruption of skin, and implanta-

tion causes cutaneous mucormycosis and ingestion cause’s GI mucormycosis

and inhalation of Mucorales may develop pulmonary mucormycosis.33

Neutrophils help to destroying fungal hyphae. Monocyte and macrophages

also help in host defense mechanism.34 Acidosis, hyperglycemia, and corti-

costeroid treatment may increase the risk of mucormycosis. Iron plays an

important role in the growth of fungi.35 In the case of diabetes, iron-

sequestering proteins in acidotic conditions decrease the iron-binding capac-

ity, and fungi may damage endothelial cells that cause mucormycosis to lead

to vascular invasion, dissemination, and tissue necrosis. In the case of dia-

betic ketoacidosis, increased concentration of glucose and iron in the body

helps to increase grp78 protein and to increase the ability of Mucorales to

penetrate endothelial cell.36

Mycetoma—it is generally subcutaneous infection manifested by

Madurella mycetomatis and reported other causative organisms like

Madurella grisea, Leptosphaeria senegalensis, and Scedosporium apiosper-

mum.37 It is a noncontagious chronic infectious disease that remains local-

ized and involves cutaneous and subcutaneous tissues, fasciae, and bones.38

Some characterizations are tumefaction, the presence of sclerotia, draining

sinuses, etc. Materials discharged from the sinuses generally consist of colo-

nies of fungi or bacteria.20

Sporotrichosis—sporotrichosis is caused by a fungus named Sporothrix.39

Red nodular lesion that appears on skin also displays in central and periph-

eral area of granulomas.40 Lymphocutaneous is the most common condition,

indicating lymphatic area, and in the case of immunocompromised patients

disseminated diseases occur like subcutaneous or lymphocutaneous forms

that are left untreated.41 There are some other types of condition generally

include some specific organs or tissues.

1. Osteoarticular generally includes body joints and leads to tenosynovitis

and arthritis.

2. In the case of tuberculosis, alcoholism, sarcoidosis causes pulmonary

sporotrichosis, which may cause pleural effusion, lymphadenopathy, cav-

ity, and pulmonary infiltrate.

3. In chronic and rare cases, meningitis occurs sometimes.40
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Classification of antifungal drugs
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ANTI FUNGAL

Inhibition of 
fungal cell wall 

synthesis 
(Echinocandins)

Micafungin, 

Caspofungin, 

Anidulafungin

Polyene Group

Nystatin,

Amphotericin-B

Inhibition of 
ergosterol + 
lanosterol 
synthesis 

(Allylamine 
Group)

Terbinafine

Inhibition of 
ergosterol 

synthesis (Azole 
Group)

Ketoconazole,

Fluconazxole

Fluconazole, 

Itraconazole,

Voriconazole, 

Posaconazole

Inhibition of 
nucleic acid 

synthesis
5-Flucytosine

Disruption of 
mitotic 

spindle and 
inhibition of 

fungal 
mitosis

Griseofulvin

Miscellaneous Topical Agents:
Ciclopirox, Tolnaftate, Clioquinol, Naftifine, Butenafine and Topical azoles (Miconazole, Clotrimazole, 

Butaconazole, Econazole, Oxiconazole, Sulconazole, Terconazole and Tioconazole.

Mechanism of antifungal agents

Compared with bacteria, fungi often cause chronic infection and they have

rigid cell walls and ergosterol-containing cell membrane and mostly resistant

to antibiotic. Mycoses are fungal infection that can be superficial, systemic,

or subcutaneous. Systemic mycoses are mostly life-threatening and usually

difficult to treat when most patients are immunocompromised such as those

who have HIV infection, those with cancer, or those who have a complicated

surgery procedure or long-term use of antibiotics and have increased the risk

of nosocomial fungal infection. Some opportunistic fungal pathogens are C.

albicans, Aspergillus, Cryptococcus, etc.; and some antifungal agents like

caspofungin, voriconazole, and amphotericin B and some imidazole and tet-

razole derivatives are used to treat systemic fungal infection.42

Azole antifungal: Imidazole and triazole are the major groups that effect

fungi by the inhibition of 1, 4- �α-demethylase enzyme on cytochrome P-450

of the gene ERG11,9,43 causing demethylation of lanosterol to ergosterol and

resulting the accumulation of the toxic product 14 �α-methyl-3,6-diol that

leads to growth arrest and also hinders the function of membrane-bound

enzyme via diminishing the close packing of acyl chain of phospholipid.43

Some other types of azole may effect on cytoplasmic membrane of fungi by

increasing membrane permeability and also block respiratory chain electron

transport.9

Terbinafine: Terbinafine inhibits the conversion of squalene to lanosterol

by the inhibition of fungal enzyme squalene epoxidase.9,43 It reduces ergosterol
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production by the inhibition of lanosterol production that effects fungal cell

function ability.9

Flucytosine: Cytosine permease helps to transport of flucytosine into the

fungal cell membrane and converts to 5-flurouracil with the help of cytosine

deaminase enzyme and further metabolizes into 5-flurodeoxyuridine mono-

phosphate.9,43 It also inhibits the thymidylate synthases and diminishes the

formation of thymidine monophosphate from deoxyuridine monophosphate

that inhibits fungal DNA synthesis due to the lack of cytosine deaminase in

mammalian cells; that is why it blocks the metabolism of fluorouracil and

that helps to exhibit the selective action flucytosine.9,43

Griseofulvin: Griseofulvin causes the inhibition of microtubule function

thereby blocking fungal mitosis and metaphase and also disrupts the assem-

bly of mitotic spindle, which causes the blockage of fungal cell division.9,43

Griseofulvin also blocks the fungal invasion via binding with newly synthe-

sized keratin.9

Echinocandins: Echinocandins block the fungal cell wall synthesis and

disrupt cellular integrity via the inhibition of 1, 3-β-D-glucan synthesis.9

Polyene antibiotic—polyene antibiotic is an antifungal used systemically

for many years. It is a typical antimicrobial molecule generally used in vis-

ceral infection.44 It causes leakage of cellular contents, cytosolic molecules,

and ions by binding with ergosterol that is the main component of sterol in

fungal membrane and intercepts with fungal membrane, leading to the loss

of membrane integrity.44,45 The main fungicidal effect remains unclear.44

However, current evidence shows that Amphotericin B aggregates the
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molecules of sequester ergosterol from bilayers of lipid and causes fungal

cell death.45 Amphotericin B has a greater affinity toward ergosterol over

cholesterol because of its three-dimensional structure over cholesterol.

Amphotericin B has a greater selectivity as an antifungal due to ergosterol:

phospholipid ratio in fungi. Amphotericin B has a potential toxicity on mam-

malian cell.44

Drug, route

and dosage,

ADR,

therapeutic

uses

Class Sl

no

Drug Route and

dosage

Adverse drug reaction Therapeutic uses

Allylamines 1 Naftifine Topical

1% cream or

gel

Burning, stinging, irritation,

redness, dry skin, or itching

Onychomycosis

2 Terbinafine Oral, topical

125-200-mg

tab

1% cream

Rash, headache, diarrhea,

stomach ache, indigestion,

muscle or joint pain

� Ringworm

� Onychomycosis

Antimetabolite 3 Flucytosine Oral

50�150 mg/

kg

In 4 doses

Bone marrow depression,

thrombocytopenia, rash,

nausea, vomiting, diarrhea,

and severe enterocolitis

Cryptococcosis (with

amphotericin B)

Imidazole 4 Ketoconazole Oral, topical

200-mg tab

0.5% cream

Eye dryness, irritation,

prickling irritation, and

discoloration of toenails

Athlete’s foot, jock itch,

ringworm, and seborrhea

5 Clotrimazole Oral, topical

100-mg

vaginal tab

1% cream

Rash, hives, stomach pain,

and foul-smelling vaginal

discharge

Dermatophytosis (ringworm),

candidiasis, tinea versicolor,

piedra, tinea nigra, and fungal

keratitis

6 Econazole Oral, topical

150-mg

vaginal tab

1% cream/

lotion

Burning, stinging, redness,

tenderness, and irritation

Candidiasis, pityriasis

7 Miconazole Topical

100-mg

vaginal

ovules

2% cream/

lotion

Headache, vaginal/urethral

burning/itching/pain, or

lower abdominal cramps

Candidiasis, pityriasis

8 Oxiconazole Topical

1% cream/

lotion

Burning, stinging, swelling,

redness, pimple-like

bumps, tenderness, or

flaking of the treated skin

Pityriasis

Triazole 9 Fluconazole Oral, IV

100-mg/d mg

caps

200 mg/

100 mL IV

infusion

Nausea, vomiting, diarrhea,

stomach upset/pain,

headache, dizziness, or

hair loss

� Invasive candidiasis

� Cryptococcosis

� Coccidioidomycosis

� Prophylaxis and empirical

therapy in

immunocompromised host

10 Itraconazole Oral, IV � Invasive aspergillosis

(Continued )
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(Continued)

Drug, route

and dosage,

ADR,

therapeutic

uses

Class Sl

no

Drug Route and

dosage

Adverse drug reaction Therapeutic uses

200-mg IV/

bid 2 d

Then

200 mg/d

Dry mouth, fever,

increased thirst, irregular

heartbeat, loss of appetite,

mood changes, muscle

pain, or cramps

� Blastomycosis

� Coccidioidomycosis

� Histoplasmosis

� Pseudallescheriasis

� Sporotrichosis

� Ringworm

� Onychomycosis

11 Voriconazole Oral, IV

400 mg/bid

Then

200 mg/bid

Abnormal vision, diarrhea,

headache, dry mouth, and

dizziness

� Invasive aspergillosis

� Invasive candidiasis

� Pseudallescheriasis

12 Posaconazole Oral, IV

300-mg bid/

d 1d

Then

300 mg/d

Oral 200 mg/

tid

Skin rash, fluid retention in

the legs, feet, arms or

hands, muscle pain, and

dizziness

� Oropharyngeal candidiasis

� Prophylaxis in the

immunocompromised host

against aspergillosis and

candidiasis

13 Isavuconazole

Isavuconazonium

sulfate (prodrug)

Oral, IV

372-mg PO/

IV

Dyspnea, hypotension,

chills, hypokalemia, and

rash

� Invasive aspergillosis

� Mucormycosis

Echinocandins14 Caspofungin IV70 mg/

dThen

50 mg/d

Swelling/redness/irritation

At the injection site,

nausea, vomiting, diarrhea,

and headache

� Invasive candidiasis

� Empirical therapy in the

immunocompromised host

15 Micafungin IV100 mg/d Black tarry stools, cough,

decreased frequency or

amount of urine, fast,

pounding, or irregular

heartbeat or pulse, fever, or

chills

� Invasive candidiasis

� Prophylaxis in the

immunocompromised host

Polyene

antibiotic

16 Amphotericin B IV0.5�1 mg/

kg/d

Fever, shaking, chills,

flushing, loss of appetite,

upset stomach, headache,

shortness of breath, and

muscle or joint aches

� Invasive candidiasis

� Invasive aspergillosis

� Blastomycosis

� Histoplasmosis

� Coccidioidomycosis

� Cryptococcosis

� Mucormycosis

� Sporotrichosis

� Empirical therapy

In immunocompromised host

Newer drug 17 Ibrexafungerp Oral150-mg

tab

Vaginal bleeding, rash/

hypersensitivity reaction,

diarrhea, and nausea

Vaginal yeast infection
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Black fungus and COVID-19

In the case of the immunocompromised patient, opportunism takes place for

microorganism that surrounded by externally as well as inside our body.45

Extend use of some steroid or some drugs quells the immune system; dis-

eases like HIV, diabetes, and cancer make a person more susceptible to such

infection.45 The present worldwide pandemic Coronavirus disease 2019 is a

new disease caused by SARS-CoV-2 with a variety of complication and

manifestations that make patient’s immune system feebler and make suscep-

tible to secondary infection.45,46 In some cases, in patients with post-

COVID-19 stages, Mucormycosis or BLACK FUNGUS is the most com-

monly observed secondary infection as a case of highly use of steroid and

uncontrolled diabetes.46 Mucormycosis is fatal but rare opportunistic fungal

infection caused by the inhalation of Mucorales.46 Dark pigment�producing

fungi are currently popular as BLACK FUNGUS after COVID-19, which

blacken infected patient’s tissue and overall give a black appearance in

affected area.45

Source

The general sources of Mucorales are environmental plant, soil, dead materi-

als, and discarded fruit and vegetable. In the case of a healthy person, the

inhalation of spore from air does not cause any harm. On the other hand, for

patients with SARS-CoV-2 and compromised immunity, mold or fungal

spore generally came from humid environment and repeatedly using of one

mask can become life-threatening. So it is needed to maintain proper ventila-

tion of room, dispose mask after use, and avoid dust-polluted area.45

Reasons for sudden development

The reasons are as follows45:

� Some possible attributes behind the severity of mucormycosis.

� Improper and early use of steroid in COVID-19 treatment without any

expert advice.

� Taking oral steroid with normal SpO2 level under self-quarantine

situation.

� COVID-19 patients after discharge from hospital need to maintain proper

caution.

� A population with uncontrolled diabetes in SARS-CoV-2 infection is a

significant cause of Mucormycosis.

� In pandemic situation, overcrowded hospitals with COVID-19 patients

interrupt the maintenance of proper hygienic ventilators, humidifiers,

oxygen mask, etc.
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� Some studies show that there was a possibility in extensively use of zinc

supplements for COVID-19 treatment and taking excessive stem

inhalation.

� Clinically found that there were five types of mucormycosis infection

happened with patients in COVID-19:47,48

� rhinocerebral (44%�49%),

� cutaneous (10%�16%),

� pulmonary (10%�11%),

� disseminated (6%�11.6%), and

� gastrointestinal (2%�11%).

Symptoms

The symptoms are as follows48:

� swelling in the face

� pain and numbness, unusual (bloody or black-brown) discharge from the

nose

� swollen eyes

� nasal or sinus congestion

� black lesions on nasal bridge or upper inside of the mouth

� loss of eyesight

� blurred vision

Treatments

In this situation of medical emergency, early diagnosis and treatment is the

key to relief from this fatal disease. Some factors correlated with mucormy-

cosis treatment are immunosuppressive drugs, proper antifungal therapy,

hyperglycemia, metabolic acidosis, use of desferrioxamine, neutropenia, and

proper surgical debridement of infected tissue.32,49,50

Depending on present difficulties and risk factors, as an antifungal ther-

apy, Amphotericin B is the main drug of choice for initial treatment.

Generally, liposomal amphotericin B was used 5 or 10 mg/kg/day continu-

ously for several weeks till a sign of improvement, then oral posaconazole or

isavuconazole was used for stand down the therapy. If patients can’t tolerate

Amphotericin B, IV posaconazole or isavuconazole was used for retrieve

therapy.49

Conclusion

The final milestone of antifungal drug therapy in the 21st century was the

identification and development of molecular mechanism of antifungal agents.

However, the new antifungal therapy needs an increase in awareness due to

the limitation in their spectrum of activity, pharmacokinetics, and drug
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interaction. Novel antifungal agents such as Ibrexafungerp are triterpenoids

branched from enfumafungin with well-tolerated gastrointestinal adverse

effect. The antifungal activity of orally induced Ibrexafungerp is exhibited

by the inhibition of (1�3)-β-D-glucan synthase. Currently, the research is

focused on the development of new molecular mechanism of antifungal drug

with long-term memory response, particularly in immunocompromised and

immunocompetent patients. Nevertheless, some of the drugs in clinical trials

have given promising result; still there are many changes to overcome.
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Introduction

Viruses are ultramicroscopic infectious parasites that have a genome (either

RNA or DNA) or enzymes stored in a capsid (capsule made of protein). In

some viruses, capsid is also covered with a lipid layer (envelope).1

Viruses are obligate parasites because they require host cells to reproduce

and complete their life cycle. These host cells may include mammalian or

insect or plant or bacterial cells. Virus not only depends on nutrition but also

uses metabolic machinery of the host cell for their growth. Therefore it is

considered difficult to find antiviral drug that would selectively target virus

without harming the infected host cells.2�4

Virus life cycle and pathogenesis

Viruses propagate using a host cell to produce its clones, as a means of

reproduction for further generation. Life cycles of all viruses share a general

pattern:

� attachment to the host cell.

� penetration of genome into its host cell

� dominate and use the host cell machinery to replicate its viral component

� assembly of viral components into complete viral structure

� burst the host cell to release new viral clones to infect new host cells5,6

Depending upon the genomic material, virus can be classified as DNA

viruses or RNA viruses. DNA virus replicates within the host cell nucleus where

RNA polymerase transcripts DNA into viral mRNA, then viral m-RNA is
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translated into viral proteins and enzymes by the host cell’s ribosomes. DNA

virus examples are poxviruses (causes smallpox), herpesviruses (causes chicken-

pox, shingles, oral, and genital herpes), papillomaviruses (causes warts), adeno-

viruses (causes pharyngoconjunctival), and hepadnaviruses (causes hepatitis

B).7,8

Mostly, RNA virus replicates in host cell cytoplasm, whereas influenza

(RNA) virus replicates in host cell nucleus. Viral RNA polymerase synthe-

sizes mRNA from genomic viral RNA that gets translated to proteins which

then directs the synthesis of more viral RNA. RNA virus examples are

rubella virus, rhabdoviruses (causes rabies), picornaviruses (causes poliomy-

elitis, meningitis, colds, hepatitis A), flaviviruses (West Nile meningoen-

cephalitis, yellow fever, hepatitis C, Zika virus); orthomyxoviruses (includes

influenza); paramyxoviruses (causes measles, mumps), and coronaviruses

[cause colds, severe acute respiratory syndrome (SARS)] (Fig. 20.1).2,3

The antiviral drugs based on their common mechanisms of action can be of

two types, that is, drugs targeting virus and drugs targeting host.9 Interference of

viral transcription and replication or direct inactivation of viral structural pro-

teins are the main aim of drugs targeting virus,10�12 whereas drugs acting on

host concentrate on binding host cell�specific receptor, inhibiting viral interac-

tion and adsorption,11,13 inhibition of important cellular factors that are under

control of the virus during its replication cycle,9 the use of interferons and other

immunomodulators and gamma globulins.14

Some studies have reported that many RNA and DNA viruses and some

retroviruses cause apoptosis by generating reactive species. Endogenous anti-

oxidants are superoxide dismutase (SOD), catalase (CAT), and glutathione

peroxidase (GPx).15,16 The virus shares a common pathogenic pathway

emphasizing respiratory syncytial production. During viral infection, there is

antioxidant depletion, therefore the generation of oxidative stress and

decrease in immune system. The nonenzymatic antioxidants are plant poly-

phenols, vitamins C and E (a-tocopherol), carotenoids, organosulfur com-

pounds, minerals, and cofactors that are obtained from diet and it plays an

important role in the maintenance of human health along with antivirals.17,18

Classification of drugs based on viral targets

1. Antiretro virus

a. Nucleoside reverse transcriptase inhibitors (NRTIs): zidovudine, stav-

udine, lamivudine, abacavir, emtricitabine

b. Nucleotide reverse transcriptase inhibitors: Tenofovir (TFV) disoprox-

il fumarate (TDF), tenofovir alafenamide (TAF)

c. Non-NRTIs (NNRTIs): nevirapine (NVP), delavirdine, efavirenz,

etravirine, rilpivirine (RPV), doravirine, elsulfavirine
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d. Protease inhibitors: saquinavir, amprenavir, ritonavir, indinavir, nelfi-

navir, lopinavir, atazanavir, fosamprenavir, tipranavir, darunavir

e. Integrase inhibitors (integrase strand transfer inhibitor): raltegravir,

elvitegravir, dolutegravir, bictegravir

f. Fusion peptide inhibitor (GP41 inhibitor): enfuvirtide, albuvirtide

g. Adhesion inhibitor (GP120 inhibitor): fostemsavir

h. CCR5 receptor inhibitor: maraviroc

2. Antiherpesvirus:

a. DNA polymerase UL30 inhibitors: Acyclovir, valaciclovir, idoxuri-

dine, trifluridine, foscarnet, fomivirsen, famciclovir, and penciclovir.

b. Envelope protein inhibitor: docosanol

FIGURE 20.1 Replicative cycles of (A) DNA and (B) RNA viruses.
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3. Antiinfluenza virus:

a. RNA polymerase inhibitors: Baloxavir marboxil, favipiravir

b. Neuraminidase inhibitors: oseltamivir, zanamivir, peramivir,

laninamivir

c. Matrix protein 2 (M2): amantadine, rimantadine

4. Antihepatitis B virus:

a. HBV DNA polymerase inhibitor: adefovir dipivoxil, besifovir, enteca-

vir, telbivudine, TAF, TDF.

5. Antihepatitis C virus:

a. HCV NS3/4A protease inhibitors: glecaprevir, grazoprevir, paritapre-

vir, simeprevir, vaniprevir, danoprevir

b. HCV NS5A phosphoprotein inhibitors: ombitasvir, elbasvir, velpatas-

vir, daclatasvir, ledipasvir, pibrentasvir

c. HCV NS5B polymerase inhibitors: sofosbuvir, dasabuvir

6. Antivaricella virus:

a. VZV DNA polymerase inhibitor: acyclovir, brivudine, famciclovir,

valaciclovir, vidarabine

7. Anticytomegalovirus:

a. DNA polymerase inhibitors: cidofovir, ganciclovir, foscarnet,

valganciclovir

8. Antirespiratory syncytial virus (RSV):

a. Monoclonal antibody: palivizumab

9. Anti-SARS CoV-2 (coronavirus 2):

a. SARS CoV-2 polymerase inhibitor: remdesivir, favipiravir

Elsulfavirine was approved in Russia; albuvirtide was approved in China;

favipiravir and laninamivir were approved in Japan; danoprevir was

approved in China and the Philippines; besifovir was approved in South

Korea (Table 20.1).19,20

Pathophysiology of viruses

Human immunodeficiency virus

Human immunodeficiency virus (HIV) is a common retrovirus which

belongs to a family lentivirus.21 HIV impairs the body defense mechanism

by targeting and depleting CD41 lymphocyte/T cells. The surface glycopro-

tein (gp120) of HIV has strong affinity for cells containing CD4 receptor on

their surface which is predominantly present on CD41 T cells (T-helper

cells); other cells like microphage, monocytes, microglial cells also possess

CD4 receptor in less density. HIV enters the CD41 cells by attaching itself

to the CD4 receptor and a coreceptor chemokine. Once it enters the CD4 cell

cytoplasm, viral RNA gets converted to DNA with the help of viral enzyme

reverse transcriptase (RT). This viral DNA is integrated with the nucleus of

the CD41 cell in the presence of the viral integrase enzyme. This process is
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called integration. Now, at this stage, CD41 cell (host cell) acts as a factory

to produce more HIV. The new DNA formed then undergoes transcription

and translation process, enabling the production of new viral proteins. All

new viral particles replicated in CD41 T cells gather and bud out of the host

cell and through circulation, it enters the lymphoid tissues where it multiplies

TABLE 20.1 List of viruses with their specific targets and novel inhibitors.

Sl.

no.

Human

viruses

Viral targets Novel inhibitors

1. HIV Protease TMB-607, TMC-310911, GRL-09510

NRTIs MK-8504, MK-8583, racivir, islatravir,
rovafovir etalafenamide, stavudine,
amdoxovir, elvucitabine

NNRTIs KM-023

Integrase Cabotegravir

Gp41 GSK373239

2. Hepatitis C
virus

NS3/4A
protease

Asunaprevir, faldaprevir, furaprevir,
narlaprevir, seraprevir, vaniprevir,
vedroprevir

NS5A
phosphoprotein

Ravidasvir, ruzasvir, odalasvir

NS5B
polymerase

sofosbuvir, deleobuvir, lomibuvir,
mericitabine, radalbuvir

3. Human
influenza
virus

RNA
polymerase

Pimodivir

Neuraminidase Isocorilagin

4. HSV DNA
polymerase
UL30

Synguanol, filociclovir, MBX-2168,
mitoxantrone dihydrochloride

Envelope
proteins

NGI-1, C19

5. HCMV DNA
polymerase
UL54

Filociclovir

6. Hepatitis B
virus

DNA
polymerase

Tenofovir exalidex

HCMV, Human cytomegalovirus; HIV, human immunodeficiency virus; HSV, herpes simplex
virus; NRTIs, nucleoside reverse transcriptase inhibitors; NNRTIs, nonnucleoside reverse
transcriptase inhibitors.
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and spread the infection. Under the influence of enzyme protease, the new

virus becomes infectious virions.22�24

Pathophysiological changes in different organs & systems are briefly

mentioned next25�30:

1. Wasting syndrome: The drastic fall in body’s immune system is indi-

cated as wasting syndrome, which refers to unintended decrease in body

weight .10%; factors that are responsible are malnutrition, high BMR,

malabsorption, problems of multiple opportunistic infections.

2. Persistent generalized lymphadenopathy: At initial stage, some patients

may develop persistent generalized lymphadenopathy. It refers to mas-

sive enlargement of lymph nodes .1 cm at two or more extrainguinal

sites. Proliferation of lymphocytic cells causes marked cortical follicular

hyperplasia. At an advanced stage of AIDS, there are progressive

destructions of lymphoid cells, or appearance of secondary tumors (e.g.,

Kaposi’s sarcoma, lymphoma) or opportunistic infections.

3. GI lesions manifestations: GI manifestations include chronic dysentery,

oral candidiasis, mucosal ulcers, and abdominal pain. In advanced cases,

there is the development of secondary tumors in gastrointestinal tract (GIT).

4. Pulmonary lesions and manifestations: There are more chances of

opportunistic infections causing pneumonia and tuberculosis, lung

abscess, adult respiratory distress syndrome, and secondary tumors

which may also develop.

5. Mucocutaneous lesions and manifestations: Erythematous rash and

other allergic reactions occur. Secondary viral infections such as herpes,

varicella zoster, and bacterial and fungal infections are more susceptible

to occur.

6. Hematologic lesions and manifestations: Bone marrow suppression

causes anemia, thrombocytopenia, and leucopenia.

7. Central nervous system lesions and manifestation: AIDS, neurological

conditions are HIV encephalopathy or AIDS-associated dementia com-

plex. Other pathological lesions are demyelinating and degenerative spi-

nal cord and peripheral neuropathy and lymphoma of the brain.

8. Renal lesions and manifestations: HIV-associated nephropathy and gen-

itourinary tract infections.

9. Hepatobiliary lesions and manifestations: Factors that are responsible

are the development of coinfection with hepatitis B or C or other infec-

tious and drug-induced hepatic toxicity. The hepatic lesions include

steatoses and granulomatous hepatitis.

10. Cardiovascular lesions and manifestations: It includes dilated cardio-

myopathy and pericardial effusion due to opportunistic infection and

secondary neoplasm.

11. Musculoskeletal lesions: It includes osteoporosis, osteopenia, septic

arthritis, polymyositis, and osteomyelitis.
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12. Endocrine lesions: It is associated with a syndrome of lipodystrophy,

which may be the result of dyslipidemia, hyperinsulinemia, and hyper-

glycemia. Thyroid function may alter, hypogonadism may occur, and

ADH secretion may be inappropriate.

Antihuman immunodeficiency virus drugs

Nucleoside reverse transcriptase inhibitors

NRTIs are the first category of HIV drugs to be approved by food and drug

administration (FDA). NRTIs are administered as prodrugs that undergo

phosphorylation by cellular kinases31,32 prior mounting its effect. 30-hydroxyl
group lacks at 20-deoxyribosyl moiety of the NRTIs which obstruct 30-50-
phosphodiester bond development between the NRTIs and incoming

50-nucleoside triphosphates thus ending the formation of new viral DNA

chain. Chain elongation can be stopped during DNA- or RNA-dependent

DNA synthesis, inhibiting the formation of either the sense or antisense

strands of the HIV-1 proviral DNA.33,34

Zidovudine

It is a thymidine analog (AZT) that is phosphorylated to triphosphate in host

cell and selectively blocks viral RT and terminates proviral DNA synthesis.

It is effective against HIV-1, HIV-2, and human T-cell lymphotropic

virus.35�38

Stavudine

Stavudine is synthetic thymidine analog that function as AZT. It is used in

multidrug regimen for the treatment of HIV infections. But it should not be

combined with AZT as it antagonizes its action and also with didanosine

because both cause peripheral neuropathy.38�40

Lamivudine (3TC) and emtricitabine (FTC)

Lamivudine and emtricitabine are analogs of deoxycytidine (ddC) where the

30 carbon has been replaced by sulfur.

Cellular enzymes Phosphorylate emtricitabine to emtricitabine 50-
triphosphate.

These prodrugs are nucleoside analog inhibitors of HIV RT, which are

needed to be converted in their active triphosphate forms by cellular kinases.

The triphosphate forms compete with nucleotide substrates for internalization

into new DNA chain. Usually, they function as chain terminators due to the

absence of a 30-OH.38,41
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Abacavir

Abacavir is not a traditional NRTI. Along with the incorporation in the pro-

viral DNA and termination of chain elongation, it selectively acts against

HIV RT. Abacavir is converted to carbovir triphosphate (CBV-TP) which is

an activated form of abacavir.42

Protein priming in viral RT delivers an additional site for nucleoside inhi-

bitors. Since dGTP is the initiating nucleotide for HIV protein priming, gua-

nosine analogs like abacavir are potential drugs interfering in this step of

HIV replication.41

Nucleotide reverse transcriptase inhibitors

Tenofovir

TFV is an analog of adenosine 50-monophosphate,38 available in the form of

prodrug, TDF, and TAF. The prodrugs are hydrolyzed to TFV in liver that

later gets phosphorylated by cellular kinase to active diphosphate form. The

activated TFV gets incorporated into viral DNA and terminates chain elonga-

tion by inhibiting HIV RT enzyme.43,44

NNRTIs are a very promising class of anti-HIV drugs which blocks the

polymerization of HIV RT, an enzyme responsible for conversion of single-

stranded viral RNA genome to double-stranded viral DNA genomes. The

accurate mode of action of NNRTIs is yet to be elucidated; but it has been

confirmed that by binding to the drug-binding site of HIV-1, RT leads to

change in position of the attachment of the template primer, thereby inhibit-

ing the binding of dNTP to form an RT�DNA�dNTP complex.

HIV RT, an asymmetric heterodimer contains two subunits: (1) p66 sub-

unit (560 amino acids)—it has a role in performing the enzymatic functions

of the RT; (2) p51 subunit (440 amino acids)—it works to provide the struc-

tural and conformational support. The noncompetitive NNRTIs are targeted

allosterically to a hydrophobic domain. The NNRTIs act against HIV-1

strains only, because HIV-2 RT has been found to possess amino acids that

render innate resistance to NNRTIs.

Efavirenz (EFV) is given in combination with two other NRTIs (e.g.,

EFV1TDF1 FTC, EFV1TDF1 3TC) for initial treatment. It is a benzox-

azinone compound having oral bioavailability of 40%�45%. It is observed

that when administered once daily, it is highly effective in reducing HIV-1

viral loads, but it affects neuropsychiatric nervous system.

RPV was approved by the US FDA in 2011. RPV, a diarylpyrimidine

compound, is used to overcome the resistance of NNRTI that was caused

due to mutation. It is widely used due to its high efficacy, specificity, high

oral bioavailability, easy synthesis, and minimum harmful effects. RPV is

often suggested for treating patients having low RNA copies/mL, but not for

those with high RNA copies/mL.
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NVP is first NNRTI to be approved by US FDA in 1996. From studies, it

is said that NVP has a poor resistance barrier, less efficacy, and serious life-

threatening effects. The development of new-generation NNRTIs declined

the use of NVP in initial therapy or the postexposure prophylaxis. NVP is a

dipyridodiazepinone inhibitor and known for its low solubility and high

intestinal permeability.

Elsulfavirine, a prodrug of VM-1500A, has been approved only in Russia

(2017). The recommended dose is 20 mg/day, which is to be taken 15 min

prior to a meal. Elsulfavirine has shown excellent antiviral properties in

treatment-naive patients. It has shown to be well tolerated with some side

effects, including headache, dizziness, and diarrhea.

Doravirine possesses excellent antiviral property, favorable safety, better

tolerability, high barrier to drug resistance, and drug�drug interactions. The

daily single dose of DOR1TDF1 3TC is offered as an initial regimen for

treatment-naive patients. Its pharmacodynamic profiles are better compared

to other drugs of this group. It is highly potent in suppressing viral replica-

tion. Furthermore, it possesses a broad-spectrum inhibitory activity against

different subtypes of HIV-1 strains.

Etravirine belongs to second-generation NNRTI for HIV-1 treatment. It

is recommended in patients who have undergone treatment experience due to

its high genetic barrier and clinical effectiveness. It is a diarylpyrimidine

compound with a low solubility and permeability, and also oral bioavailabil-

ity is less. It shows little activity against HIV.38,45

Protease inhibitors

These group of drugs are potent inhibitors of viral protease enzyme. The

enzyme protease is responsible for the cleavage of viral structural and repli-

cative proteins such as gag-pol proteins, essential for the production of vir-

ions. Inhibition of this enzyme causes disruption in the production of

infectious virions.

Ritonavir

Ritonavir is an inhibitor of HIV protease enzyme that also acts as potent

CYP3A4 inhibitor. It has poor tolerability so mostly given in combination

regimens. It is also employed in low doses to enhance the activity of other

protease inhibitors because of its potency to inhibit CYP3A4 enzyme.46�48

Saquinavir

Saquinavir is a protein-like substrate that attaches to the active region of pro-

tease and inhibits its action. Saquinavir comes in two forms (soft gel and

hard gel capsules) with different bioavailability. When saquinavir is

Insights into the mechanism of action of antiviral drugs Chapter | 20 455



combined with ritonavir, maximum bioavailability is achieved. The common

side effects are vomiting, nausea, and diarrhea.46,49,50

Indinavir

Indinavir is a protein-like substrate and shares common features like other

protease inhibitors. Its use has been decreased because of adverse effects like

nephrolithiasis and other renal insufficiencies. Bioavailability is decreased

when taken with meals.51,52

Nelfinavir

Nelfinavir is effective in treating both HIV-1 and -2. It is mostly used

because of its relatively low toxicity profile. For treating HIV infection, nel-

finavir is generally combined with other antiretroviral drugs. Nelfinavir is

the only protease inhibitor not boosted by ritonavir because CYP3A4 has

less effect on its metabolism.53,54

Lopinavir

Lopinavir is available in fixed-dose combination with ritonavir. The combi-

nation is effective against both HIV-1 and HIV-2 infections. Ritonavir

increases the plasma concentration of lopinavir by reducing its metabolism.

Side effects are abdominal pain, nausea, and diarrhea.54,55

Atazanavir

Atazanavir is azapeptide protease inhibitor effective against both HIV-1 and

-2. It is absorbed well when taken with light meal while H2 blocker/proton

pump inhibitors that supress acid secretion, decrease its absorption. The effi-

cacy is enhanced by combining with ritonavir. Side effects are the same as

described earlier.56�58

Fosamprenavir

It is a prodrug of amprenavir. It has better bioavailability and well tolerated

compared to amprenavir. It is effective in the treatment of HIV-1 and -2. It

is usually provided in combination for long efficacy.59�61

Tipranavir

Tipranavir is a new protease inhibitor effective against both HIV-1 and -2. It

has been approved for treating-experienced patients. When combined with

ritonavir its bioavailability is increased. Side effect is hepatotoxicity.62,63
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Darunavir

Darunavir is also a new protease inhibitor effective against HIV-1 and -2. It

has been approved for treating resistant mutants. It is used in combination

form for improved efficacy.64,65

Integrase inhibitors

1. Raltegravir: It was the first integrase strand transfer inhibitor (INSTI),

with antiviral activity against HIV-1. Raltegravir is a first-line drug to be

approved. It inhibits the integrase of HIV-1 thereby preventing the DNA

of the virus from getting inserted into the host genome leading to the

reduced propagation of infection. Human phosphoryl transferases (e.g.,

DNA polymerases) are not inhibited by the drug.66

2. Elvitegravir: It is an INSTI. It was first approved in a merge with cobici-

stat (a CYP3A4 inhibitor) to be consumed once daily. The formulation is

a recommended first-line treatment.66

3. Dolutegravir: Dolutegravir is an HIV-1 antiviral agent. It is a second-

generation integrase strand transfer inhibitor (INSTI). It binds to the

active site of HIV integrase and thereby blocks the strand transfer step

(an essential step in replication) of viral DNA integration into the host

cell.67

4. Bictegravir: Bictegravir is a potent integrase strand transfer inhibitor

(INSTI). Its antiviral activity is same as dolutegravir. Bictegravir is man-

ufactured in combination with TAF and emtricitabine (FTC) in one tablet

BIKTARVY.

TAF is the prodrug of TFV and is the more targeted, potent, and safe

form compared to TDF. TDF is an ester analog of the nucleotide reverse

transcriptase inhibitor (NRTI) TFV. In vivo, TDF is first hydrolyzed to TFV

and then phosphorylated by enzyme kinases to an active metabolite TFV

diphosphate, which inhibits the activity of HIV RT due to competition with

the nucleotide deoxyadenosine 50-triphosphate for getting incorporated into

viral DNA and finally terminating the DNA elongation.

Emtricitabine is a nucleoside RT inhibitor related to cytosine having

activity against HIV-1 infection and can be used either alone or merge with

other antiretroviral drugs. It is converted intracellularly to triphosphate. This

triphosphate plays a significant role in halting the DNA synthesis of HIV

strains by competitive inhibition of RT.68�71

Fusion peptide inhibitor

1. Enfuvirtide: Enfuvirtide is a synthetic peptide containing 36 amino acids

that mimic the heptad region 2 and inhibit the formation of stable 6-helix

configuration of gp41 which is vital for the entry of HIV-1 into the host
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cells. Enfuvirtide binds to HR1 region and inhibits the hairpin formation

and thereby the fusion. It is the first fusion inhibitor that was used clini-

cally. The second-generation fusion inhibitors also mimic the HR2

sequence but overlap at other regions, represented by T-1249. It is active

against enfuvirtide-resistant strains.72�75

2. Albuvirtide: Albuvirtide (ABT) is a synthetic peptide derivative of N-

terminal sequence of HIV-1 gp41. Studies have shown that on IV

Injection, ABT rapidly binds to serum albumin and increases half-life. A

recent study demonstrated its potent activity against a broad spectrum of

HIV-1 strains, including those strains observed in China and some var-

iants resistant to T20.76,77

Adhesion inhibitor

Fostemsavir: It is a prodrug, the active metabolite being temsavir, is the first

adhesion inhibitor drug. Temsavir binds to gp120 protein present on the sur-

face of the HIV-1 and selectively interferes between the virus and CD4

receptor interaction with the host cell, thereby stopping the attachment and

further configurational changes of gp41 on HIV-1. The drug was approved in

the United States on 2 July 2020 to treat HIV-1 infection in adults who are

heavily treated-experienced and experiencing multiple drug resistance

(MDR) HIV-1 infection, thereby disrupting their current antiretroviral regi-

men due to resistance, intolerance, or safety considerations.78

CCR5 receptor inhibitor

Maraviroc: It is a noncompetitive, slowly reversible, specific antagonist of

chemokine receptor 5 coreceptor that helps in the entry of CCR5-tropic

HIV-1 into host cells by interacting with the HIV-1 envelope protein gp120

and CD4 receptors, resulting in a structural modification of the viral enve-

lope protein gp41 thereby permitting fusion of the viral envelope with the

host cell membrane. The drug shows its effectiveness when combined with

other antiretroviral drugs in adults who have already undergone treatment. It

has potent activity against MDR CCR5-tropic HIV-1 strains. It is the first

CCR5 coreceptor antagonist to be approved by US FDA.79

Herpesvirus

Herpes simplex virus (HSV) is of two types—HSV1 and HSV2.

HSV1 is responsible for vascular lesions on skin, lips, and mucous mem-

branes, whereas HSV2 causes primarily genital infection (Fig. 20.2).80,81

It transmits through close contact with an infected person or through their

genital or oral secretions.82
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Antiherpes drugs

Acyclovir and valacyclovir

Mechanism of action: Acyclovir, a prototype, is a deoxiguanosine analog,

which undergoes three phosphorylation steps to get converted into its active

metabolite. First step involves its conversion to acyclovir monophosphate by

viral thymidine kinase, so acyclovir selectively attacks infected cells only.

Then cellular kinase of host cell converts monophosphate to diphosphate and

finally to active acyclovir triphosphate. Acyclovir triphosphate acts by com-

petitively inhibiting the viral DNA polymerase and stopping the elongation

of viral DNA strand by getting incorporated into it. This terminated DNA

template attaches the DNA polymerase and inhibits its action irreversibly.

Affinity for viral DNA polymerase is 10�30 times more than the host cell

DNA polymerase.

Acyclovir resistance develops due to the mutation of viral thymidine

kinase, which decreases thymidine kinase activity or altered substrate speci-

ficity and DNA polymerase resistance to acyclovir activity.83,84

FIGURE 20.2 Pathophysiology of herpes simplex virus.
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Valacyclovir is an ester (L-valine) prodrug of acyclovir with improved

bioavailability. After oral administration, it gets converted to acyclovir dur-

ing first-pass metabolism through the liver and kidney.

Both drugs are highly effective against initial herpes infections than

recurrent HSV infections. These drugs are effectively used in immunosup-

pressed patients because they are more vulnerable to both severe HSV and

varicella zoster virus (VZV) infections. Higher doses of acyclovir are used

for treating VZV infection because they are less susceptible than HSV.

Currently valacyclovir is used in VZV infection and recurrent genital herpes

as the resultant acyclovir after oral valacyclovir has a comparable bioavail-

ability to that of IV acyclovir. Acyclovir is therapeutically ineffective against

established cytomegalovirus (CMV) and Epstein�Barr virus (EBV).85,86

Penciclovir and famciclovir

Penciclovir is a guanine nucleoside analog and configurationally similar to

acyclovir. Famciclovir is the diacetyl ester prodrug of penciclovir.

Penciclovir inhibits viral DNA synthesis in the same mechanism as anti-

viral drug acyclovir, although it is less potent than acyclovir. Famciclovir is

active against HSV and herpes zoster but is resistant to acyclovir-resistant

strains.87

Idoxuridine

Idoxuridine is an iodinated deoxyuridine that acts as thymidine analog. It

competitively inhibits replication of viral DNA by replacing thymidine and

itself getting incorporated into the viral DNA strand. However, idoxuridine

lacks selectivity and gets incorporated into DNA of uninfected cells which

causes toxicity. Its use is limited to topical ophthalmic treatment of HSV

virus keratitis.1�3

Trifluridine

Trifluridine is a fluorinated thymidine analog that is effective against both

types of HSV, CMV, and other related viruses. Trifluridine blocks viral

DNA polymerase enzyme and thus inhibits DNA synthesis and is effective

against acyclovir-resistant HSV strains. It also inhibits host cell DNA synthe-

sis and therefore exhibits cytotoxicity.1�3

Foscarnet

The inorganic pyrophosphate analog, foscarnet, prevents replication of her-

pesvirus, including cytomegalovirus and HIV.
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Mechanism of action: Foscarnet interacts with the viral DNA polymerase

enzyme or HIV RT and thereby inhibits the viral nucleic acid synthesis.

Foscarnet inhibits the pyrophosphate region of the herpetic DNA polymerase,

stopping cleavage of the pyrophosphate from newly attached nucleotide and

thus inhibits the viral chain elongation. It is 100 times more selective for

viral DNA polymerase.87

Docosanol

Docosanol is a saturated long alcohol chain, which is allowed in some countries

as over the counter 10% ointment for herpes orolabialis. Docosanol prevents the

replication of lipid-enveloped viruses such as HSV strains, CMV, and some

RNA virus, including influenza virus. It prevents the viral entry into host cell by

blocking the fusion between host cell membrane and viral envelope. Viral resis-

tance is minimal as it does not affect viral replication process.88

Influenza virus

Influenza viruses are most prevalent as a seasonal infection and are most

common cause of respiratory tract infection. It has become most significant

in developing countries because they possess high death rate in immune-

distressed patients, elderly individuals, and infants. Influenza virus contains

single-stranded RNA as its genetic material and belongs to Orthomyxoviridae

family.

There are three distinct types of influenza virus: A, B, and C; out of

these, influenza A and B are highly contagious to humans. Influenza A virus

is further subdivided into a number of subtypes on the basis of antigenic proper-

ties of envelop proteins, namely, hemagglutinin (H) and neuraminidase (N); 16

distinct HA subtypes and 9 subtypes of N have been discovered so far.89

Pathophysiology: Human respiratory epithelium is the main site of influ-

enza virus replication where surface protein Haemagglutinin is cleaved effec-

tively thereby generating new virions.

Viral transmission takes place through contaminated nasal and respiratory

droplets. Influenza A is the prevailing viral cause of acute respiratory distress

syndrome and pneumonia.

The viral infection of respiratory epithelium generates immune response

to combat viral spreading resulting in lung inflammation. This inflammation

can rigorously spread and cause multiple organ failures.

Host and viral mechanism of influenza-associated pathogenesis:

Virus-induced pathology includes:

� epithelial necrosis involving shrinkage and vacuolization followed by

shedding of these cells,

� deterioration of alveolar structure,
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� obstruction of airways resulting inadequate gas exchange, and

� structural changes appear due to degradation of extracellular matrix.90

Antiinfluenza drugs

Baloxavir marboxil

Baloxavir marboxil is a prodrug of bolaxavir acid, in which phenolic

hydroxyl group is added to increase oral absorption. Influenza A and B

viruses are composed of basic polymerase 1 (PB1) and 2 (PB2) as well as

polymerase acidic protein (PA). Baloxavir inhibits viral replication by target-

ing endonuclease a protein required for viral transcription by cleaving

capped mRNA which is bound to PB2. Resistance may develop due to muta-

tion in PA subunit of influenza viruses, therefore interfering in cap-

dependent endonuclease inhibition by baloxavir.91

Favipiravir: Favipiravir is a nucleotide precursor, undergoes phosphoryla-

tion by host cell enzymes into favipiravir-ribofuranosyl-50-triphosphate (F-

RTP), an active form. It is active against viral RNA-dependent RNA poly-

merase. The antiviral spectrum includes all subtypes and strains of influenza

viruses, also comprising those resistant to neuraminidase and M2 inhibitors.

F-RTP has high affinity for viral replication than host cell transcription and,

therefore, has high selective index. Mutation facilitates the development of

resistance against the drug.92

Oseltamivir and zanamivir

1. Oseltamivir: Oseltamivir is a sialic acid analog, effective against wide

spectrum viral activity covering amantadine and rimantadine sensitive as

well as resistant, some zanamivir-resistant and influenza A virus.

Oseltamivir is hydrolyzed during absorption by hepatic enzymes to an

activated form—oseltamivir carboxylate. The antiviral activity and

potency of oseltamivir carboxylate are similar to zanamivir.

2. Mechanism of action: It inhibits the influenza virus neuraminidase

enzyme which is important for liberation of progeny virions from

infected cells. Thus, blockage of neuraminidase activity causes viral

accumulation at cell surface and check viral spread. Resistance can be

developed by mutation of viral neuraminidase enzyme.38,87

3. Zanamivir: Zanamivir is also a neuraminidase inhibitor that acts against

influenza A and influenza B viruses and other resistant variants of aman-

tadine and rimantadine drugs. The mode of action, potency, and clinical

use is similar to that of oseltamivir. Oral bioavailability is very low so it

is administered by inhalation.38,87

4. Peramivir: Peramivir is a new FDA-approved neuraminidase inhibitor,

indicated in serious condition of hospitalized patients with H1N1
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influenza infection. Peramivir is used as IV because its oral bioavailabil-

ity is very poor.

5. Laninamivir: Laninamivir is a new neuraminidase inhibitor, active against

oseltamivir-resistant influenza strains. It is administered as inhaler.1,2

Amantadine and rimantadine

Amantadine and rimantadine (x-methyl analog of amantadine) are synthetic tricy-

clic amines with similar pharmacological profile. Both drugs are effective for treat-

ing influenza A virus but ineffective against influenza B virus and mumps virus.

They inhibit initial step of viral replication by preventing uncoating of

viral RNA as well as the later step, that is, viral assembly. The M2 protein,

present within the membrane of influenza A virus, acts as primary sight of

action and, thus inhibiting, M2 protein prevents H1-mediated dissociation of

ribonucleotide complex, which is an important step in viral replication. M2

inhibition potentiates acidic pH-induced conformational alteration of hemag-

glutinin and hence blocks viral assembly. Resistance for amantadine and

rimantadine develops due to mutation in M2 protien.87

Hepatitis virus

Hepatitis viruses infect liver causing inflammation and necrosis. It is one of

the main causes of illness and death globally. Hepatitis virus includes hepati-

tis A, B, C, D, and E viruses. Hepatitis A does not cause chronic infection

whereas hepatitis B, C, and D cause cirrhosis, liver failure, and hepatocellu-

lar carcinoma (Fig. 20.3).92

Antihepatitis B drugs

1. Adefovir dipivoxil: Adefovir is an acyclic analog of adenosine monopho-

sphate. Adefovir dipivoxil is deesterified to adefovir that undergoes phos-

phorylation to activated diphosphate by cellular enzymes. It competitively

blocks DNA polymerase of hepatitis B virus and causes chain termination. It

may cause nephrotoxicity if the treatment continues for 1 year.1�3,96

2. Telbivudine: Telbivudine, synthetic analog of thymidine, that is, is phos-

phorylated to triphosphate form by cellular kinase enzyme that inhibits

HBV DNA polymerase and prevents chain elongation. It is used to treat

chronic hepatitis B infection.97

3. Entecavir: Entecavir is guanosine analog that undergoes phosphorylation to

form active triphosphate intracellularly. It competitively blocks all functions

of HBV polymerase (RT) and hence prevents viral replication.87

4. Besifovir: Besifovir is a new acyclic nucleotide phosphonate that inhibits

viral DNA polymerase. The active triphosphate form gets incorporated

into viral DNA and inhibits DNA synthesis.87
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5. TAF: TAF (prodrug) is a phosphonate derivative of TFV. It inhibits RT

of HBV and HIV-1 virus. TAF is deesterified in liver and phosphorylated

to TFV diphosphate, which blocks RT competitively, thus preventing

chain elongation.1,2

6. TDF: TDF, a prodrug of TFV, is an inhibitor of RT, which is effective

against HIV and hepatitis B virus.

Antihepatitis C drugs

1. Glecaprevir/pibrentasvir: Glecaprevir is a novel hepatitis C NS3/4A pro-

tease inhibitor. It is effective against all genotypes 1�6 of HCV. It is

also effective against HCV protease from genotype 3 that is very difficult

to treat. It is used in a combination with NS5A inhibitor pibrentasvir.

Pibrentasvir is a novel NS5A inhibitor, which is active against all

FIGURE 20.3 Pathophysiology of Hepatitis virus infection of the liver.93�95
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common resistance-associated variants. Glecaprevir and pibrentasvir are

coformulated as fixed-dose combination tablet.98

2. Grazoprevir/elbasvir: Grazoprevir an HCV NS3/4A protease inhibitor

and is developed as single fixed-dose combination tablet with elbasvir,

NS5A inhibitor. Grazoprevir inhibits HCV NS3/4A protease that is

responsible for the proteolytic breakdown of viral replication and viral-

encoded polyprotein and prevents the formation of viral RNA. Food and

drug administration (FDA) has approved the combination for treating

HCV genotype 1 or 4 infection.99

3. Paritaprevir/ombitasvir/dasabuvir/ritonavir: Paritaprevir is NS3 protease

inhibitor and ombitasvir is NS5A phosphoprotein inhibitor. Dasabuvir

inhibits the active sight of NS5B polymerase resulting in conformational

change in NS5B. Ritonavir is CYP3A inhibitor and not effective against

HCV, and it is used to decrease the frequency of dosing.2

4. Simeprevir: Simeprevir is a macrocyclic HCV NS3 protease inhibitor that

prevents protease’s cleavage of viral polyprotein thus checks viral repli-

cation in infected cells.100

5. Vaniprevir and danoprevir are direct-acting antivirals that act against

HCV NS3/4A protease and exhibit advancement in treatment of chronic

HCV infection.101

6. Velpatasvir: Velpatasvir is NS5A protein inhibitor. This protein plays an

essential role in HCV replication and is also involved in cell signaling.

Velpatasvir is combined with sofosbuvir which after getting metabolized

incorporates into viral RNA and terminates chain elongation process; there-

fore it acts as NS5B RNA-dependent RNA polymerase inhibitor. The com-

bination is effective for treating different genotypes 1�6 of hepatitis C.

7. Daclatasvir: Daclatasvir is effective against both viral RNA replication and

virion aggregation by binding to the N-terminus of NS5A. It is coformulated

with sofosbuvir for treating HCV genotype-3 infection. In Japan a combina-

tion of daclatasvir with NS3/4A protease inhibitor is approved.102

8. Ledipasvir: Ledipasvir inhibits NS5A phosphoprotein and is manufac-

tured as fixed-dose combination tablet with sofosbuvir.1,2

9. Sofosbuvir: Sofosbuvir is a uridine nucleotide analog that undergoes phos-

phorylation within the cells to produce its action. The metabolism takes

place in liver cells; therefore the active compound formed is called GS-

461203. This analog then competitively blocks the NS5B polymerase, thus

preventing HCV-RNA synthesis by terminating RNA chain elongation.103

Varicella zoster virus

Varicella zoster belongs to alpha herpesvirus family with double-stranded

DNA genome.104�107 VZV being highly communicable directly infects

human through direct contact with skin lesions or air borne route. Its main

target sites are T-lymphocytes, epithelial cells, and ganglia.
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Primary infection causes chickenpox (varicella) in adults mainly in

immunocompromised individuals, which often goes severe. It is character-

ized by fever, rashes on skin, headache, malaise, and loss of appetite.

Zoster (shingles) generally develops after the reactivation from latent

period which resides in neurons of cranial nerve ganglia, dorsal root ganglia,

and enteric and autonomic ganglia.

The early symptoms are pain, itching, numbness or tingling, sensitivity to

touch, a later maculopapular rash appears which develop into vesicles.

Furthermore, other complications included are myelitis, cranial nerve, pal-

sies, meningitis, and vasculopathy (Fig. 20.4).

FIGURE 20.4 Pathophysiology of varicella zoster virus infection.
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Antivaricella zoster virus drugs

1. Brivudine: Brivudine, a thymidine analog, has similar mechanism of

action as acyclovir. Brivudine undergoes phosphorylation by viral thymi-

dine kinase to an active compound which blocks viral DNA polymerase

and thus prevents viral DNA synthesis. Brivudine is effective against

HSV1, VZV, and EBV, but ineffective against other herpesviruses and

cytomegalovirus. It is more effective against VZV compared to acyclovir

and has got approval in Europe for treating herpes zoster and HSV

keratitis.82

2. Vidarabine: Vidarabine is a nucleoside analog of adenine obtained from

bacteria Streptomyces antibioticus.2 It has an inhibitory effect on viral

DNA synthesis. Like acyclovir, it blocks DNA polymerase and termi-

nates DNA chain elongation. Selectivity of viral DNA polymerase is

more compared to the host DNA polymerase. Vidarabine resistance

develops due to mutation in DNA polymerase108

Mechanism of action of acyclovir, famciclovir, valaciclovir is discussed

in antiherpes drugs.

Cytomegalovirus

Cytomegalovirus, the largest virus among herpesvirus, is double-stranded

DNA virus of beta-herpesvirus subfamily.

CMV infection generally occurs during childhood, through subjection to

bodily secretion (such as tears, saliva, urine, and semen) from infected per-

son. Transmission can also occur via fomites or via organ tissue transplanta-

tion and blood transfusion.

CMV infection in healthy host is usually asymptomatic, although sometimes

it may be characterized by fever, lymphadenopathy, and lymphocytosis.

After initial infection, CMV establishes latency in endothelial cell, epi-

thelial cell, smooth-muscle cells, and fibroblasts where virus multiplies and

reaches different parts of body. The initial infection produces CMV-specific

immunoglobulins, IgM and IgG, that prevent and control viral replication on

reactivation of viral in healthy immunocompetent host. On contrary, in

immunocompromised host such as in HIV infection, patients of organ trans-

plantation or hematopoietic stem-cell transplant suffer low CMV-specific T

cells, therefore unchecked viral replication, leading to subsequent clinical

diseases.109,110

Anticytomegalovirus drugs

Cidofovir: Cidofovir is a nucleotide analog of cytidine that gets phosphory-

lated to cidofovir diphosphate that inhibits viral DNA polymerase.111 Oral

bioavailability of cidofovir is very poor. It is given intravenously or applied
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topically. Cidofovir is active against acyclovir, ganciclovir, foscarnet-

resistant CMV strains.

Ganciclovir and valganciclovir

Ganciclovir is a nucleoside analog of acyclovir. It is active against all her-

pesvirus and mostly against CMV.

1. Mechanism of action: Ganciclovir after conversion to active metabolite,

that is, ganciclovir triphosphate, intracellularly by viral thymidine kinase

preferentially, inhibits viral DNA polymerase and, thereby, terminates its

replication. Ganciclovir triphosphate exhibits much higher concentration

in CMV-infected cells.

2. Valganciclovir is a prodrug (L-valine ester) of ganciclovir. It is metabo-

lized to ganciclovir after being absorbed in GIT and has higher bioavail-

ability, about 60%.

Resistance to ganciclovir develops in a similar manner as developed in

acyclovir: mutation of the protein kinase gene owing to reduced intracellular

ganciclovir phosphorylation and mutation of DNA polymerase.

Antirespiratory syncytial virus drugs

Palivizumab: Palivizumab is a humanized monoclonal antibody, effective

against the RSV F (RSV surface glycoprotein, helps virus to fuse with cell

and form syncytia). It neutralizes RSV and prevents viral fusion with respira-

tory endothelial, thereby preventimg replication. It is used to treat RSV

infection in children and infants.112

Severe acute respiratory syndrome coronavirus 2

Coronavirus is an enveloped and unsegmented virus, composing capped (1)
single-stranded RNA. Coronavirus belongs to family Coronaviridae.113,114 It

transmits through respiratory droplets and aerosols. The virus attaches itself

to host receptor and enters through fusion or endocytosis. The virus is made

of four proteins, named, the spike (S), membrane (M), envelop (E), and

nucleocapsid (N) proteins. The spike protein helps in the attachment and

penetration. This protein contains two subunits (S1 and S2); S1 helps in

binding and S2 subunit helps in fusion of virus and host cellular membranes

(Fig. 20.5).

Anti-Covid drugs

Remdesivir: Remdesivir is a nucleoside analog, which blocks the viral RNA-

dependent RNA polymerase (RdRp), interfering the viral genome replication
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process. Nucleoside analogs are required to undergo phosphorylation to eas-

ily permeate the cell wall. The phosphorylated compound formed is nucleo-

side triphosphate which resembles adenosine triphosphate (ATP) and plays a

role in genome replication. The phosphorylated remdesivir competes with

ATP and gets integrated by the RdRp enzymes or complex and thereby ter-

minates RNA synthesis and viral replication.115

Conclusion

The emergence of newer antivirals has changed the landscape of antiviral

therapies but still there is a lacuna in the prevention of emerging and reemer-

ging viral infections. To fight a pandemic situation like recently, we encoun-

tered one, that is, Covid-19 infection; broad spectrum antivirus should be

explored. For identification of lead compounds to target host proteins, poten-

tial natural bioactives should be looked into. This chapter is a small contribu-

tion in the path of development of novel antivirals for targeting emerging

and reemerging viral infection.

FIGURE 20.5 Pathophysiology of severe acute respiratory syndrome coronavirus 2.
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17. Armogida M, Nisticò R, Mercuri NB. Therapeutic potential of targeting hydrogen peroxide

metabolism in the treatment of brain ischaemia. Br J Pharmacol. 2012;166:1211�1224.

18. Ratnam DV, Ankola DD, Bhardwaj V, et al. Role of antioxidants in prophylaxis and ther-

apy: a pharmaceutical perspective. J Control Release. 2006;113:189�207.

19. Li G, et al. Antiviral classification. 4th ed. Encyclopedia of Virology. Vol. 5. Elsevier;

2021.

20. De Clerq E. Fifty years in search of selective antiviral drugs. J Med Chem. 2019;2019

(62):7322�7339.

21. Arts EJ, Hazuda JD. HIV-1 antiretroviral drug therapy. Cold Spring Harb Perspect Med.

2012;2012(2):a007161.

22. German Advisory Committee Blood (Arbeitskreis Blut), Subgroup ‘Assessment of

Pathogens Transmissible by Blood’. Human immunodeficiency virus (HIV). Transfus Med

Hemother. 2016;43(3):203�222.

23. Freed OE. HIV-1 replication. Somatic Cell Mol Genet. 2001;26(1/6). Nov 2001 (r2002).

24. Walker MC, et al. CD81 lymphocytes can control HIV infection in vitro by suppressing

virus replication. Science. 1986;234:1563�1566. Available from: http://science.science-

mag.org/. on April 25, 2017.

470 How Synthetic Drugs Work

http://refhub.elsevier.com/B978-0-323-99855-0.00020-8/sbref1
http://refhub.elsevier.com/B978-0-323-99855-0.00020-8/sbref1
http://refhub.elsevier.com/B978-0-323-99855-0.00020-8/sbref2
http://refhub.elsevier.com/B978-0-323-99855-0.00020-8/sbref2
http://refhub.elsevier.com/B978-0-323-99855-0.00020-8/sbref3
http://refhub.elsevier.com/B978-0-323-99855-0.00020-8/sbref3
http://refhub.elsevier.com/B978-0-323-99855-0.00020-8/sbref4
http://refhub.elsevier.com/B978-0-323-99855-0.00020-8/sbref4
http://refhub.elsevier.com/B978-0-323-99855-0.00020-8/sbref5
http://refhub.elsevier.com/B978-0-323-99855-0.00020-8/sbref5
http://refhub.elsevier.com/B978-0-323-99855-0.00020-8/sbref6
http://refhub.elsevier.com/B978-0-323-99855-0.00020-8/sbref7
http://refhub.elsevier.com/B978-0-323-99855-0.00020-8/sbref7
http://refhub.elsevier.com/B978-0-323-99855-0.00020-8/sbref8
http://refhub.elsevier.com/B978-0-323-99855-0.00020-8/sbref8
http://refhub.elsevier.com/B978-0-323-99855-0.00020-8/sbref8
http://refhub.elsevier.com/B978-0-323-99855-0.00020-8/sbref9
http://refhub.elsevier.com/B978-0-323-99855-0.00020-8/sbref9
http://refhub.elsevier.com/B978-0-323-99855-0.00020-8/sbref9
http://refhub.elsevier.com/B978-0-323-99855-0.00020-8/sbref10
http://refhub.elsevier.com/B978-0-323-99855-0.00020-8/sbref10
http://refhub.elsevier.com/B978-0-323-99855-0.00020-8/sbref10
http://refhub.elsevier.com/B978-0-323-99855-0.00020-8/sbref11
http://refhub.elsevier.com/B978-0-323-99855-0.00020-8/sbref11
http://refhub.elsevier.com/B978-0-323-99855-0.00020-8/sbref12
http://refhub.elsevier.com/B978-0-323-99855-0.00020-8/sbref12
http://refhub.elsevier.com/B978-0-323-99855-0.00020-8/sbref12
http://refhub.elsevier.com/B978-0-323-99855-0.00020-8/sbref13
http://refhub.elsevier.com/B978-0-323-99855-0.00020-8/sbref13
http://refhub.elsevier.com/B978-0-323-99855-0.00020-8/sbref13
http://refhub.elsevier.com/B978-0-323-99855-0.00020-8/sbref14
http://refhub.elsevier.com/B978-0-323-99855-0.00020-8/sbref14
http://refhub.elsevier.com/B978-0-323-99855-0.00020-8/sbref14
http://refhub.elsevier.com/B978-0-323-99855-0.00020-8/sbref15
http://refhub.elsevier.com/B978-0-323-99855-0.00020-8/sbref15
http://refhub.elsevier.com/B978-0-323-99855-0.00020-8/sbref15
http://refhub.elsevier.com/B978-0-323-99855-0.00020-8/sbref16
http://refhub.elsevier.com/B978-0-323-99855-0.00020-8/sbref16
http://refhub.elsevier.com/B978-0-323-99855-0.00020-8/sbref16
http://refhub.elsevier.com/B978-0-323-99855-0.00020-8/sbref17
http://refhub.elsevier.com/B978-0-323-99855-0.00020-8/sbref17
http://refhub.elsevier.com/B978-0-323-99855-0.00020-8/sbref17
http://refhub.elsevier.com/B978-0-323-99855-0.00020-8/sbref18
http://refhub.elsevier.com/B978-0-323-99855-0.00020-8/sbref18
http://refhub.elsevier.com/B978-0-323-99855-0.00020-8/sbref18
http://refhub.elsevier.com/B978-0-323-99855-0.00020-8/sbref19
http://refhub.elsevier.com/B978-0-323-99855-0.00020-8/sbref19
http://refhub.elsevier.com/B978-0-323-99855-0.00020-8/sbref20
http://refhub.elsevier.com/B978-0-323-99855-0.00020-8/sbref20
http://refhub.elsevier.com/B978-0-323-99855-0.00020-8/sbref20
http://refhub.elsevier.com/B978-0-323-99855-0.00020-8/sbref21
http://refhub.elsevier.com/B978-0-323-99855-0.00020-8/sbref21
http://refhub.elsevier.com/B978-0-323-99855-0.00020-8/sbref22
http://refhub.elsevier.com/B978-0-323-99855-0.00020-8/sbref22
http://refhub.elsevier.com/B978-0-323-99855-0.00020-8/sbref22
http://refhub.elsevier.com/B978-0-323-99855-0.00020-8/sbref22
http://refhub.elsevier.com/B978-0-323-99855-0.00020-8/sbref23
http://refhub.elsevier.com/B978-0-323-99855-0.00020-8/sbref23
http://science.sciencemag.org/
http://science.sciencemag.org/


25. Levy AJ. Pathogenesis of human immunodeficiency virus infection. Microbiol Rev.

1993;1993:183�289.

26. Kreuzer KA, Rockstroh J. Pathogenesis and pathophysiology of anemia in HIV infection.

Ann Hematol. 1997;75:179�187.

27. John Palios NPE. The pathophysiology of HIV-/HAART-related metabolic syndrome lead-

ing to cardiovascular disorders: the emerging role of adipokines. J Diabetes Res.

2012;2012. Kadoglou, Stylianos Lampropoulos, Article ID 103063, 7 pages.

28. Rothman MS, Bessesen MT. HIV infection and osteoporosis: pathophysiology, diagnosis,

and treatment options. Curr Osteoporos Rep. 2012;10:270�277.

29. Nou E, Lo J, Hadigan C, Grinspoon SK. Pathophysiology and management of cardiovascu-

lar disease in patients with HIV. Lancet Diab Endocrinol. 2016;4(7):598�610.

30. Budka H, Costanzi G, Cristina S, et al. Brain pathology induced by infection with the

human immunodeficiency virus (HIV). Acta Neuropathol. 1987;75:185�198.

31. Furman PA, Fyfe JA, St Clair MH, et al. Phosphorylation of 30-azido-30-deoxythymidine

and selective interaction of the 50-triphosphate with human immunodeficiency virus reverse

transcriptase. Proc Natl Acad Sci USA. 1986;83(21):8333�8337.

32. Mitsuya H, Weinhold KJ, Furman PA, et al. 30-Azido-30-deoxythymidine (BW A509U): an

antiviral agent that inhibits the infectivity and cytopathic effect of human T-lymphotropic

virus type III/lymphadenopathy-associated virus in vitro. Proc Natl Acad Sci USA. 1985;82

(20):7096�7100.

33. Taggart AK, Kero J, Gan X, et al. (D)-beta-Hydroxybutyrate inhibits adipocyte lipolysis

via the nicotinic acid receptor PUMA-G. J Biol Chem. 2005;280(29):26649�26652.

34. Sluis-Cremer N, Arion D, Parniak M. Molecular mechanisms of HIV-1 resistance to nucle-

oside reverse transcriptase inhibitors (NRTIs). Cell Mol Life Sci. 2000;57:1408�1422.

35. Sperling R. Zidovudine. Infect Dis Obstet Gynecol. 1998;6(5):197�203.

36. Anderson P.L., Rower J.E. Zidovudine and lamivudine for HIV infection. Clin Med Rev

Ther. 2010;2:a2004. PMID: 20953318; PMCID: PMC2954111.

37. Piscitelli SC, Polis MA. An update on drug interactions with zidovudine. AIDS Patient

Care STDs. 1998;12(9):687�690.

38. De Clercq E. Antiviral drugs in current clinical use. J Clin Virol. 2004;30(2):115�133.

Available from: https://doi.org/10.1016/j.jcv.2004.02.009.

39. Mirmehrabi M, Rohani S, Jennings MC. Stavudine. Acta Crystallogr C. 2005;61(Pt 12):

o695�o698. Available from: https://doi.org/10.1107/S0108270105034591. Epub 2005 Nov 19.

40. Hurst M, Noble S. Stavudine: an update of its use in the treatment of HIV infection.

Drugs. 1999;58(5):919�949.
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Introduction

Cancer comprises a collection of diseases by excessive proliferation of cells

in the body that cannot be effectively regulated and the cancerous cells also

conquer and destroy normal cells.1 This disease is also categorized as an epi-

genetic disease due to its genetic and cytogenetic character.2

Every year, millions of cases of cancers are identified, which ultimately

leading to end of life. Most cancer, including chronic leukemia, cannot be per-

manently cured. As per the information from American Cancer Society, it is

estimated that cancer encounters 2%�3% of the total annual deaths recorded

worldwide.3 Therapeutic approaches for cancer involve surgery, radiotherapy,

chemotherapy, and immunotherapy.

Generally, the clinical or medical conditions of the patients are catego-

rized, based on the severity of the disease, into the following stages: Stage 1,

Stage II, Stage III, and Stage IV.

Surgical treatment removes solid tumor quickly. However, it is effective,

for early tumors. Those who have not benefitted from surgical treatment

undergo radiation therapy. Radiation therapy is long term and expensive.

Chemotherapy categorizes as systemic therapy that involves the introduction

of antineoplastic agents in the body. Side effects are high as they kill cancer

cells with the normal cells.
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Immunotherapy modulates patient’s own immune system to produce an

antitumor effect, normally prescribed to those who are in the last stage of the

disease involved critical organs.

Anticancer drugs may be at different sites—cancer cells, endothelium,

extracellular matrix (ECM), the immune system or host cells. More precisely

tumor cells can be targeted at the DNA, RNA, or protein level. Most classi-

cal antineoplastic agents interact with tumor DNA, whereas monoclonal anti-

body and other small molecules target protein.

Recently, a new drug classification based on target is prepared by

Espinosa et al. Target may be located at the DNA/protein or RNA level of

tumor, endothelium, ECM, etc.

Pathophysiology

In molecular level, it is discovered that in human tumors, there is a drastic

change in DNA methylation and histone modifications are found. It is mostly

witnessed in epigenetic alteration of human tumors that there is huge alteration

done by DNA methylation particularly silencing of tumor-suppressor genes.4

Another approach, the aberrant pattern of histone modifications, is also an

important route under the epigenetic route. The basic mechanisms of gene

expression involve nucleosomes, which plays a key role. These nucleosomes are

consisting of 146 DNA base pairs which are wrapped around 8 histone subunits

which are pairs of H2A, H2B, H3, and H4 each. The important modifications

like acetylation, methylation, phosphorylation, and ubiquitination are done by

the most valuable amino acid, that is, lysine, which is found in large amount in

these proteins. The reading of these posttranslational modifications by different

proteins and complexes, which are involved in chromatin remodeling and tran-

scriptional activation or repression, ultimately leads to the formation of required

“histone code.”2,3 An involvement of the enzymes like HATs (histone acetyl-

transferase) and HDACs (histone deacetylases) is to control the histone modifi-

cations, like reversible acetylation of some lysine residues of histones H3 and

H4. The relevance of the acetylation is the association of acetylated lysine with

less condensed chromatin and a transcriptionally active gene; otherwise associa-

tion of deacetylated ones with heterochromatin and transcriptional gene silenc-

ing will be experienced.5�7 Not only the epigenetics is one of the major causes

of unnatural gene expression of cancer cells, but also the genetic and cyto-

genetic pathways which involve gene mutations, homozygous deletions, loss of

heterozygosity, monosomies, trisomies, homogenous staining regions, etc. are

also important.5 Dense hypermethylation of the CpG islands and histone hypoa-

cetylation caused by targeting the HDACs to the gene promoter are the two

methods of epigenetic gene silencing.

Due to involvement of many tumor-suppressor genes, such as p16INK4a,

BRCA1, hMLH1, MGMT, VHL, and E-cadherin, the first mechanism became

most popular for cancer therapeutics.4 This is approached by restoring the utility

of p14ARF and hMLH1 silent genes with the use of DNA-demethylating
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agents.8�10 Though having toxicity in a significant amount, these drugs can be

used to restore the expression of tumor-suppressor gene by reducing their dose

and due to having synergistic effects, they are used in combination with HDAC

inhibitors,8,11 whereas individual HDACs are unable to do the same.

Similarly, the involvement of promoter hypoacetylation of histones by recruit-

ment of HDACs for gene silencing is less studied. For an example, the archetypi-

cal gene, which is cyclin-dependent kinase inhibitor p21WAF1, in human cancer

is silenced in this manner12�14 Though the epigenetic reactivation of this arche-

typical gene (p21WAF1) with the interference of the HDAC inhibitors in cancer

cell lines has been observed,12,13 and the restoration of the same is aligned with

the enhancement of hyperacetylated histones at the p21WAF1 promoter.14

p21WAF1: p21WAF1, an original tumor-suppressor gene, proves this ability in

p21WAF1 knockout mice by developing tumors.13 Though this gene expression is

always not found in broad spectrum types of tumors14,15 but overexpressed

p21WAF1 shows its growth arrest properties particularly in deficient cancer cells.12

United States Food and Drug Administration

Due to a huge number of deaths in account of advanced solid tumor, there is

a need for new effective drugs or therapies. To fulfill this demand, researcher

is continuously working globally on development of new effective antitumor

or anticancer agents which appear in the interval of every few months under

the supervision of regulatory authority, that is, the United States Food and

Drug Administration (USFDA).

The USFDA, a famous federal agency of the Department of Health and

Human Services, is responsible for taking care of public health by commanding

on food safety, prescription, and over-the-counter pharmaceutical drugs (medica-

tions), vaccines, biopharmaceuticals, cosmetics,15 and veterinary products. It has

also the power to control the marketing of new or existing molecules or drugs by

following the proper safety profile. The global acceptance of USFDA-approved

drugs proves the importance of USFDA. The Centre for Drug Evaluation and

Research (CDER), a division of USFDA, mainly looks after the matter regarding

the availability of the safe and effective drugs to improve the health of welfare.

Considering the role of USFDA in providing approval to newer cancer and blood

therapies, 2019 established a strong milestone by sanctioning new therapies for

prostate, bladder, breast, and lung cancers.16

Newer United States Food and Drug Administration�approved
drugs

The most unique cancer therapy, which is based on the presence of specific

genetic marker in any types of tumors, was approved by the CDER in this

year. This approach differs from the traditional treatment because the treat-

ment involves specific characteristic of a tumor instead of its site of origin.

Along with this, approvals to many newer therapies have been accomplished
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which includes two new bone marrow cancer therapies, one new drug for

patients with diffuse large B-cell lymphoma, therapy for patients with mantle

cell lymphoma, a new treatment for a certain type of myelofibrosis, patients

with acute hepatic porphyria, a first-in-class drug for patients requiring red

blood cell transfusions, therapy for adult patients with chronic lymphocytic

leukemia or small lymphocytic lymphoma. Additionally, CDER also

approved the first FDA-approved therapy for the treatment with acquired

thrombotic thrombocytopenic purpura, a disorder that may lead to brain dam-

age or death in 2019. Some of the FDA-approved drugs17 within the last five

decades are enlisted in Table 21.1.

TABLE 21.1 List of anti-cancer drugs with their therapeutic application,

target gene and year of approval by USFDA.

Major

class

Drug Therapeutic area Target

gene

Approval

year

Cytotoxic Radium 223
dichloride

Prostate cancer Unknown 2013

Omacetaxine
mepesuccinate

Leukemia RPL3 2012

Asparaginase
erwinia
chrysanthemi

Leukemia Biological 2011

Eribulin mesylate Breast cancer TUBA4A;
TUBB1

2010

Pralatrexate Lymphoma DHFR;
TYMS

2009

Ixabepilone Breast cancer TUBB3 2007

Nelarabine Leukemia;
lymphoma

DNA
synthesis

2005

Oxaliplatin Colorectal cancer DNA
synthesis

2002

Daunorubicin
hydrochloride

Leukemia DNA
synthesis;
TOP2A;
TOP2B

1998

Topotecan
hydrochloride

Ovarian cancer;
lung cancer;
cervical cancer

TOP1;
TOP1MT

1996

Gemcitabine Ovarian cancer;
pancreatic cancer;
lung cancer; breast
cancer

DNA
synthesis;
RRM1;
TYMS

1996

(Continued )
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TABLE 21.1 (Continued)

Major

class

Drug Therapeutic area Target

gene

Approval

year

Docetaxel Prostate cancer;
breast cancer; head
and neck cancer;
stomach cancer;
lung cancer; brain
cancer

TUBA4A;
TUBB1

1996

Thiotepa Breast cancer;
ovarian cancer;
bladder cancer

DNA
synthesis

1994

Paclitaxel Breast cancer; lung
cancer; pancreatic
cancer; ovarian
cancer; sarcoma

TUBA4A;
TUBB1

1992

Carboplatin Ovarian cancer DNA
synthesis

1989

Ifosfamide Testicular cancer DNA
synthesis

1988

Etoposide Testicular cancer;
lung cancer

TOP2A;
TOP2B

1983

Cisplatin Testicular cancer;
ovarian cancer;
bladder cancer

DNA
synthesis

1978

Carmustine Brain cancer;
lymphoma; Multiple
myeloma

DNA
synthesis

1977

Doxorubicin
hydrochloride

Leukemia; breast
cancer; stomach
cancer; Lymphoma;
ovarian cancer;
lung cancer;
sarcoma; thyroid
cancer; bladder
cancer; kidney
cancer; brain
cancer

TOP2A;
DNA
synthesis

1974

Bleomycin Head and neck
cancer; lymphoma;
penile cancer;
cervical cancer;
vulvar cancer;
testicular cancer

DNA
synthesis

1973

(Continued )

Insight into the molecular mechanism of action of anticancer drugs Chapter | 21 481



TABLE 21.1 (Continued)

Major

class

Drug Therapeutic area Target

gene

Approval

year

Fluorouracil Breast cancer;
colorectal cancer;
stomach cancer;
pancreatic cancer

DNA
synthesis

1970

Vinblastine sulfate Lymphoma;
testicular cancer;
choriocarcinoma;
breast cancer

TUBA1A;
TUBB;
TUBD1;
TUBE1;
TUBG1

1965

Cyclophosphamide Lymphoma;
multiple myeloma;
leukemia; brain
cancer; ovarian
cancer;
retinoblastoma;
breast cancer

DNA
synthesis

1959

Mercaptopurine Leukemia HPRT1 1953

Methotrexate Leukemia; breast
cancer; head and
neck cancer; lung
cancer; lymphoma;
bone cancer;
gestational
trophoblastic
disease

DHFR 1953

Targeted Nivolumab Melanoma PDCD1 2014

Obinutuzumab Leukemia Ms4A1 2013

Cabozantinib Thyroid cancer KDR;
MET; RET

2012

Ipilimumab Melanoma CTLA4 2011

Denosumab Bone cancer TNFSF11 2010

Ofatumumab Leukemia Ms4A1 2009

Degarelix Prostate cancer GNRHR 2008

Temsirolimus Kidney cancer MTOR 2007

Panitumumab Colorectal cancer EGFR 2006

Lenalidomide Multiple myeloma;
lymphoma

CRBN 2005

(Continued )
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Classification of anticancer drugs/therapies

As mentioned, the last one to two decades have witnessed an appearance of

a great number of anticancer drugs, among which many of them will not fit

into the simple traditional classification and may require to establish new

classification.18 Generally, a drug classification is done to achieve the objec-

tives mainly for a comprehensive view of the available drugs and the design

of combination therapy. The objective also is to remember the drugs and

their mechanism of action and also for teaching purposes.18

As the focus of newer therapies is started to move from site of origin or

organ-to-genetic- based target-oriented therapies, likewise newer approach of

drug classification will follow the same trends from therapy based on spe-

cific target organ which was established by Espinosa et al.18 It can include

drugs targeting endothelium and ECM, and the immune system elements

involved in carcinogenesis, potential host cells, etc. which can be located at

the DNA, RNA or protein level.18 Though the proper mechanism of action

of every new drug is not possible to explain in detail due to uncertainty of

mechanisms and some limitations at various phases of clinical trial.18

The classical and modern classifications of anticancer drugs are depicted

briefly in Table 21.2.

TABLE 21.1 (Continued)

Major

class

Drug Therapeutic area Target

gene

Approval

year

Cetuximab Head and neck
cancer; colorectal
cancer

EGFR 2004

Trastuzumab Breast cancer;
stomach cancer

ERBB2 1998

Thalidomide Multiple myeloma CRBN 1998

Rituximab Lymphoma;
leukemia

Ms4A1 1997

Interferon Alfa-2b,
recombinant

Sarcoma; leukemia;
melanoma;
lymphoma

IFNAR1;
IFNAR2

1986

Tamoxifen citrate Breast cancer ESR1;
ESR2

1977

Fluoxymesterone Breast cancer AR; ESR1;
NR3C1;
PRLR

1956
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TABLE 21.2 Classification of anticancer drugs.18,19

Therapy Class of drugs Name of drugs

Chemotherapy
(cytotoxic drugs)

Alkylating agents

Nitrogen mustards Mechlorethamine,
cyclophosphamide

Ethyleneamine Thiotepa

Alkyl sulfonate Busulfan

Nitrosourea Carmustine

Triazine Dacarbazine

Antimetabolites

Folate antagonist Methotrexate (Mtx)

Purine Antagonist 6-Mercaptopurine (6-MP)

Pyrimidine Antagonist 5-Fluorouracil (5-FU)

Vinca alkaloids Vincristine, vinblastine

Taxanes Paclitaxel

Epipodophyllotoxin Etoposide

Camptothecin analogs Topotecan

Antibiotics Actinomycin D

Miscellaneous Hydroxyurea,
procarbazine

Hormonal therapy (drugs
altering the hormonal
milieu)

Glucocorticoids Prednisolone

Estrogens Fosfestrol

Selective estrogen
receptor modulators

Tamoxifen

Selective estrogen
receptor down
regulators

Fulvestrant

Aromatase inhibitors Letrozole

Antiandrogen Flutamide

5-α-Reductase
inhibitor

Finasteride

GnRH analogs Triptorelin

Progestins Hydroxyprogesterone

Immunotherapy (drugs
acting on immune system)

Interferon

Interleukin 2

Vaccines

(Continued )
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TABLE 21.2 (Continued)

Therapy Class of drugs Name of drugs

Modern classification of anticancer drugs18

Target organ Location Name of drugs/treatment

Endothelium DNA Combretastatin

Proteins Monoclonal antibodies

Small molecules

Extracellular matrix MMPs MMPs inhibitors

Other elements Monoclonal antibodies
(mab) and small
molecules

Host cells Bone cells Bisphosphonates,
osteoprotogerin

Immune system Lymphocytes and
macrophages

Interferons, interleukin 2

Tumor DNA (nonspecific)

DNA break: Chemotherapy

DNA-related proteins: Chemotherapy

DNA (specific)

Hormonal therapy,
retinoids

Interferon α, gene therapy

RNA Antisense oligonucleotides

Proteins

Membrane receptors

Extracellular domain: Monoclonal antibodies
(mab)

Intracellular domain: Small molecules

Cytoplasm

Intracellular pathways Small molecules

Tubulin Chemotherapy

MMPs, Matrix metalloproteinases.
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Considering Table 21.2, we can come to the decision that the modern

classification of anticancer drugs is more acceptable than the classical classi-

fication as it covers both the ancient and newer approved drugs in such a

way which follows modern treatments. So, here we will discuss about the

mechanisms of anticancer drugs as per the modern classification.18

Mechanism of action

Drugs acting on endothelium

Drugs that show activities against the endothelium act either as endothelial

growth factor inhibitor or the inhibitor of receptors of such factors due to

antiangiogenic effects.

DNA

The target of anticancer therapies is on how to induce stress-mediated apo-

ptosis in tumor cells and tumor-associated endothelium in response to DNA

damage.20 Chemoresistance can be promoted by suppressing apoptotic

mechanisms of growth factors like basic fibroblast growth factor (bFGF) and

vascular endothelial cell growth factor (VEGF) in tumor cells.21 These

growth factors are inhibited by thalidomide,22,23 carboxyamidotriazole24,25

whereas interferon α reduces VEGF synthesis in tumor cells.26�28

Growth factors

Generally, bFGF and VEGF are growth factors in the microenvironment,

where VEGF is highly specific for endothelial cells (ECs), and bFGF act in a

broader way. These growth factors are controlling both physiologic and

tumor angiogenesis functions.29

In a molecular level, it is found that bFGF or VEGF activates Raf-1 for

the protection of EC from the apoptotic stimuli.30,31 Normally, bFGF is

responsible for translocation of Raf-1 to the mitochondria along with protec-

tion of ECs from the stress-mediated apoptosis, whereas remarkable protec-

tion from death ligand-induced apoptosis is done by VEGF making small

effect on stress-mediated death. These findings prove the fact that activation

of common pathways of cell proliferation, which leads to angiogenesis, is

done by angiogenic growth factors.21

Combretastatin

In the context of drugs acting on endothelium, combretastatin shows its high

potency as an antimitotic agent by inhibiting the mitotic spindle in the endo-

thelium which ultimately leads to apoptosis32,33 due to its simple structure.

This apoptotic cell death is stimulated by the disruption of microtubules

which is followed by arresting the cell cycle during metaphase to anaphase
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transition where combretastatin binds particularly to the subunit of tubulin at

the colchicine binding site.34,35

Chemistry: Combretastatin is a naturally obtained oxygenated stilbene

derivative, isolated from the bark of African willow tree Combretum caffrum

in the year 1982 by Pettit and coworkers.36 An ethylene bridge, for connect-

ing two phenyl rings (Rings A and B) and maintenance of cis-geometry

across the central double bond, was found in the structure of combretastatin

(Fig. 21.1).37

MOA

In general, it is established that combretastatin with 0.53�3.0 μM IC50
35 is

able to inhibit polymerization of tubulin by binding with it to colchicine

binding site, which ultimately causes disruption of dynamic equilibrium. α-
and β-tubulin heterodimers are leading to the formation of microtubules fol-

lowed by the formation of abnormal mitotic spindles with the help of disrup-

tion of dynamic equilibrium. As a consequence, the cell cycle is arrested at

the M-phase and finally causes targeted apoptotic cell death.35 Mitotic catas-

trophe which is characterized by formation of giant, multinucleated cells by

activation of caspase 9 (cysteine protease), is another approach to cell death

by combretastatin.35

In case of neovasculature, to maintain the cell shape, the role of cellular

microtubule network is very crucial. In contrast, combretastatin shows a

strong antivascular effect as it is related to its antitubulin effect and causes

rapid depolymerization of microtubules. The depolymerization results round-

up of elongated ECs, disruption of blood vessels surrounding EC layer, etc.

which leads to blood vessel congestion. Then necrosis of tumor cells is done

due to less blood flow, oxygen flow and nutrient supply to tumor cells.35

The prodrug of combretastatin, 2, sodium phosphate is rapidly metabo-

lized into combretastatin after administration by endogenous nonspecific

phosphatases and is under clinical trials.38

FIGURE 21.1 Structure of combretastatin.
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Protein

Monoclonal antibodies

It has been shown that the monoclonal antibodies (mab) have a great role in

medical research, by involving in diagnostics and clinical applications

derives, due to their high affinity to bind with same type of two antigens and

for their in vitro and in vivo elevated stability. mAbs also show higher speci-

ficity and lesser chance to be contaminated by pathogens due to their poly-

clonal counterparts in the structure which are obtained by immunization of

animal serum.39 FDA and other international regulatory agencies have

approved murine, chimeric, and human antibodies as a therapy of several ail-

ments which also include autoimmune diseases and cancer39�41 Recent

approved few mAbs within last 5 years in cancer treatment by FDA are

enlisted in Table 21.3.16

TABLE 21.3 Lists of Food and Drug Administration�approved recent

mAbs for cancer therapy.16

Name Antigen Format

unconjugated

antibodies

Indications Year of

approval

Isatuximab CD38 Chimeric IgG1 Multiple
Myeloma

2020

Sacituzumab
govitecan

TROP2 Humanized ADC Triple-negative
breast cancer

2020

Enfortumab
vedotin

Nectin-4 Human ADC Bladder cancer 2019

Polatuzumab
vedotin

CD79B Humanized ADC B-Cell Lymphoma 2019

Trastuzumab
deruxtecan

HER-2 Humanized ADC Breast cancer 2019

Atezolizumab PD-L1 Humanized IgG1 Non�small cell
lung cancer

2019

Atezolizumab PD-L1 Humanized IgG1 Triple-negative
breast cancers

2019

Moxetumomab
pasudotox

CD22 Mouse ADC Hairy-cell
leukemia

2018

Bevacizumab VEGF Humanized IgG1 Ovarian Cancers 2018

Cemiplimab PD-1 Human IgG4 Cutaneous
squamous-cell
carcinoma

2018

(Continued )
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Muromonab, a murine, is the first ever mAb which got approval to use in

humans in the treatment of transplant rejection,42 whereas infliximab, a

recent chimeric, an anti-TNFα mAb, is recommended for rheumatoid arthri-

tis and Crohn’s disease43,44 and ofatumumab, an anti-CD20 mAb which is

derived entirely from human, is used for the chronic lymphocytic leukemia

treatment.45 The antibody format of the international nonproprietary names

of mAbs can be easily denoted by the suffix, which is summarized in

Table 21.4.46

The bevacizumab is demonstrated as a humanized anti-VEGF monoclonal

antibody and shows improved survival rates in combination with chemother-

apy, particularly in those patients who are previously untreated with meta-

static colorectal cancer in comparison to chemotherapy alone. As a result, it

serves angiogenic properties and received FDA approval for first time.47 In

context to binding with VEGF receptors, the bevacizumab shows its activity

with all the receptors.18,24,48,49

TABLE 21.3 (Continued)

Name Antigen Format

unconjugated

antibodies

Indications Year of

approval

Ipilimumab CTLA4 Human IgG1 Renal cell
carcinoma

2018

Nivolumab PD-1 Human IgG4 Renal cell
carcinoma

2018

Avelumab PD-L1 Human IgG1 Urothelial
carcinoma

2017

Avelumab PD-L1 Human IgG1 Merkel cell
carcinoma

2017

Durvalumab PD-L1 Human IgG1 Bladder cancer 2017

Inotuzumab
ozogamicin

CD22 Humanized ADC Acute
lymphoblastic
leukemia

2017

Olaratumab PDGFRα Human IgG1 Sarcoma 2016

Daratumumab CD38 Human IgG1 Multiple
myeloma

2015

Dinutuximab GD2 Chimeric IgG1 Neuroblastoma 2015

Elotuzumab SLAMF7 Humanized IgG1 Multiple
myeloma

2015
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Bevacizumab

Bevacizumab (Avastin), a humanized IgG1 mAb with size of 149 kDa,

shows the activities of selective binding and inhibition of VEGF. Generally,

the VEGF is responsible for the activation of angiogenesis and metastasis of

tumors. Overexpressed VEGF has been led to a worsened prognosis in

patients.50 In 2004 bevacizumab received its first approval to be used in

combination with 5-fluorouracil-based chemotherapy for the treatment of

metastatic colon and rectal cancer, in the United States. In Europe, bevacizu-

mab is authorized since 2005 for a combination therapy with various chemo-

therapeutic agents, particularly in the treatment of renal cell carcinoma,

non�small cell lung carcinoma (NSCLC), ovarian neoplasms, breast neo-

plasms, and colorectal neoplasms. Recently in the United States, bevacizu-

mab is indicated as a second-line monotherapy for the treatment of

glioblastoma only.51

Small molecules

SU-5416, SU-6668 are categorized as small molecules that act as an antican-

cer agent by binding with the receptors of different growth factors. SU-5416

is binding to the tyrosine kinase of both VEGFR-1 and VEGFR-2,24,52 along

with platelet-derived growth factor receptor (PDGFR) and c-kit. Clinically

SU-5416 is more potent small molecule which leads to the initiation of clini-

cal trials with SU-5416 in hematological malignancies and colorectal cancer

patients. Similarly, SU-6668 also shows its activities to bind with VEGFR,

bFGFR, and PDGFR.18,53,54

Drugs acting on extracellular matrix

It has been observed that most drugs acting in the ECM inhibit matrix metal-

loproteinases (MMPs). They all have antiangiogenic effects

TABLE 21.4 List of international suffixes for mAbs.

Suffix Antibody format

-omab Mouse IgG2

-ximab Chimeric IgG1

-zumab Humanized IgG1

-umab Human antibody from phage display/transgenic mice technology

-axomab Trifunctional (bispecific) mouse�rat hybrid mAb

-cept Fc (constant fragment) fusion protein

-stim Fc (constant fragment) fusion peptide
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Matrix metalloproteinases

MMP which is also known as matrixin is a main cause for degradation of

collagen (structural component of connective tissue) and other protein in

ECM.55 This MMPs plays a crucial role in several physiological and patho-

logical activities like tumor growth, invasion, and metastasis. Since last three

to four decades MMPs have been considered promising targets for cancer

therapy, which ultimately leads to the development of a number of different

synthetic and natural MMP inhibitors as cytostatic and antiangiogenic

agents.56 Numerical biological functions are depicted by MMPs in the devel-

opment of cancer from metastatic initiation to outgrowth followed by apo-

ptosis and angiogenesis.55 Not only that, MMPs are also responsible for

stimulating the release of VEGF, bFGF, and insulin growth factor.18

A number of MMP inhibitors are currently under extensive clinical exam-

ination as potential anticancer drugs.57 They are mainly divided into syn-

thetic inhibitors of the enzyme activity which includes marimastat,58�60

prinomastat or BAY 12�956657, and natural inhibitors which include isofla-

vonoids and shark cartilage.55

Marimastat

Marimastat is the most common synthetic MMP inhibitors with a broad-

spectrum activity. It is an orally bioavailable drug with mild-to-severe dose-

dependent side effects on joint and muscle pain, has lower molecular weight.61

Different phases of clinical trials reveal many facts about this drug. In Phase

III, though it was not showing any significant advantage over conventional

first-line treatment, but an improved survival rate was reported in inoperable

colorectal hepatic metastases patients.62 This outcome is followed by further

clinical trials of Marimastat only in patients with cancer of the gastrointestinal

tract, where survival benefit was modest,63 and showing most prominent effect

in postchemotherapeutic patients with advanced gastric cancer.56,58

Drugs acting on Host Cell

This section is less cultivated in comparison to other segments. Currently, it deals

with only in those compounds which can inhibit or interfere with the function and

microenvironment of bone cells. This includes only bisphosphonates,64,65 osteo-

protogerin,66 and PTHRP antibodies. But there will be a great scope in the future,

to develop more drugs which will target other organs at risk of metastasis.18

Drugs acting on immune system

One of the latest and great breakthroughs, particularly in cancer, is immuno-

therapy especially due to the checkpoint inhibitors67 and chimeric antigen

receptor (CAR) T cells.68,69 Generally, the progression of cancer is done due
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to chronic inflammation in tumor sites. The tumor-derived factors or signals

are downregulating the antitumor function of various immune effector cells,

which are employed at the tumor site. To overcome this situation, repro-

gramming of the tumor-associated macrophages are required specially to

inhibit the functions of lymphocyte. It is achieved by releasing the inhibitory

cytokines such as interleukin 2, interleukin 10, prostaglandins, or reactive

oxygen species.70�72

Drugs directed against tumor DNA

Most antineoplastic drugs act on DNA by breaking the helix. They also inter-

fere with DNA related proteins or modify specific genes.73

DNA helix

Alkylating agents prevent cell division primarily by cross-linking of DNA

particularly at the N-7 position. Replication of DNA and transcription of

RNA are prevented by cross-links. As a result, imbalance of other cell con-

stituents including RNA and protein and the cell dies. Activity of anticancer

drugs doesn’t not depend on DNA synthesis of target cells except cyclophos-

phamide which inhibits DNA synthesis.74,75

Alkylating agents are small molecules that can covalently bind an alkyl

group to electron-rich nucleophilic moieties to form adduct and exert cyto-

toxic effect on cancer cells by binding to DNA molecules. Alkylators belong

to one of several families76:

1. nitrogen mustard

2. triazenes

3. nitrosoureas

4. platinum compounds

5. antibiotics

Some proper alkylating agents are cisplatin, oxaliplatin, carboplatin, etc.

Bleomycin and mitomycin-C are alkylator antibiotic.

DNA-related proteins

Topoisomerases are enzymes that regulate DNA topology and are essential

for the integrity of the genetic material during transcription, replication, and

recombination processes. It cuts and reseals DNA strands. During replica-

tion/transcription a significant amount of torsional strain is placed on DNA

helix. This strain is relieved during breaking of DNA strands which is cre-

ated by enzyme topoisomerase I (for single-stranded DNA) and topoisomer-

ase II (for double-stranded DNA). Topoisomerases reseal the break after

tension has been relieved.77�79
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Topoisomerase inhibitors block the resealing step leading to large amount

of fragmented DNA. This leads to destabilize the cell leading to cell death.

Inhibitors of these enzymes are topotecan, irinotecan, rubitecan, lurtotecan,

exatecan, etc.80

In addition, antimetabolites act as anticancer agents by exerting their

cytotoxic effects by interfering with DNA or RNA synthesis. They are struc-

turally resembled with normal substrate but differ enough to interfere with

the metabolism.

Antimetabolites are categorized into two groups.

1. structural analog of immediate in the biosynthesis of nucleotides such as

purine analog (mercaptopurine, thioguanine) and pyrimidine analog

(cytarabine, gemcitabine)

2. structural analogs of vital cofactors in the synthesis of nucleotides such

as folic acid analog methotrexate.

Specific genes

Several antineoplastic agents act by modifying expression of specific genes,

for example, steroids, antihormones, and retinoids. They bind to receptor

protein to activate regulatory sequences in DNA. For instance, antiestrogen

blocks estrogenic receptor which is a ligand regulated transcription

factor.81,82

Gene therapies also target specific genes. But its mode of action as it is

introduced in vector to either repair or block specific DNA sequences.

Drugs targeted against tumor RNA

Some anticancer drugs interfere with RNA synthesis. Antisense oligonucleo-

tides include in this group. These molecules act against specific mRNAs of

bcl2, myb, P53, Her-2, etc.83

Drugs directed against proteins in the tumor cells. Monoclonal antibodies

are included in this class. Some small molecules also act through this mecha-

nism. Large molecules, that is, monoclonal antibody, block extracellular

domain of receptor where the small molecules inhibit intracellular domain.84

Rituximab was the first anticancer antibody.85�87

Passive immunotherapy refers to the preparation of antitumor antibodies or

cells in vitro and then injected into the body for treatment. VEGF and antihu-

man EGFR-2 (HER-2) are commonly used in passive immunotherapy.88,89

Drugs directed against proteins in tumor cell

More than the last 10 years have been contributed to this group by providing

a great number of compounds, such as monoclonal antibodies (mab) and

small molecules. Their functions are all target specific by binding to the

membrane receptors or cytoplasmic proteins and the effect is specialized into
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cytostatic rather than cytotoxic. For these reasons, this group is growing by

joining more and more new potent compounds.18

Receptor in the tumor membrane

Both the monoclonal antibodies (mab) and small molecules have shown their

activities on receptor in the tumor membrane in an absolutely distinguish

ways. Normally, the performance of mAbs depends on the blockage of the

extracellular domain of the receptor, whereas the small molecules depend on

the inhibition of the intracellular domain, mainly a tyrosin kinase by crossing

the tumor membrane easily due to its size.18 Though the term “‘small mole-

cule”’ may be a cause of misleading, due to use of small-sized classical che-

motherapeutic compounds, but there will be a distinction always with mAbs.18

Monoclonal antibodies (mab): The lymphoid antigens like CD20 and

CD52 are the most responsible elements behind the story of the development

of first antitumor antibodies. Among them some combine the antibody with

an isotope for more effectiveness.90�94 As a result, the possibilities of treat-

ment in patients with refractory lymphomas have highly expanded by these

highly active compounds and followed by evaluation of the compounds as in

first-line therapy. Currently many new antibodies like anti-CD33 gemtuzu-

mab and the anti-CD22 epratuzumab are under the clinical investigation to

strengthen the group.95,96

There are many more antibodies available in the market after getting the

FDA approval (Table 21.3) for one or more indications. Trastuzumab97,98 and

cetuximab99,100 are also those FDA-approved antibodies that have shown their

great activities against carcinoma. Normally, Her-2 positive breast tumors are

treated with either trastuzumab alone or in combination with chemotherapy.

Along with this indication, new possible indications are also being studied.

Similarly, the use of antibody like an anti-MUC antibody as a vaccine in the

future for the patients with carcinomas is also being studied.101

Small molecules: The function of these molecules only expressed after

binding with the epidermal growth factor receptor (EGFR) family. Small

molecules like PKI-166 inhibit the activities of both Her-1 and Her-2102

whereas gefitinib (ZD-1839)103,104 and OSI-774105 are showing their specific

activities only toward the Her-1, which are representative of EGFR group.

On the other hand, CI-1033 shows its irreversible inhibition activity toward

all the EGFR.106 Among the many small molecules only gefitinib went

through different phases of clinical trials so far, which followed up by recog-

nition of it as a single agent for NSCLC and head and neck tumors.

Intracellular pathways in tumor cells

The distinct intracellular pathways are playing a key role in the matter of

growth, because the signal for the proliferation is conveyed to the nucleus by

several metabolic pathways, which are interrelated to each other. Generally,
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growth factors are there to influence these pathways and some specific drugs

make them as their target. The foremost drug in this specific group of drugs is

imatinib which shows major effects in chronic myeloid leukemia and in gas-

trointestinal stromal tumors. It mainly acts by inhibiting the tyrosine kinase of

bcr/abl and c-kit.107,108 Others, such as lonafarnib, R115,777, BAY 43-9006,

CI-1040, CCI-779, bryostatin, and PKC-412, are targeting the ras pathway or

the phosphatidylinositol pathway, along with the proteasome and the cyclin-

dependent kinases. Normally, the farnesyltransferase enzyme is responsible for

activation of raw protein, which is followed by the activation of raf and MEK

which is shown in the Fig. 21.2. Lonafarnib and R115,777 are farnesyltransfer-

ase inhibitors, which act as a false metabolite of this enzyme,109,110 whereas

BAY 43-9006 and CI-1040 are acted on raf and MEK respectively.111,112

Currently, most of these agents are in the first steps of clinical development.18

Just like ras�raf pathway, the serin threonine PI-3K helps to initiate the

phosphatidylinositol pathway. This pathway is connected with mechanistic

target of rapamycin (mTOR) with the help of PKB/Akt. The MTOR gene in

human is responsible for regulating the rate of apoptosis as well as for main-

tenance of the balance between cellular catabolism and anabolism. CCI-779,

a rapamycin derivative, exhibits its specific function in this pathway by

blocking mTOR.113 Similarly, the activation of the transcription factor NF-

kB is done by the association of PI-3K with protein kinase C,18 where this

protein kinase C becomes target of bryostatin114,115 and PKC-412116 to show

their inhibitory functions.

FIGURE 21.2 Schematic diagram of Ras/Raf pathway.
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Tubulin

To maintain the cell shape, intracellular transport and cell mitosis tubulin

play an important role. Drugs interfering with tubulin include vinca alkaloids

which are used to bind at specific sites of tubulin followed by prevention of

tubulin polymerization and disruption of the microtubule’s formation.18

Similarly, taxanes have also shown binding activities and stabilizing activi-

ties at distinct sites of microtubules, which ultimately cause to inhibit the

normal reorganization of the microtubule network.18 By utilizing this unique

character, oral formulations of taxanes are prepared to improve the conve-

nience when the potency of the formulation is matched with the potency of

parent drugs.117 Epothilones are another group of tubulin-stabilizing agents,

which have shown promising activities in preclinical studies which followed

to phase II and III clinical trials.118,119

Conclusion

Every year a number of anticancer drugs are introduced to the market where

FDA plays a significant role in the development of novel anticancer drugs.

Though the many anticancer agents are still at a developmental stage,

approved newer drugs have shown different aspects of mechanisms which

replace the traditional classification as well as provide a new era of cancer

therapy. The target of these drugs is mostly situated in the tumor cells or in

other elements which interact with the different elements of tumor cells such

as endothelium, ECM, immune system, host cells. It can be expected that the

new classification will be able to address new drugs coming up in the com-

ing years and strengthen the anticancer therapies.
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Introduction

In our body, the immune system consists of the tissue and various types of

cells like white blood cells derived from the thymus gland, lymph nodes, and

lymph vessels which protect from viruses, bacteria, parasites, and fungus.1

The outer parts of our body, like hair, nails, the skin, complex construction

that covers our body, protect the deeper tissues, and its cellular composition

works in harmony to prevent infection.1 Several types of exogenous and

endogenous agents contribute to the ability and function of the immune sys-

tem that leads to immunosuppression or immunostimulant.1 The host immu-

nity abnormal progression can lead to various types of infectious disease and

cancer. There are several types of antiinflammatory and immunosuppressive

drugs like a vaccine, therapeutic antibodies [(monoclonal antibodies and

polyclonal antibodies (pAbs)], and Toll-like receptor agonists among the

immune system modulators allowed by the US Foods and Drug

Administration (FDA).2 Oral infections such as mucosal infections that

spread via cell or physiological reactions persistently focused toward epithe-

lial or connective structures recurring series represent a large category of

oral mucosal diseases.3 Our bodies can fight against all kinds of pathogens

and poisons that might harm our tissues or organs. Immunity is a term used

to describe persons’ ability to defend themselves. The first step to resist bac-

terium, virus, or toxin by our body is called innate immunity.4 Some types of
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viral infections are hog cholera, cattle plague, and distemper (viral infection),

where a huge percentage of animals are affected, which are resistant to our

body by the innate immunity.4 Various compounds and microorganisms in

the blood of innate immunity bind to foreign organisms or poisons and elimi-

nate them. A natural killer cell is able to detect pathogens, foreign substance

eliminated, and even a few virus-infected cells.4 The specific protective sys-

tem that forms an antibody and activated lymphocyte that attack and destroy

the specific invading organism or toxin involves the adaptive immune sys-

tem. Acquired immunity provides a significant level of protection against

toxin, botulinum toxin, tetanizing toxin of tetanus, which could be protected

against in doses as high as 100,000 times the amount that would be lethal

without immunity.4 Immunity leads to protect the infection. When any for-

eign substances stimulate the immune environment, it is called mainly anti-

gen. Several components are involved in the immune system like humoral

immunity, cellular immunity, immunoglobulin, lymph node, spleen, and thy-

mus. Mostly two types of immunity we have identified: that is active and

passive. Immunotherapies affect the immune system at various stages. As a

consequence, various drugs that selectively inhibit or enhance specific

classes and subgroups of immune-sensitive cells have been introduced, that

is, T cell, B cell, lymphocyte, cytotoxicity, chemokine, macrophage, and

antibodies. Immunotherapeutic drugs alter the immune response by raising

(immunostimulatory) or decreasing (immunosuppressives) serum antibody

generation.1 Immunostimulants, often recognized as immunostimulatory, are

agents (drugs and nutrients) that cause or enhance the function of most of

the immune elements of the system, that is, the granulocyte-macrophage col-

ony-stimulating factor. Immunosuppressive medications weaken the immune

system and reduce the chance of foreign substances, such as implant organs,

being rejected. The mechanisms of action of different types of immunosup-

pressive agents differentiate, that is, mammalian target of rapamycin

(mTOR) inhibitor: sirolimus, steroids: prednisone. The mechanism and func-

tion of immunomodulation are described in this chapter (Fig. 22.1).5,6

Immunomodulators

Immunomodulators are natural or synthesized medicines that can regulate

immunological disorders by altering or stabilizing immunity. In several other

terms, they restore the equilibrium of immune systems by strengthening

damaged immune systems or moderating overly aggressive immune sys-

tems.1 Immunomodulators are divided into two categories: immunostimu-

lants and immunosuppressants. Immunostimulants are drugs designed to

improve the body’s resilience to infections by boosting the immune system’s

baseline response, which is particularly important in the immune system

deficient.2 Immunosuppressants are used in treatments to inhibit the immu-

nity function and are used to treat an organism’s immunological reactions
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against its own healthy cells and hypersensitivity.7 This study would focus

on immunomodulatory drug classes and their mechanisms of action given in

Fig. 22.2.

Immunosuppressants

Immunosuppressants are such treatments that are used to calm down an over-

active immune function that is causing harm to the host, such as in cases of

autoimmune disorders or oversensitivity. Standard immune suppressant

drugs, steroid-sparing medicines, and biologic drugs can all be generically

categorized based on their method of action and origin.8 These different

groups’ modes of operation and indications are discussed in further detail.8

Glucocorticoid

Glucocorticoids are a component of the immune system’s mechanism which

decreases inflammation and other facets of immune function. As a reason, these

medications are used to treat diseases like allergies, asthma, autoimmune dis-

eases, and sepsis, which are exacerbated by an overactive immune system.

Although glucocorticoids have a spectrum of impact, including potential health

FIGURE 22.1 Immunomodulatory drug function against foreign elements.
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risks, they are seldom available over-the-counter.9 They also disrupt some of the

pathological pathways of cancer cells, so they are used to cure cancer at ele-

vated doses. This involves inhibiting lymphocyte differentiation in the treatment

of lymphomas and leukemias, as well as reducing anticancer medication side

effects. In particular, corticosteroids have progressed to become the standard of

care for a broad range of clinical manifestations and disorders having an allergy

and alter the immune condition, or inflammation.9

Mechanism of action of classical immunomodulatory drugs

Several cells that have been linked to inflammatory response, such as macro-

phages, T lymphocytes, mast cells, dendritic cells (DCs), and neutrophilic

leukocytes, are inhibited by the medications.

Proinflammatory transcription factors like nuclear factor-B (NFB) and

activator protein 1 regulate gene transcription changes. These proinflamma-

tory transcription factors used the activation of transcriptional coactivator

proteins and changes in chromatin modifications such as histone acetylation

to turn on inflammatory genes.10 Through inhibiting the phospholipase A2

enzyme, glucocorticoids also reduce prostaglandin activity. Several genes

that signal for inflammation cytokines, chemokines, inflammatory enzymes,

FIGURE 22.2 Immunomodulators classification.
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receptors, as well as macromolecules of binding are inhibited by the gluco-

corticoids, which is the most significant impact.11,12 The mechanisms of the

drugs, observation, doses, administration, and approval of FDA are presented

in Table 22.1.

Prednisone

Prednisone is an immunomodulatory medicine that is a synthesized antiin-

flammatory glucocorticoid generated with cortisone. It was approved by the

FDA for the first time on February 21, 1955. Prednisone is used to treat

allergic reactions, dermatological, kidney-related infections, hematological,

ophthalmological, nervous system, renal, cardiovascular, rheumatologic,

viral, endocrine, or neoplastic diseases, as well as organ donation recipi-

ents.25 Prednisone is converted to its active form, prednisolone, a glucocorti-

coid agonist corticosteroid, in the liver. Corticosteroids have short-term

effects such as decreased vasodilation and capillary permeability, as well as

reduced leukocyte migration to immune cells. Glucocorticoids suppress neu-

trophil apoptosis and demargination; inhibited phospholipase A2, which

reduces arachidonic acid derivative development; therefore the suppression

of NF-Kappa B and other inflammatory transcription factors; and they stimu-

late antiinflammatory genes such as IL-10 (Interleukin). This medication

causes corticosteroids that have an antiinflammatory function at lower doses,

but they suppress the immune system at higher doses.26 It is clinically impor-

tant that high doses of glucocorticoids cause sodium levels to rise and potas-

sium levels to decline.27 It is mostly found in tablet shape in the market.

Clinical trials for COPD patients, progressive follicular lymphoma, IgA

nephropathy, and rheumatoid arthritis have already been completed.28

Hydrocortamate

This drug is a synthetic glucocorticoid used to treat inflammation caused by

corticosteroid-responsive dermatoses because of its antiinflammatory or

immunosuppressive properties. It has a character that binds to the cortisol

receptor while glucocorticoid steroid hormones are present.29 This results in

a variety of essential cardiovascular, biochemical, immunologic, and homeo-

static impacts. Hydrocortamate suppresses hyperimmunity mainly. It works

by blocking the cytokines IL-1, IL-2, IL-3, IL-4, IL-5, IL-6, IL-8, and tumor

necrosis factor (TNF)-alpha, with IL-2 being the most prominent.1 T-cell

proliferation is limited by reduced cytokine production. The action mecha-

nism in the cytosol, hydrocortamate, attaches to the glucocorticoid receptor.1

In the cell the newly created receptor�ligand complex translocated the

nucleus after binding the receptor, where it connects to a number of gluco-

corticoid reaction elements in the promoter region of the target genes.

Lipocortins, phospholipase A2 inhibitory proteins that regulate the
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TABLE 22.1 Mechanisms, observation, doses, and administration, Foods and Drug Administration (FDA)-approved drug.

Steroid-free

drugs

Sl

no

Drug Mechanisms Observation Doses and

administration

Approval

of FDA

Calcineurin
inhibitor

1 Cyclosporine Activates genes encoding IL-3, IL-5 in
basophils and mast cells

Electrolytes,
blood pressure

2.5-5 mg/kg/d,
oral

198313�15

2 Tacrolimus T-cell activation and cytokine release 0.1%�0.3%,
0.3 mg/kg/d,
ointment

200616�18

Antibiotics 3 Dapsone (sulfone
antibiotic)

Inhibits neutrophil chemotaxis by
blocking myeloperoxidase

CBC, G6PD
activity, LFT, and
RFT

25-50 mg/d, oral 20161,19

Antimetabolites 4 Azathioprine Inhibits RNA and DNA syntheses CBC and LFT 3-4 mg/week 196820

5 Methotrexate RNA synthesis during S phase,
interferes with transmethylation
suppression

CBC,
electrolytes, RFT,
and LFT

15 mg/week 195321

6 Mycophenolate
mofetil

Inhibits inosine monophosphate
dehydrogenase

CBC, liver
enzymes

0.5-1.5 g twice
daily

199522

Alkylating
agents

7 Cyclophosphamide Effective against B and T cells CBC with
platelets, RFT,
urine

1-g IV 195923,24

CBC, Complete blood count; G6PD, glucose-6-phosphate dehydrogenase; LFT, liverfunction test.



prostaglandins and leukotrienes formation by inhibiting arachidonic acid, are

thought to be associated with corticosteroids’ antiinflammatory effects. As

DNA interacts with a basic transcription factor, gene expression rises.30,31

Calcineurin inhibitors

Three medications make calcineurin inhibitors (CNIs) (cyclosporine, tacroli-

mus, and pimecrolimus). CNIs are mainly used as immunosuppressive medi-

cations that block the main signaling phosphatase calcineurin. For this

action, these medications are useful in the long-term treatment of patients

with allografts. CNIs suppress the immune system and inhibit T-cell prolifer-

ation by inhibiting the phosphatase calcineurin, which is a central signaling

phosphatase in the immune system.32

Cyclosporine

Cyclosporine is an immunomodulatory drug known as a CNI that helps resist

organ transplant rejection which is used to treat inflammatory and autoim-

mune diseases. It was first marketed by Sandoz and the FDA accepted it for

usage in 1983.13 Allograft rejection, graft versus host disease, and inflamma-

tory autoimmune disease are some of the severe immune-mediated reactions

that prevent this drug and manage it. T-cell activation is inhibited by cyclo-

sporine, a CNI. It binds to the cyclophilin-1 receptor; hence, it is a

cyclophilin-1 receptor binder inside cells and it joins cyclosporine and cyclo-

philin to produce the cyclosporine�cyclophilin complex.14 Such combination

then inhibits calcineurin, which prevents nuclear factor dephosphorylation

and regulation in activated T cells nuclear factor of activated T-cells (NF-

AT), which is responsible for inflammatory responses. Our bodies’ immune

system’s (NF-AT) is a transcription factor that creates cytokines mainly IL-2,

IL-4, and interferon-gamma, including TNF-α, that are all active in the

inflammatory process. Cyclosporine’s immunosuppressive effects are sug-

gested to be related to its inhibition of IL-2, which is needed for T-cell acti-

vation and proliferation.14 In rodents the oral LD50 is 1480 mg/kg, while in

humans, the TDLO is 12 mg/kg.15 In the market, liquid, injection, solution,

and capsule forms are available. Clinical trials for acute renal failure, heart

transplantation, pterygia, dry eyes, and cataracts have also been approved.

Tacrolimus

Tacrolimus is an immunosuppressive treatment used to decrease the func-

tions and an immunological system of the patient; therefore the threat can

arise of organ rejection after an organ transplant.16 This was approved by the

FDA to be used in liver transplantation in 1994. Tacrolimus specifically

attaches to the immunophilin FKBP-12 (FK506-binding protein) and creates
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a new inhibitory complex peptidylprolyl isomerase action. This inhibits all

the T-lymphocyte signaling and IL-2 transcription. It has shown potential

effects in the treatment of eczema, especially in atopic eczema, when applied

topically. It functions in a similar way to steroids in terms of reducing

inflammation, except it is not as powerful. Tacrolimus’ mode of action in

atopic dermatitis is unknown.17 T-lymphocyte activation is inhibited by

tacrolimus that attaches to a protein found inside the cell called FKBP-12.

The phosphatase activity calcineurin is blocked by making a complex with

tacrolimus-FKBP-12, calcium, calmodulin, and calcineurin. It prevents the

nuclear factor of activated T cells (NF-AT), a nuclear portion considered to

trigger gene transcript used for lymphokine production, which is being

dephosphorylated and translocated. This drug prevents the transcript of the

genes that encode IL-3, IL-4, IL-5, GM-CSF, and TNF-α in its initial phases

of T-cell stimulation. Tacrolimus has also been demonstrated to lower the

expression of FceRI on Langerhans cells and prevent the production of mast

cells in the skin and basophils. It is only available in capsule form in the

market. 18 There are no clinical trial accepted treatments for liver diseases,

kidney transplant failure, or rejection have been established.

Mammalian target of rapamycin inhibitors

A new class of immunosuppressants is inhibitors of the mTOR.

Immunosuppressants such as sirolimus and everolimus are very active found

in various types of studies. They may not suppress calcineurin and, therefore,

signal I of T-cell activation, unlike other macrolides, including tacrolimus

and cyclosporine A. Besides binding and signaling through two protein com-

plexes, mTORC1 and mTORC2, mTOR regulates cellular metabolism,

development, and proliferation.33

Sirolimus

Sirolimus is an immunosuppressive drug that also has antifungal and anticancer

effects. A macrolide derived from streptomyces hygroscopic inhibits cytokine

synthesis by specifically inhibiting cytokine overexpression. Sirolimus drug acti-

vate different way than other immunosuppressants in inhibiting antigenic and

cytokine (IL-2, IL-4, and IL-15) stimulation stimulates T lymphocyte activa-

tion.34 Sirolimus effectively prevents the development of antibodies. In cells, sir-

olimus forms an immunosuppressive complex with the immunophilin FK

Binding Protein-12 (FKBP-12). It connects to the mTOR, a central regulatory

kinase, and inhibits its activation. This inhibition prevents T-cell proliferation

triggered by cytokines from progressing the G1 to S cycle cell division. Markets

are mostly fond of tablets. The clinical trials for coronary artery restenosis, coro-

nary heart disease, rejection transplant, renal allograft recipients, transplant, and

kidney therapy are almost finished.25
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Everolimus

Everolimus is a rapamycin (sirolimus) derivative that acts as an mTOR

inhibitor in the same form as rapamycin. These are most commonly used to

avoid organ rejection after a transplant as an immunosuppressant. The mech-

anism of action mTOR inhibitor that link to the FK506 binding protein-12

(FKBP-12) with high affinity, producing a drug combination that prevents

mTOR activation.35 It causes a block in the transition of cells from G1 to S

process, causing cell growth hampered and apoptosis. Cell proliferation,

angiogenesis, and glucose absorption are all reduced as mTOR is inhibited

by everolimus.35 It can be found on the market as a tablet.

Antimetabolite

An antimetabolite is a compound that prevents the use of a metabolite and

occurs naturally in the metabolism. Although antimetabolites can also have

toxic effects on cells, such as preventing cell growth and differentiation,

these substances have been used as a cancer treatment.36

Leflunomide

The DMARD (disease-modifying antirheumatic drug) family of medicines

involves leflunomide. It is also called pyrimidine synthesis inhibitor.37 It was

approved by FDA in 1999. Leflunomide is used to treat acute rheumatoid arthri-

tis (RA) in adults. T cell is elevated in RA, which is an autoimmune condition.

The inhibition of dihydroorotate dehydrogenase by leflunomide would have a

significant impact on produced T cells, which depends on de novo pyrimidine

synthesis and starts to the salvage pathway of pyrimidine synthesis.38 The meta-

bolites are mostly accountable for the drug action in vivo system.

Leflunomide’s mechanism of action is unknown, although it seems to mainly

involve the modulation of autoimmune lymphocytes. It binds to a position near

the flavin mononucleotide in the hydrophobic passage. The inhibition of dihy-

droorotate dehydrogenase blocks the de novo pathway from producing ribonu-

cleotide uridine monophosphate (rUMP), resulting in lower rUMP level, G1 cell

cycle delay, decreased DNA and RNA synthesis, and suppression of cell prolif-

eration.39 Leflunomide inhibits tyrosine kinases. Tyrosine kinases stimulate

DNA repair, apoptosis, and cell proliferation through activating signaling path-

ways. Tyrosine kinase inhibition can facilitate the treatment of cancer by stop-

ping tumor cells from repairing themselves.39

6-Mercaptopurine pathology and treatment

6 Mercaptopurine has antineoplastic, antimetabolite, and immunomodulatory

properties. It inhibits purine metabolism, therefore, inhibiting nucleic acid
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synthesis, and prevention in recovery management for leukemia, normally in

combination with other medications.40 The pharmacodynamics of this drug

is a wide class purine analog that inhibits nucleic acid biosynthesis which is

shown to be effective contradiction of human leukemia.41 This analog is

mainly based on adenine and hypoxanthine. It is unclear whether the mercap-

topurine’s and metabolite’s biochemical is directly or indirectly important

for cell death. The treatment of Crohn’s disease (CD), acute lymphocytic

leukemia, lymphoma, lymphoblastic leukemia, and childhood acute promye-

locytic leukemia has also been reported. Mercaptopurine is transformed to

thioinosinic acid by interacting with hypoxanthine and guanine for the

enzyme hypoxanthine-guanine phosphoribosyl transferase (HGPRTase)

(TIMP). TIMP inhibits a number of inosinic acid (IMP)-related reactions,

including the change of IMP to xanthylic acid (XMP) and the alteration of

IMP to adenylic acid (AMP) through adenyl succinate (SAMP).42 TIMP

changes 6-methylthioinosinate (MTIMP) after methylation, which inhibits

glutamine-5 phosphoribosyl pyrophosphate aminotransferase as well as

TIMP.43 The enzyme as their unique property from the de novo link for

purine ribonucleotide synthesis is glutamine-5-phosphoribosylpyrophosphate

amidotransferase.44 Mercaptopurine can be extracted from DNA and create

deoxythioguanosine, as per experiments using radiolabelled mercaptopurine.

Inosinate (IMP) dehydrogenase and xanthylate (XMP) aminase, which trans-

form TIMP to thioguanylic acid, can convert some mercaptopurine to nucle-

otide derivatives of 6-thioguanine (6-TG) (TGMP).45

Alkalyting agent

Alkylating agents are divided into five categories: mustards that are high in

nitrogen (e.g., bendamustine, chlorambucil, cyclophosphamide, ifosfamide,

mechlorethamine, and melphalan); nitrosoureas are a kind of nitrosourea

(e.g., carmustine, lomustine, and streptozocin); alkyl sulfonates are a type of

alkyl sulfonate (e.g., busulfan); triazines are a form of triazine (e.g., dacarba-

zine and temozolomide).46 Several cancers are treated with alkylating agents.

They are, however, cytotoxic to normal cells, particularly those that differen-

tiate regularly, such as those in the gastrointestinal tract, bone marrow, testi-

cles, and ovaries, which can lead to infertility.47 The majority of alkylating

agents are carcinogenic as well. The use of hyperthermia to improve the

effects of alkylating agents is particularly effective.

Steroid-free medications

Immunosuppressive drugs are often used in conjunction with steroid treat-

ment to reduce the number of steroids required and thereby avoid any of the

negative aspects of steroid therapy. As a result, these treatments are often

referred to as “steroid-sparing” or “adjuvant” medicines. Steroid sparing
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therapy refers to nonsteroid immune suppressants that enable partial or com-

plete removal of corticosteroids. Based on their mode of action, these drugs

can be classified into three groups: alkylating (cyclophosphamide and chlor-

ambucil), antimetabolite (methotrexate, mycophenolate mofetil, and azathio-

prine), and antibiotic/CNI (cyclosporine, tacrolimus, and sirolimus).48

Corticosteroid medication mainly benefited (1) the potency to lower systemic

corticosteroid to a normal dosage of 10 mg or less of oral prednisone; (2)

clinically lower pain; (3) recovery or reduction of symptoms such as pain;

and (4) patient awareness to any medication and their effects and all criteria

for corticosteroid-sparing therapy performance.49

Oral signs and symptoms

1. SLE (systemic lupus erythematosus) and scleroderma are connective tis-

sue diseases.50

2. Behcet’s disease, erythema multiforme, lichen planus, pemphigus, pem-

phigoid, epidermolysis bullosa, RA, Sjogren’s syndrome (SS), and

Wegener’s granulomatosis are all immune-mediated diseases. In the cir-

cumstance of graft rejection, these are whether acute or chronic.50,51

Cyclophosphamide

Immunosuppressive agent cyclophosphamide is activated in the liver to

become active aldophosphamide. Lymphoma and leukemia have also been

treated with it. Cyclophosphamide is an anticancer drug that belongs to the

alkylating agent family.23 It is used to treat a variety of cancers. They inhibit

tumor development by actively attaching DNA with cross-linking guanine

bases in double-helix strands. These molecules are unable to make coiling

and disperse as a result of formation. The cells can no longer differentiate

because this is needed for DNA replication. Alkylating agents work in three

ways: (1) they attach alkyl clusters to DNA bases, causing DNA to be split

by restoration enzymes as they try to change the alkylated bases, stopping

DNA and RNA from the affected DNA; (2) it causes DNA harm by forming

cross-links (bonds with in the DNA), averting DNA from being detached for

transcription; and (3) that initiation of nucleotide mispairing, which results in

genetic changes.24 Markets also provide injection, liquid, lyophilized, solu-

tion, tablet, and capsule forms.

Definition of biologics

Any medical substance made in or derived from a biological source is

referred to as biopharmaceuticals—biologics or biological agents (BA).52

Immunocytes or their metabolites are often targeted by biologics, which tar-

get various steps in proinflammatory pathways.53 The receptors implicated in
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the pathological of immune related and neoplastic diseases is to be related

their function. In contrast to corticosteroids and traditional corticosteroid-

sparing immunosuppressants, mediators offer a huge number of selective

antiinflammatory or immunosuppressive effects. As a result, they are likely

to be more selective like medication than mere palliative therapy, which has

cytokines, antibodies, or fusion proteins.52

Biologics are divided into three groups based on their
chemical composition

1. Biologics: signaling proteins that are almost equivalent to biochemical

human insulin, erythropoietin, cell activator, and hormone.

2. Monoclonal antibodies (mAbs) are “customized biotechnologically

designed” antibodies that inhibit a specific biological agent or target and

damage a particular cell category.

3. Cell-surface forms, also known as a recombinant protein, are made by

combining various genes that code for the same protein. Chimerization is

the process of removing fragments of a mouse antibody that is separate

from a human antibody to eliminate side effects; this is demonstrated by

adding -xi- to the name.5

Mechanism of action of newer immunomodulators

Hormones, blood products, cytokines, growth factors, vaccines, gene and cel-

lular treatments, fusion proteins, insulin, interferon, human (suffix “mab”),

humanized (suffix “zumab”), or chimeric (mouse�human; suffix “ximab”)

monoclonal antibodies are examples of biologics.5 The particular steps in

proinflammatory processes, are often targeted with biologics. T lymphocytes,

B cells, granulocytes, antigen-presenting cells, DCs, macrophages, and other

immunocytes may function in this way by binding directly to immunocytes

or immune mediators (cytokines, chemokines, growth factors, and comple-

ment components). They mainly block activity, stop them from homing to

lymphoid organs and inflammatory areas, and deplete the cells’ energy.54�57

Usage of biologics for clinical indications

1. Immune-mediated disorders with oral symptoms include pemphigus,

Behcet’s illness, mucous membrane pemphigoid, oral lichen planus, and

recurrent aphthous ulcers. TNF-α inhibitors, including etanercept and

adalimumab, help patients with refractory ulcerative lesions, RA, and

inflammatory conditions.55

2. Orofacial granulomatosis, Melkersson�Rosenthal syndrome, and biolo-

gics (TNF-α inhibitors) may support patients with symptoms outside of
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the gastrointestinal tract like Crohn’s disease, including oral Crohn’s dis-

ease and related disorders.54

3. SS: Rituximab, on the other hand, has enhanced SS symptoms (xerosto-

mia, etc.) and improved salivary gland activity in some patients, and

mucosa-associated lymphoid tissue symptoms have been inhibited. In

systemic extra glandular difficulties of fatigue, cryoglobulinemia, pulmo-

nary disease, polysynovitis, arthralgia, and peripheral neuropathy, rituxi-

mab tends to have a therapeutic advantage.58

4. Cancer: Antiangiogenic biologics, like VEGF antagonists (bevacizumab)

and antiepidermal growth factor receptor (anti-EGFR) agents, are cur-

rently applicable for clinical application. The monoclonal antibody, like

cetuximab, greatly increased the recovery of oral cancer patients.59

Tumor necrosis factor-alpha Inhibitor

A TNF inhibitor is a drug that inhibits the physiologic response to TNF, a

component of the immune response. Antibodies mainly made in in vitro con-

ditions from human or animal tissues are TNF inhibitors. When it comes into

contact with blood, it triggers an immune system response that inhibits

inflammation. TNF-α inhibitors are treated for RA, psoriatic arthritis, juve-

nile arthritis, Crohn’s disease, ulcerative colitis, ankylosing spondylitis, and

psoriasis, among other inflammatory diseases.60

Categorization

TNF blockers, lymphocyte modulators, IL inhibitors, and miscellaneous

agents are the four major types of BAs.

1. TNF inhibitors: TNF is a primary proinflammatory cytokine that pro-

motes enhanced leukocyte stimulation and starts to place tissue inflam-

mation, which is vital in the pathogenesis of the immunologically

induced disease. TNF causes inflammation or programmed cell death by

binding to the TNF receptor (TNFR) on the plasma membrane. TNFR 1

is found in all kinds of cells, while TNFR 2 is mainly found in endothe-

lial and immune cells. TNF causes apoptosis by attaching to TNFR 1,

which causes the caspase 3�8 cascade to be activated. TNF-~ can lead

to inflammation through binding to specific receptors 1 and 2 and activat-

ing several of the receptor’s pathways: (1) JNK (c-Jun N-terminal

kinase); (2) MAPK (mitogen-activated protein kinases) kinase cascade;

and (3) NF-κB (nuclear factor-kappa).61

2. Lymphocyte modulators: Specify lymphocyte antigens [cluster of differ-

entiation (CD) antigens] targeted by lymphocyte modulators. They are

further subdivided into the categories: (1) T-cell modulators; (2) B-cell

modulators; and (3) B-cell modulators.62
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3. IL inhibitors: ILs include a family of cytokines (IL group) that are gener-

ated primarily with lymphocytes, monocytes, and macrophages and play

a major character in immunological property. IL blockers are immuno-

modulatory drugs that block a variety of ILs and a wide range of applica-

tions dependent on which IL they regulate.63

4. Miscellaneous biologic agents: Provide a huge spectrum of biologics

used with a wide range of applications, including cancer care.64

a. Products that are anticoagulant and neovascularizing.

b. anti-EGFR.

c. Nuclear factor kappa B ligand-blocking receptor activator.64

d. Antimicrobial substances.

e. Vaccines.

The drug names, mechanisms, doses, and routes, FDA-approved newer

drug are given in Table 22.2.

Etanercept

Etanercept applies for mild-to-highly effective RA in adults and frequent

mild-to-heavy plaque psoriasis in people between the ages 4 and up.65 It is

used to treat ankylosing spondylitis and psoriatic symptoms. This attaches to

TNF directly, modulating biochemical mechanisms that TNF induces or reg-

ulates.65 The level of adhesion molecules produced and also serum cytokines

and matrix metalloproteinases are examples of mechanisms or molecules that

are affected. TNFRs are divided into two types: a 55-kilodalton protein (p55)

and a 75-kilodalton protein (p75).66 This is a soluble dimeric version of the

p75 TNFR which attaches to both TNFs and remove them from distribution.

Then its attaching site is situated in the cleft among subunits. Etanercept can

only bind to the activated trimeric form of TNF. TNF levels are higher in

RA, psoriatic arthritis, ankylosing spondylitis, and plaque psoriasis patients’

tissues and fluids.67 There has no evidence of major protein binding.

Injection and solution formulations are available on the market.

Infliximab

Infliximab prevents the initiation of the proinflammatory signaling pathway.

It is also used to suppress inflammatory cell penetration into inflammatory

areas. Infliximab is also an IgG1 protein that attaches to both solubilizing

and transmembrane forms of TNF-α with strong potential, disrupting the

proinflammatory signaling cascade.68 The antibody binds to TNF-α which

inhibits it from interacting with its targets. TNF-α (lymphotoxin-α), a similar

cytokine that uses similar receptors as TNF-α, is not neutralized by inflixi-

mab.68 Downregulation of proinflammatory cytokines (i.e., IL-1 and IL-6),

decrease of lymphocyte and leukocyte movement to the place of
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TABLE 22.2 Drug names, mechanisms, doses and routes, Foods and Drug Administration (FDA)-approved new drugs.

Biologic agents Sl.

no.

Drug

names

Mechanisms of action Doses and route FDA new

approval

TNF-α inhibitors 1 Etaneracept TNF receptor types—II blocks circulating TNF and
lymphotoxin-A

25-50 mg, 1-2 times/week 201665�67

2 Infliximab Blocked actions of TNF-α reduction of lymphocyte
and does not neutralize TNF-β

3-5 mg/kg IV 2-6 weeks 201768�70

3 Adalimumab Inhibits p55 and p75 cell line. Human recombinant
monoclonal antibody to TNF-α

Single dose of 40 mg/0.8 mL,
subcutaneously every 14�15
days

20181,71

Inhibitory agents
(T-cell
modulators)

4 Alefacept Inhibits T-lymphocyte production by binding to the
CD2 lymphocyte antigen

15 mg intramuscularly once
weekly for 12 weeks

200372

Inhibitory agents
(T-cell
costimulators)

5 Abatacept Costimulation modulator, like CTLA-4, inhibits T-
cell (T lymphocyte) activation blocking interaction
with CD28

, 60 kg 500 mg
60�100 kg 750 mg
. 100 kg 1000 mg

20051,73

Inhibitory agents
(B-cell
modulators)

6 Rituximab Targets the CD20 antigen depletion of circulating B
lymphocytes expressed on the surface of B
lymphocytes

375 mg/m2 Intravenous
infusion once weekly for 4
weeks

20181,74

Interleukin
inhibitors

7 Belimumab Monoclonal antibody targeting soluble reduces B
cell�mediated immunity the autoimmune response

200 mg once a week 201175

TNF, Tumor necrosis factor.



inflammation, initiation of apoptosis of TNF-α making cells (i.e., activated

monocytes and T lymphocytes), amplified huge number of NFB inhibitor,

and decrease of endothelial adhesion molecules are all consequences of

TNF-α blocking actions.69 Infliximab decreases synovitis and joint erosions

in collagen-make arthritis and enabled eroded joints to recover, according to

a transgenic mouse study that formed polyarthritis due to high levels of

human TNF-α.70 Injections, powders, and lyophilized products for solution

preparation are available on the market.

Interleukin-1 inhibitors

Interleukin 1 (IL-1 and IL-II) is an essential moderator of the inflammatory

response, contributing to the body’s normal responses as well as the forma-

tion of acute pathological conditions that contribute to the inflammatory pro-

cess and cellular damage. Even so, it remains a promising therapeutic option

for a variety of autoimmune, metabolic, skin, and cardiovascular diseases.76

Anakinra

Anakinra is mainly a nonglycosylated recombinant human IL-1 receptor

antagonist (IL-1Ra). The Escherichia coli speech scheme is used to create it.

Anakinra is a protein that contains 153 individual amino acids.77 The FDA

gave its approval on November 14, 2001. Inflammatory triggers activate the

release of IL-1, which mediates a variety of physiological responses, includ-

ing inflammatory and immunological responses.78 IL-1 levels are higher in

RA patients. Anakinra mechanism mainly attaches to the IL-1 type I in a rea-

sonable fashion, inhibiting the activity of high levels of IL-1, which can

cause cartilage downturn and bone resorption.79 Markets provide injection

and solution forms.

Daclizumab

The human IL-2 receptor is bounded by a humanized IgG1 Mab (anti-Tac or

anti-CD25). Older people with relapsing forms of multiple sclerosis, which

is treated with daclizumab, have a therapeutic humanized monoclonal anti-

body.1,80 Daclizumab is made up of 90% human antibody sequences and

10% murine antibody sequences. This is an inhibitor of the IL-2 receptor. It

stops IL-2-like lymphocyte initiation, a key mechanism in the immune feed-

back that plays a role in allograft rejection.81 Daclizumab prevents IL-2

binding by binding to the Tac subunit of the high-affinity IL-2 receptor com-

plex with strong potential. On active lymphocytes the IL-2 receptor (Tac)

subunit antigen is activated, though not on active lymphocytes.82 Injection

and solution are available in the market.
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Polyclonal antibody

pAbs are a set of antibodies formed in the body by various B cells. They

have the ability to recognize and attach to a variety of antigen epitopes. An

immunogen is injected into an animal to create pAbs.83 Following a primary

immune reaction to a single antigen, on the other hand, animals are given a

secondary, tertiary immunization to create top titters of antibodies to that

antigen. pAbs should be extracted either with the serum or filtered from to

produce an extraction that is free from other serum proteins after immuniza-

tion. The B cells that clone the single parent cell produce monoclonal antibo-

dies (mAbs).83 Similarly monoclonal antibodies have a single affinity,

meaning they only recognize the same antigen epitope (Fig. 22.3).

Antithymocyte immunoglobulin (ATG)

Thymoglobulin is a complex type of antibody proposed to bind to various

cell-surface antigens. The utmost important mechanism of action is to

decrease T cells specifically.84 Antithymocyte globulin (ATG) is a highly

enriched antihuman T-lymphocyte immunoglobulin originating from rabbits

FIGURE 22.3 The polyclonal antibody generation process.
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immunized with a T-lymphoblast cell line. ATG is an immunoregulatory

medication used to avoid and treat acute organ rejection after transplantation.

ATG suppresses the immune response to tissue transplants and organ allo-

grafts in the host.43 It attaches to several T-cell antigens, causing

complement-mediated cytotoxicity or apoptosis in T-lymphocyte cells.85

There are injections, powders, and lyophilized solutions available for sales

on the market.

Monoclonal antibodies

Monoclonal antibodies (mAb or moAb) are immunoglobulins that are similar

and are developed by a single B-cell duplication. Special epitopes, or binding

sites, on a single antigen are recognized by these antibodies. Monoclonal

antibodies are distinguished from pAbs by their origin in a single B-cell

clone and subsequent targeting of a single epitope. In biochemistry, molecu-

lar biology, and medicine, this has been a useful technique (Fig. 22.4).86

Alemtuzumab

An antibody of lymphocyte antigens has been humanized. It is a humanized

monoclonal antibody (Campath-1H) derived from recombinant DNA against the

21�28 kD cell-surface glycoprotein CD52. Campath-1H is an IgG1 kappa anti-

body with a human parameter system and stable domains, as well as the

complementarity-determining area of research from a murine (rat) monoclonal

antibody (Campath-1G).87 Campath is made in a culture medium of mammalian

cells (Chinese hamster ovary) in a neomycin-type liquid. CD52 is a cellular pro-

tein present on almost both B and T lymphocytes, as well as the bulk of mono-

cytes, macrophages, and granulocytes. Erythrocytes and hematopoietic stem

FIGURE 22.4 Monoclonal antibody process.
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cells do not contain the CD52 antigen. Since B and T cells are overrepresented

in leukemia, Campath allows for the particular factor of lymphocyte communi-

ties. Markets sell only injections, solutions, and concentrates.88

Vaccine

A vaccination is a biological substance that involved creating acquired

immunity against a specific communicable disease. A vaccine usually

involves an agent that looks like a disease-causing microorganism and is pro-

duced from damaged or destroyed microbes, their metabolites, or one of their

surface proteins. This product activates the immune system to recognize and

kill the agent as a weapon, as well as any related microorganisms it might

develop in the future. Vaccines could be either therapeutics (to stop or miti-

gate the symptoms of potential infection by a natural or “wild” pathogen) or

preventive (to treat an existing disease) (to fight a disease that has already

occurred, such as cancer).89

Bacillus Calmette-Guérin

The vaccine type—Mycobacterium bovis, Bacillus Calmette�Guérin (BCG),

is used to avoid tuberculosis as well as other mycobacterial pathogens. BCG

is the only tuberculosis standard therapy. The BCG vaccine is a relatively

effective vaccine that has not been linked to any serious side effects.

Infection with mycobacteria, such as tuberculosis, vaccination, or natural

acquisition which may protect against potential infection with mycobacteria,

even tuberculosis.90 The BCG vaccine could well be administered intrader-

mally or intracutaneously. Since normal infection and sensitization to

Mycobacterium tuberculosis in humans appear to occur in the respiratory

system, research is currently being performed on respiratory control.91

Antihelminthics

Antihelmintics, also known as antihelminthics, are antiparasitic medicines

that are used to remove parasitic worms (helminths) and other internal para-

sites from the body by stunning or destroying them without harming the

organ. Infected animals are also treated with these medications.92

Mebendazole and albendazole are the medications of choice for soil-

transmitted helminths; praziquantel is the medication of choice for schistoso-

miasis and tapeworms.

Albendazole

A broad-spectrum benzimidazole anthelmintic that is structurally similar

to mebendazole is selective against a variety of diseases. Albendazole is
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such an anthelmintic with a broad spectrum of action.93 Albendazole’s

main mechanism of action is to prevent tubulin polymerization, which

outcomes in the degradation of cytoplasmic microtubules. Albendazole

induces degeneration in the worm’s tegument and intestinal cells by

reducing its energy generation, resulting in the parasite’s immobilization

and death. This functions by attaching to tubulin’s colchicine-sensitive

location, preventing it from polymerizing or assembling into microtu-

bules.94 It functions by attaching to tubulin’s colchicine-sensitive site,

preventing it from polymerizing or assembling in microtubules. Since

cytoplasmic microtubules are necessary for glucose production in the

larval and adult stages of susceptible parasites, the parasites’ stored gly-

cogen is degraded. Decreased development of adenosine triphosphate, the

source of power needed for the helminth’s survival, is caused by deterio-

rating changes in the endoplasmic reticulum, the germinal layer’s mito-

chondria, and the resulting release of lysosomes.95 Markets provide tablet

and suspension forms.

Discussion

Immune-mediated diseases are characterized by lymphocytic invasion of a

host cell and signs of an immune reaction to self-antigens attributable to

either autoantibodies or immune cells. Allergies and hypersensitivity condi-

tions of exogenous antigens, such as medications, curative products, and

nutritional ingredients, cause hypersensitivity reactions. Type 1 (immediate

hypersensitivity), Type 2 (antibody mediated), Type 3 (immune complex

mediated), and Type 4 (cell-mediated or delayed hypersensitivity) are the

different types of hypersensitivity. Immunoproliferative diseases lead to

immune system cancers (multiple myeloma, lymphoma, leukemia, etc.).

Immune oxidative stress characterizes immune-mediated inflammatory disor-

ders, which result in acute or chronic inflammation and tissue death degrada-

tion. Inappropriate secretion of proinflammatory cytokines such as IL1, IL-6,

and TNF-α is one of the causes of immune dysregulation. Management for

these conditions should focus on treating the underlying immunity inhibitor,

stopping repetition and preserving organ unity and function, in addition to

relieving symptoms.

Conclusion

In the type of immunomodulatory medications and biologics, there seems to

be a new variety of treatment options for steroid-tolerant or recalcitrant oral

lesions. Nevertheless, several randomized control studies of these newer

medications should be performed to better understand the risk�benefit rela-

tionship in the case of management.
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Introduction

Over two centuries ago, a new analgesic pharmacology epoch was escorted

with purification of morphine from the opium poppy.1 Opioids are among

the oldest therapies used to reduce severe pain at both, acute as well as

chronic level.2 Opioids can be the remedy medicines frequently referred to

as anesthetics, or these are called as heroin � a so-called street drug. Several

opioids are used to wedge the signals between the brain and the body and

are taken to overcome severe pain. Besides, some people feel happy while

taking opioids for pain relief and, therefore, these drugs can be addictive.

Opioids are sometimes referred to as sedatives, but when used for a similar

function like some other drugs, for example, Tylenol and aspirin, these drugs

are not considered to be in the same category. The most frequently used

opioids are OxyContin and Vicodin, which are categorized among prescribed

opioids. Another common type is fentanyl, a synthetic opioid that is 50�100

times more potent than morphine. Heroin is an illegal drug that is also used

very frequently. Therefore, despite its pivotal role in pain relief, opium has

perilous obligations in its use.3 To overcome this obligative pressure over

the opium, a large number of studies have been conducted to identify ideal,

safe, and less non-addictive opioid that would not have lethal effect of respi-

ratory suppression or physical necessity. There are thousands of synthetic

molecules having the same mode of action like opioids ranging from

completely synthetic opioids like fentanyl to endogenous peptides like

β-endorphin. The recent trend for the use of opioids to alleviate minor or

major cancer pain has largely been accredited over last few decades.4 As a
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concern for non-cancerous pain, the United States has emerging prescriptions

for using strong opioids in last 15 years, and hydrocodone was among the

top prescribed prescription in the year 2011.5

There are different types of opioids available with different names. For

example, Oxycodone is an opioid type that is available with the names like

OxyContin, Oxycet, Percodan, Oxecta, Tylox, etc. Among hydrocodone

family, some common types are Hyrdocodone-Ibuprofen, Hydrocodone-

Clorpheniramine, Pseudoephedrine-Hydrocodone, Hydrocodone-Cpm-

Pseudoephed, and Hydrocodone bitartrate. These are also available with

different brand names. Morphine is another opioid available with names like

Oramorph SR, Roxanol-T, Duramorph, etc. Besides their use for pain relief,

opioids are also well-known for their side effects, for example, nausea/vomit-

ing, sedation, paradoxical hyperalgesia, respiratory depression, and constipa-

tion.6 The common side effects of opioids that are generally divided into

peripheral effects, such as hives, bronchospasm, urinary retention, constipa-

tion, and central effects, such as respiratory depression, hypotension, cough

suppression, miosis, nausea, and sedation (as given in Table 23.1).

According to the report of CDC (Center for Disease Control),7 the number

of deaths due to the overdose of opioids exceeded that of car accidents.7

Therefore, it is at urgency to develop novel therapies to either restrict the

adverse effects of the current analgesics or replace them with newly devel-

oped techniques to discover better ways to deal with acute and chronic pain.

For the purpose, it is needed to disclose the advancements in the opioid

mode of actions. This chapter covers the general introduction along with the

opioid mechanism of actions to describe how opioid receptors mediate

diverse molecular responses.8�12

Opioid receptors

Underway the radio-ligand binding studies and later by cloning the individ-

ual receptor genes, identification of molecular targets for opioids have cre-

ated a broader discernment in opioid pharmacology.14,15 Although the

understandings of molecular mechanism for opioid’s mode of action are old

enough, the studies have shown that there are three opioid receptors to which

opioid analgesics interact; these are named as mu-opioid (MOPR) receptor,

the delta-opioid (DOPR) receptor, and the kappa-opioid (KOPR) receptor, all

of which belong to 7- transmembrane spanning G protein-coupled receptors

(7TMRs) superfamily.16 According to International Union of Basic and

Clinical Pharmacology, the fourth receptor named nociception receptor

(NOPR) along with some other endogenous opioid peptides act either lascivi-

ously or selectively at each subtype, and they are not considered to be the

opioid receptor but articulated to be opioid-related.17,18 All of these receptors

are encoded by their respective unique genes named Oprm1, Oprd1, Oprk1,

Oprl1 and share 60% of their amino acid composition.19 After activation of
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opioid receptors, a series occurs including adenylyl cyclase inhibition, K1
channels activation, and Ca21 channel inhibition. These events subsequently

inhibit the release of presynaptic neurotransmitter, decrease excitability of

neurons, and induce postsynaptic hyperpolarization. Opioid receptors, upon

TABLE 23.1 Side effects of morphine and its substitutes in different organ

systems.

System Effect Intensity in High/

Low (1/2 )

Central effect

Nausea and vomiting 1

Respiration rate 2

Analgesia 1

Cough reflex 2

Truncal stiffness leading to Stiff-
person syndrome

1

Pupil constriction (Miosis) 1

Peripheral effect

Skin Itching 1

Feverish and flushing up body skin 1

Cardiovascular
system

Heart rate 2

Blood pressure 2

Renal Function Urinary retention 1

Renal function depression 1

Reproductive system
changes

Uterine tone 2

Gastrointestinal
function

Gastric motility, digestion 2

Constipation 1

Peristaltic movement in colon 2

Esophagus reflex 1

Immune function Natural killer cells activity 2

Rosettes formation by lymphocytes 2

�These effects enlisted in the table are summarized on the base of all opioids used clinically.13
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activation, trigger Gi/o heterotrimeric G proteins, and the Gα and Gβγ subu-

nits detach, engage a variety of effectors, and subsequently participate in var-

ious intracellular signaling cascades that characteristically dampen the neural

functionality.13 Fig. 23.1 shows the basal and comparative opioid action on

neurotransmission and signal transduction.

All of the three receptor types play a vital role in antinociception; how-

ever, the most common clinically available opioid analgesics are MOPR ago-

nists that further support the traditional idea about the analogous positive

and negative impact of MOPR agonist simultaneously. Recent studies have

evaluated that targeting the DOPR and KOPR receptors may avoid side

effects and improve the outcomes of using opioid analgesics rather using

MOPR receptor agonists.20 Comparatively, DOPR agonists showed the

promising results in preclinical trials but lacked efficacy in phase 2 clinical

trials for acute as well as chronic pain.21 Besides, KOPR receptor agonists

were found potent analgesics but with dysphoria and other central nervous

system (CNS) side effects.22 The diversification in receptor-binding mole-

cules provides insight to probably have an ideal opioid analgesic devoid of

lethality and being addicted to it.

The simultaneous agonism of NOPR and opioid receptor has been auspi-

cious to incite less lethal analgesia.23�25 Meanwhile, homomers and hetero-

mers have established new stands to develop novel opioid analgesics.

Besides, some proteins are activated because of opioids activity, among

which β-arrestin1 is well-known. Change in as β-arrestin1 (β-arr1) and

β-arrestin2 (β-arr2) modulates downstream signaling related to the adverse

impact of opioids. β-arr1 and β-arr2 are widely expressed and vary in differ-

ent brain regions of rodents, that is, high expression in CNS synapses and

FIGURE 23.1 A comparative basal and opioid action over neurotransmission and signal trans-

duction. Created with BioRender.com.
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low in other body tissues.26,27 Owing to the interactive properties of

β-arr1with KOPR, DOPR, or NOPR, the signaling and further mechanistic

approach should be evaluated further. However, recently, it was discovered

that β-arr1 interferes in case of DOPR and KOPR with G-protein coupling

but not in case of MOPR, which brings a variation in interference of β-arr1
in contrast to the interference of β-arr2 (i.e., with MOPR more

prominently).27�30 Moreover, the in vivo experiments have justified that

antinociception of morphine is increased in the absence of β-arr2.31,32 Some

other investigations have confirmed that the mode of action of the different

ligands and the subsequent cellar mechanisms prevailed are distinct.33 The

lack of direct evidence in this regard opens new explorative aspects of the

role of opioid signaling in the context of β-arr1 and β-arr2.

Opioid ligands

β-endorphins, enkephalins, dynorphins, and nociceptin/orphanin are the four

families of opioid ligands that are widely expressed in pain-related pathways

and neuraxis. These are endogenous opioid ligands. The stored form of opi-

oid peptides is transported to the axon terminal as in disparity to the mono-

amine neurotransmitters. The prepropeptides are spliced by the enzymatic

activity where peptide transmitters are formed, which are specified to their

receptors. For instance, proopiomelanocortin is a parental molecule from

which β-endorphin is cleaved.34 Some others include α-melanocyte-stimulat-

ing hormone (α-MSH), and corticotropin-releasing hormone (CRH).

β-endorphin generally acts on MOPR, while α-MSH and CRH act on mela-

nocortin receptors and corticotropin receptors, respectively. β-endorphin fur-

ther cleaves into metenkephalin, which shows affinity to DOPR and MOPR.

In a similar way, Preproenkephalin forms leu-enkephalin or met-enkephalin

on its cleavage, while prodynorphin forms dynorphin-A,4,13,16,21,31�43

dynorphin-B,13,16,21,31�40 and α-neoendorphin on its cleavage.39 The diversi-

fication of its cleavage into various transmitters makes it a potential agonist

for the receptors. The last family of opioid ligands named nociceptin also

originates from the prepronociceptin and exhibits higher affinity to the

NOPR compared to that of others.44

Molecular recognition of opioids

About hundred years earlier to the sighting of receptors for opioids, the

structure of morphine was projected, while the structural modifications led to

a variety of analgesic activity of several compounds. In this regard, the key

features of interactive anionic site holding positive charge, a flat surface for

aromatic ring and a channel to accommodate amino group were included in

a common set of rules proposed earlier.35�37 The proteins, representative of
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opioid receptors, are amazingly dynamic, and thus, covalent antagonists with

high affinity were used for the stabilization of the inactive conformation of

receptors. X-ray crystallography along with other advancements brought the

primary understandings about the structure of the four opioid receptors.45�48

On the basis of these structural outlines, opioids were documented for their

standard receptors (MOPR, DOPR, KOPR). As predicted earlier, there is an

anionic aspartic acid residue at the binding site that bridges to the amino

group of opioid ligands. The aliphatic elements over the amino group are

lodged by a deep cavity. Synthetic opioid and co-crystallized morphinans

have the phenol group that participates in a network of hydrogen bonding

between conserved histidine residue and two water molecules in transmem-

brane helix 6 (TM6) similar to that found in H-2‘,6‘-dimethyltyrosine-Tic-

Phe-Phe-NH2 (DIPP-NH2) bound to the δOR, a bifunctional μOR agonist/

δOR antagonist.49,50 It has also been revealed that several cations (e.g.,

sodium) upsurge the affinity for antagonists, while magnesium, a divalent

cation, increases agonist affinity, which further shows the existence of multi-

ple conformations of opioid receptors. The details of inhibiting opioid recep-

tors by opioid drugs and peptides are provided in Table 23.2.

TABLE 23.2 Natural opioid drugs and peptide along with their selectivity

and potency to their receptors.

Opioid Drugs MOPR

(effectiveness)

DOPR

(effectiveness)

KOPR

(effectiveness)

Morphine Moderate Weak weak

Fentanyl Partial agonist - -

Codeine Strong Weak -

Pethidine Weak Weak Partial agonist

Pentazocine (Partial/
mixed Agonist)

Strong Moderate Moderate

Opioid Peptides

b endorphin Strong Strong Strong

Leu-enkephalin Weak Strong -

Met-enkephalin Intermediate Strong -

Dynorphin Intermediate Weak Strong

The table shows effectiveness of opioid drugs and peptide to their receptors on the base of their
selectivity.51
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Classic mechanism

Primary afferent neurons, spinal cord, midbrain, and thalamus are the differ-

ent regions of the nervous system where opioid receptors are present for the

transmission of pain signals. These pain signals are interrupted by analgesics

at the different points of transmission more often by the inhibiting the release

of neurotransmitters in spinal cord from primary afferent terminals that fur-

ther lead toward the inhibitory control at the midbrain. The nociceptor path-

ways and their ongoing activity bring changes into the levels of

neurotransmitters. The reduced opioid sensitivity generally correlates to the

neuropathic pain and it is because of the alterations in the neurotransmitters

caused by the activated nociceptive pathways. The additional factor is the

glutamate N-methyl-D-aspartate receptor, which has the ability to bring

changes in the sensitivity of the pain on its activation.

Ion channels

Modulation in ion channels is the most obvious and conserved pathway that

opioid receptors use to bring changes in the function of neuron. In general,

the depolarization of nerve terminal and Ca21 entry through channels carries

the normal release of neurotransmitters from neurons. Opioids may target the

Ca21 channels for inhibiting the entry of Ca21 or promoting the K1 exit out-

ward to reduce the repolarization time and action potential due to the direct

coupling of opioid receptors to voltage sensitive Ca21 and K1 channels via

G-proteins. In case of depolarization of neuron, the voltage-gated channels

are activated. There are three types of Ca21 channels known, namely, L-type

with large conductance, T-type with small conductance, and N-type with

intermediate conductance. N-, P/Q-, and L-type voltage-gated calcium chan-

nels are inhibited by modulating the channel flux.52 Opioids usually inhibit

this N-type of Ca21 channel with intermediate conductance to restrict the

release of neurotransmitters. However, it is not only the mechanism followed

for the inhibition of neurotransmitter release.

Similar to the Ca21 voltage-sensitive channels, there are several voltage-

sensitive K1 channels known. These channels are opened by opioids for

the outward flow of K1, which represents the postsynaptic hyperpolarization

and subsequent inhibition of neuron activity by opioids. Opioids activate

G-protein gated inwardly rectifying potassium channels in a postsynaptic

manner, which is mediated via Gβγ.53 To exhibit the value of G-protein con-

ductance of potassium, in vivo experiments were performed. The results

showed that the dysfunctional channels or their complete absence in mutant

mice model led to the decreased nociception of opioids.54,55

In between the primary afferent nociceptors and second-order spinal cord

neurons, long-term potentiation (LTP) of synaptic transmission can be pro-

voked by withdrawing the exogeneous opioid supplementation.56 This type
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of mechanism involving LTP may also contribute to the analgesic tolerance

(discussed in the next section of the chapter), though the underlying mecha-

nism is not fully understood. Some of the events required for the opioid-

induced hyperalgesia are the activation of toll-like receptors, P2X4, and

some other molecules like pannexin 1. Moreover, microglial activation and

presynaptic MOPR also contribute to the mechanism of tolerance as well as

opioid-induced hyperalgesia.43,57,58

Adenylate cyclase

Inhibition of adenylate cyclase is another strategy that is followed to under-

stand the mechanism of action by opioids over neuronal signal transmission.

Adenylate cyclase is an enzyme responsible for the conversion and break-

down of adenosine triphosphate to cyclic adenosine monophosphate (cAMP).

Opioid receptor activity inhibits the adenylate cyclase and thus reduces

cAMP production.59 The opioid receptors are coupled to the adenylate

cyclase, while its inhibition may cause the restriction of neurotransmitter

release.60

Mitogen-activated protein kinase signaling

GPCR-regulated kinases (GRKs), for example, mitogen-activated protein

kinase (MAPK) cascade, act to desensitize the activated opioid receptors that

subsequently lead to the phosphorylation of receptors and β-arrestins. Three
major proteins among MAPK are c-Jun N-terminal kinases (JNK), that is, 1,

2, 3, and p38, while others are extracellular signal-regulated kinases (ERK),

which include ERK 1/2. These proteins play pivotal role in regulation of

neuro-transport, ion channels, and transcription factors, while some other

irrelative roles of these proteins are in apoptosis, proliferation, differentia-

tion, and protein scaffolding.61 These proteins are activated via their phos-

phorylation by almost all sub-types of opioid receptors.13,41,62�64 However,

activation of JNK is reported to engage arrestin-independent signaling.65

Phosphatidylinositol-3-Kinase/AKT (PI3K/AKT) activation-dependent JNK

phosphorylation is usually initiated by DOPR, while in others, this activity is

independent of PI3K activation.66,67 Comparatively, JNK activation is found

independent of PI3K in KOPR. Researchers have also found the activation

of JNK in pertussis toxin-sensitive way, while among immune cell types,

this mechanism is dependent of GTPase Rac and focal adhesion kinase activ-

ity. In recent studies, it is investigated that protein kinase C (PKC) activity

also plays a pivotal role in activation of JNK in case of MOPR.68

Another important MAPK signaling module, namely, p38 phosphoryla-

tion is verified primarily in MOPR and KOPR systems. For the activation of

p38 mediated by KOPR, arrestin 3 recruitment and ser369 phosphorylation

by GRK-3 are found obligatory.40,41 Moreover, p38 activation is also
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required for the MOPR cross regulation of α2A-adrenergic receptors.69 ERK
1/2 is considered to be the most frequent signaling observed that is induced by

the opioids. Among astrocyte cultures and some transfected cell lines, activa-

tion of ERK has been found by stimulating MOPR and KOPR.38 MOPR and

KOPR can induce ERK activation within 5�10 minutes. In case of MOPR

mediation, ERK activation requires protein kinase C (PKCε) activity, while
GRK-3 and arrestin are required for this activity in MOPR-dependent condi-

tion.70 These events afterward induce larger outcomes. Fig. 23.2 shows the

illustrative presentation of the opioid receptor signaling.

One important phenomenon is the distinction of the expression pattern of

each and every receptor across the whole nervous system.71,72 Moreover, the

crystal structures of these receptors, identified earlier, provide insights up to

atomic level to uncover the binding pockets for opioids. For instance, on the

basis of the structure of active MOPR, novel opioids were determined that

promoted unique conformations of the active sites and initiated subsequent

signaling pathways.73 For this, molecular docking and drug designing techni-

ques were used. A similar study for NOPR indicated that there is a missing

salt bridge, present in others but not in NOPR, resulted in complete confor-

mational changes and shift in fifth and sixth helices that might be linked to

the development of receptor-specific drugs. Not only by the activation of the

receptor modification via its phosphorylation and some intracellular signaling

but also the opioid receptors interact with alternate GPCRs, sets of mem-

brane proteins, and even with each other. The detailed signaling cascade in

opioid pharmacology with special reference to MAPK signaling is enlisted in

Table 23.3. This protein�protein interaction is an important aspect in opioid

FIGURE 23.2 Illustration of the opioid receptor signaling. Arrows refer to activation steps; T

lines refer to blockade or inhibition of function. Created with BioRender.com.

Mechanism of opioids action Chapter | 23 537

https://BioRender.com


pharmacology that would help to explore the functional role of all the recep-

tors at a broader level. The probable involvement of alternate signaling needs

further investigations more importantly in vivo to solve the controversies in

opioid-induced hyperalgesia and tolerance.

Tolerance

The chronic exposure of morphine and some other opioids induces tolerance

and dependence. The term tolerance states the higher dosages of opioids to

yield effects, and the background behind tolerance in case of opioids is the

functional uncoupling of receptors to the G proteins consequential to the

desensitization, which is not fully elucidated so far. Dependence and toler-

ance are two distinct phenomena, which nevertheless convoy each other gen-

erally. Endocytosis is considered to play a protective role by regulating the

opioid receptors and subsequently stop developing the tolerance.84,85

Following endocytosis, the response of the cell toward agonist is desensi-

tized. However, receptors are re-sensitized to the agonist being recycled to

the surface of the cell. This phenomenon has been proved in vivo where

development of morphine tolerance was prevented by the assistance of

MOPR endocytosis.84 Once the drug has been stopped or opioid receptor

antagonist, that is, naloxone has been given, the opioid drug is removed from

its receptor and hence leads to unveil dependence. Afterward, self-denial or

TABLE 23.3 Cascade/ Signaling pathways involved in different opioid

receptors.

Receptor

Type

Signaling Description References

MOPR (i) At chronic, ERK expression is decreased
(ii) In arrestin-dependent pathway, ERK1/2 is

activated.
(iii) JNK2 is activated.
(iv) STAT3 is activated via phosphorylation.

Macey
et al.64,68,69,74,75

KOPR (i) ERK1/2 is activated
(ii) p38 MAPK is activated
(iii) JNK1 is activated
(iv) JAK2 and STAT3 are activated

Melief
et al.42,68,76,77

DOPR (i) ERK1/2 is activated
(ii) PI3K/AKT is activated
(iii) (iii) GSK-3β is decreased.

Shahabi
et al.67,78�80

ORL1 (i) ERK1/2 is activated
(ii) p38 MAPK is activated
(iii) JNK is activated

Zhang et al.81�83
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a pull-out response occurs. Dependence is a frequent mechanism compared

to the tolerance.

Conclusion

The major phenomenon behind the opioids’ effect in clinics is considered to

be the inhibition of neurotransmitter release. Despite, the major contribution

and extensive investigative studies on the cellular action of opioids and the

mechanism of action of morphine and other opioids are still not fully uncov-

ered, especially regarding the dependence and tolerance mechanisms

involved in opioid usage. It is not less than a surprise that most of the appli-

cative and powerful effects of these interesting drugs still need to be verified

with the broader and refined techniques in drug development. The adverse

effects of the current opioids and less selective effects affect the quality of

patient’s life and the utilization of these agents in clinical trials.

Furthermore, the less-refined techniques have brought this topic waited for

further investigations where investigators would fetch more precise outcomes

in the field of opioid pharmacology with minimum or no side effects.
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Introduction

As per today’s consequences, the treatment and discovery of a new molecule

are more target-oriented and more specific as compared to traditional drug

discovery. Nowadays, importance is focused on the individual patient-related

problems aimed to provide beneficial effects of drugs to minimize the symp-

toms, disabilities, and survival to balance the target-oriented and target-

specific treatment or development to achieve the maximum benefits and min-

imum adverse effects. To achieve the goal, the treatment-oriented drug

development process is more focused on a cellular and molecular level.

Few approaches of molecular pharmacology based on the knowledge of

the structure and function of targets like receptors, enzymes, transport mole-

cules, and ion channels provide the experimental techniques to analyze or

screen the novel substances in the process of drug discovery.

In the last few decades, biological sciences showed more advancement in

cellular target-based discovery and knowledge in the development of

OMICS providing the molecular data at the genomic level.
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The identification of genes and proteins provides a data bank of individ-

ual molecular components leading to the discovery of newer drug molecules

based upon several targets related to diseases.

Target-oriented drug discovery is based upon the study of the structure of

biological molecules to understand how they are assembled, what their

behavior is in a complex system, and what changes will make their dynamic

behavior alter. As a result, today’s era of drug discovery is focused on a cel-

lular and molecular level to identify the disease and lead compounds along

with its mechanism-based drug development.1

It is very difficult to understand in the case of a complex disease like

cancer, diabetes, and obesity where either multiple genes or a single gene is

involved in gene abnormality disease problems. But OMICS data help in

identifying the target and useful tools in the field of new drug development

process.2

Additionally, the drug development process also fails in some cases due

to the poor understanding of cellular and molecular pharmacological path-

ways, that is why it is very crucial to gain proper knowledge in molecular

components to minimize the failure in the drug development process.3

Considering the cellular and molecular level of diseases or drug targets,

which provides new opportunities to address the process of discovery on the

basis of molecular targets or molecular pathways that helps to discover a

new candidate from preclinical to clinical stages resulting in the development

of novel biomarkers and therapies.4

Overall understanding of the cellular and molecular consequents and

pathways that are involved in the disease-related target progression upon

drug discovery processes have various applied methods and techniques that

are used as a tool in the modern era.4

Molecular pharmacology methods and their application in
drug discovery approaches

Molecular and cellular pharmacology mainly targets the phenotype and their

characteristics in the biological system individually on a molecular basis.5

The main feature of molecular biology or pharmacology study is the

characteristic feature of individual molecules. Molecular pharmacology

approaches also use computational methods to generate or predict some fea-

tures that can be evaluated experimentally.

In the process of drug discovery, molecular pharmacology tools or meth-

ods evaluate the multiple cellular and molecular components that allow one

to measure the targets in various ways.

The application of computational methods that are based on the hypothe-

sis data can be validated experimentally, after that the acquired data can be

recapitulated to a cellular and molecular target of interest.
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Top-down and bottom-up modeling systems are generally incorporated in

cellular and molecular biological study.6

The data gathered on a large scale are subsequently used in OMICS or

Data Bank using statistical models. Network modeling is one of the main

approaches which highlights the target interaction with thousands of cellular

and molecular components.

Drug discovery based on hypothesis basically characterizes the relation

between molecular and cellular components, leading to the emergent beha-

viors of the target. The choice of application is usually based on the nature

of compounds and target molecules (Fig. 24.1).6

Molecular approaches based on network

Collecting all data and linking them together in a biological system is like a

network where a system at the cellular and molecular level established a con-

nection that will help the scientific investigators get the appropriate knowl-

edge to identify the target in the process of drug discovery.7

A biological system network is a representation of molecular and cellular

components like genes, proteins, metabolites, ion channels, even a disease or

its phenotypes.

The cellular and molecular network mainly represents the interaction

between ligand and target, signaling pathways, regulatory genes, as well as

FIGURE 24.1 A diagrammatic representation showing chemical biology toolset used in drug

discovery and development.
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diseased genes. Understanding these molecular networks, scientists can

develop or discover many new drug candidates.8,9

In the drug discovery process, the cellular and molecular network pro-

vides a great insight into the developmental processes. The complex illustra-

tion of a biological system represented by a network provides strong concept

of target-oriented lead identification.

Advancement in the cellular and molecular network nowadays is of sig-

nificant help. They can get the total information about the properties like

topology and motifs from here.2,8 Several properties like activation or the

deactivation of certain kinds of proteins, genes, enzymes, ion channels, etc.

established some mechanisms at the molecular level.8

Studying about the degree of protein or proteomics represents the interac-

tion property as well as network-based molecular approaches, providing

information regarding target�ligand interaction, degree and extent of distri-

bution, as well as the architecture of the target molecules, which ultimately

acts as a useful part in drug discovery process.8

Molecular-level network-basis target illustration is very important

because they are associated with biological function.9

The network hub and their biological role involves them into an intramo-

dule and coexpressed manner with their interacting molecules that are prefer-

able to function inside the modules like cell cycle and DNA damage, gene

mutation.2,10

Mechanism-based approach in drug discovery

By illustrating some molecular pathways, a mathematical model can be

established.11 In establishing a mechanistic equation, a large number of

molecular data that are related to physiochemical theory, biomolecular pro-

cesses, kinetic parameters, etc. can be evaluated.5,12

Thus researchers involved in mechanistic modeling get an idea from the

prior knowledge like—how to make target-specific predictions—and work

best with pathways where components and connectivity are relatively well

established.

The utilization of mechanistic modeling is of great benefit as it provides

a powerful tool to analyze the target and lead at the cellular and molecular

levels.

The development of the mechanistic model is based on four steps:

1. Model design: One of the initial stages is to specify the model scope and

establish the reaction scheme of all of the molecular components of

interest.12

2. Model construction: According to the physicochemical theory, the con-

nectivity diagram must be converted to appropriate biochemical reac-

tions, which are mathematically represented by differential equations.13
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3. Model calibration, also known as model regression, is one of the pro-

cesses by which unknown kinetic parameter values in a model are esti-

mated in such a manner so as to match model performance to

experimental measurements. The parameter estimation is generally based

on data-fitting techniques which involves an iterative process of adjusting

kinetic parameter values to minimize the difference between the model-

predicted value and the corresponding experimental data.14

4. To evaluate the goodness of a calibrated model, Model validation is used that

includes making predictions which can be subjected to experimental tests. If

the simulation results of a dynamic model recapitulates experimentally

defined input�output relations, the model can be considered to be accurate.

The input�output relations may be time�course and dose�response experi-

mental data in the presence or absence of additional perturbations.13

Molecular biology method in human disease and drug
discovery

As compared to the application of the traditional approach, modern molecu-

lar pharmacology tries to elucidate a complex disease by understanding the

genetic level and cellular and molecular pathways. The tools that are used to

study the target and lead at the ground level are provided by molecular net-

working, which includes the studies of (1) global relationships between

human disease and associated genes, (2) predictions of treatment response,

(3) investigations of the underlying mechanism of diseases, and (4) predic-

tions of new disease-associated genes. These are monumental contributors to

the drug discovery process.8

Human disease networks and molecular pharmacology

Previously the drug discovery process contained the studying of one gen-

e�one disease concept, whereas development in the field of molecular phar-

macology, that is, elucidation of network-based technique supported the

better understanding of multiple genes that are associated with the diseases.15

Such systematic approaches have provided a foundation for a genome-scale

network analysis of complex diseases, such as cancer,16 neurodegenerative

diseases,17 inflammatory diseases,18 and also pathogen causing responses.19

Molecular pharmacology in treatment response prediction

Molecular biology is such an important area where the discovery of biomar-

kers provides a great insight into disease-specific drug development pro-

cesses. Genomics and proteomics tools provide many of the disease profiles

with system-wide maps of the pathways to identify biomarkers that are able

to diagnose disease severity and predict disease outcomes. A network-based
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molecular approach that identifies subnetworks with coherent expression pat-

terns can also be used to identify novel markers for disease purpose.20

Network-based molecular pharmacology is also a useful analytical tool for

OMICS to predict the relative risk for disease progression and patient

survivability.21�24 In all the cases the goal is to identify biomarkers not as

lists of individual genes or proteins but as functionally related groups of

genes or proteins where their aggregated properties account for the pheno-

typic differences between the different populations of patient.25 Unlike tradi-

tional diagnostic markers based on individual genes, network-based

diagnostic markers should be inherently more reliable as they are useful to

biological interpretation for the association between the subnetwork bio-

marker and the particular type of disease (Fig. 24.2).26

Investigation of disease mechanisms by molecular
pharmacology

The application of molecular biology as large-scale molecular profiling is

possible nowadays, providing an insight into the physiological regulation and

pathological consequences in a disease condition.26,27

Recent observations have shown that the wiring of biological networks

can change from healthy to diseased states.28 Their network-based integrative

analysis not only highlights the strong association between immune pathways

and pathophysiology of the disease but also identified the key network regu-

lators that may serve as an effective target for therapeutic intervention.

Another thrust in system biology involves combining dynamical modeling of

regulatory pathways with molecular and cellular experiments so as to under-

stand the precise regulatory mechanisms of networks that are altered in

diseases.29�31

FIGURE 24.2 Flowchart representation showing functional genomics leading to drug

discovery.
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Gene regulation and disease state

The quest for disease-causing genes is a long-standing goal of biomedical

research. Molecular pharmacology is playing an interesting role in this field

through the computational integration of multiple genome-scale measurements.

The application of network-based molecular pharmacology is able to predict the

unidentified human disease�associated genes. Similar network-based computa-

tional frameworks have been proposed to reliably predict disease-associated

genes.32,33 Overall, the molecular pharmacology approaches at the network level

provide the highly efficient method for addressing the problems of identifica-

tions of genes, thus playing a pivotal role in human disease.

Molecular pharmacology approaches in drug discovery

The molecular biology technique has long been used in the field of drug dis-

covery to understand the mechanism of action as well as the effectiveness of

selected compounds.

Utilizing the molecular biology technique and computational approach in

a combined form exposes the researchers to the introduction of systemic

pharmacology, which mainly34 describes a field of research that provides us

with a comprehensive view of drug action rooted in molecular interactions

between drugs and their targets in a human cellular context.

Advancement with the molecular pharmacology tools gives us long-term

benefit in the discovery of a new drug candidate more specific and target-

oriented manner, which ultimately helps us in patient care management.

Several methods of approaches and tools of molecular pharmacology make

a significant contribution in the process of drug discovery; some important tech-

niques that could be considered major targets are (1) drug�target networks, (2)

predictions of drug�target interactions, (3) investigations of the adverse effects

of drugs, (4) drug repositioning, and (5) predictions of drug combination.

Drug�target networks and molecular pharmacology

Molecular pharmacology approaches allow us to study the ligand versus target

interaction and polypharmacology.35,36 Topological analyses of the molecular

network provide the identification of target proteins. Many proteins are targeted

by more than one drug containing distinct chemical structures. This new appre-

ciation of the role of polypharmacology has significant implications in the drug

development process. Although the single-target approach remains the main strat-

egy presently, some remarkable efforts are being put into the development of

“promiscuous” drugs (also called “dirty drugs”) that can bind to multiple targets.

Integrating systems biology and polypharmacology hold the promise of

expanding the current opportunities to improve clinical efficacy and decrease

side effects and toxicity. Advances in these areas are creating the foundation

of the next paradigm in drug discovery, that is, “network pharmacology.”37
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Predictions of drug�target interactions

Polypharmacology study mainly focuses on multidirectional target identifica-

tion and target validation. To understand the mechanism of action, polyphar-

macology study is more relevant.38 Unlike the traditional conventional

approaches based on sequence or structural similarity between targets, the

“similarity ensemble approach” defines each target by its set of known

ligands, searches for drugs with a chemical structure similar to the known

ligands, and then predicts new drug�target associations (Fig. 24.3).39

Investigations of drug adverse effects by molecular
pharmacology approaches

The safety and toxicity profile of a drug or drug component is very much

crucial in the drug discovery process. By integrating the biological data and

molecular pharmacology, there are many techniques that could change the

concept of the drug discovery process.40 Approximately half of their predic-

tions were confirmed by experimental assays. An association metric was

FIGURE 24.3 A diagrammatic representation showing the role of clinical proteomics in drug

discovery and development.
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developed to prioritize new off-targets that explained side effects better than

any known target of a given drug, creating a drug�target�adverse drug reac-

tion network.41 By investigating the associations between drug and off-

targets, their research has explored the molecular basis of several adverse

events. Other studies that integrate systems biology with structural or che-

moinformatics analysis have also been conducted to successfully predict

drug adverse effects.42,43

Drug repositioning and molecular pharmacology

It is the process of exploring the potential therapeutic application of the

existing drug. The main advantage of drug repositioning is that it drasti-

cally reduces the risk of drug development and facilitates repositioned

drugs to enter clinical phases more rapidly.44 By understanding the network

pharmacology and molecular pathways, the lead can be modified or tar-

geted on different other diseases, the OMICS data also support the reposi-

tioning theory.45 This new method is based on the premise that drugs

indicated for etiologically or pathologically similar type of diseases based

on their chemical/structural similarity, may be effectively deployed for the

prediction of novel indications of existing drugs. Furthermore, numerous

approaches based on gene expression data for in-silico drug repositioning

have been published.46,47

Predictions of drug combination and molecular
pharmacology approaches

To achieve great therapeutic benefits, output of the combination approaches

are being explored nowadays. As the diseases involve complex molecular

pathways and multiple genes or proteins, combination oriented approaches

are very much beneficial as compared to the single drug concept.48

Molecular biology methods have been applied to explain and predict poten-

tial drug combinations.49 Computational approaches that utilize dynamic

modeling have already been used to simulate the effects of drug combina-

tions and generate experimentally demonstrable interventions.38,50

Conclusion

In the current scientific scenario, molecular pharmacology is dramatically

advancing. The understanding of disease (target) through cellular and molec-

ular pathways provides a great insight into the process of lead identification

and lead optimization. Traditional techniques are sufficient to explore the

whole process of the gene causing diseases and drug�target relations in the

context of biological systems. This comprehensive chapter gives an insight

into the role of molecular pharmacology in the drug discovery processes.
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physical symptoms of, 219
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risk factors, 219
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season of birth, 222

serious symptoms, 219

symptoms of, 218

treatment of, 220
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psychological disorders at glance, 216�217

psychotic disease, pathophysiology of,
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viruses, pathophysiology of, 450�469
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Cell adhesion molecules (CAM), 64�65

Cell-surface forms, 514

Cell wall biosynthesis inhibitors, 422

Central nervous system (CNS), 27

lesions, 452

Cephalosporins, 422�423

Chloral hydrate, 171

Chloramphenicol, 424

Chlorothiazide, 378�382

Chlorpromazine, 232�239, 237f

benperidol, 238

benzhexol, 238�239

droperidol, 238

fluphenazine, 232

haloperidol, 238

mesoridazine, 237�238

penfluridole, 238

pimozide, 232�237

trifluoperazine, 232

Chlorthalidone, 378�382

Cholesterol, 84

Cholinergic agonists, 35, 36t

Cholinergic drugs

acetylcholine, biochemistry of, 29�30

autonomic neurotransmitters, chemistry of, 29

muscarinic receptors, 32�43, 33t

adenylyl cyclase, inhibition of,

34�43

nicotinic receptor, 31�32

signal transduction mechanisms, 30�31

Chronic obstructive pulmonary disease

(COPD), 58, 67�68

Cidofovir, 467�468

Circulatory system, 64�65

c-Jun N-terminal kinases (JNK), 536

Class I antiarrhythmic drugs, 311�312

Class II antiarrhythmic drugs, 315�316

Class III antiarrhythmic drugs, 316�318

Class IV antiarrhythmic drugs, 318�319

Classic angina, pathology of, 331�332

Clevidipine, 359

Clonidine, 358

Clozapine, 250

Coccidioidomycosis, 433�434

Cognitive disorders, 231

Combretastatin, 486�487, 487f

COMT, 227

Conivaptan, 384�385

Conjugated equine estrogen (CEE), 138

Coronary arteries, 329�332

Corticosteroid-binding globulin (CBG), 127
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Corticosteroids

anti-inflammatory mechanism, 69, 82�86

classification of, 73�74

glucocorticoids, 74

mineralocorticoids, 74

contraindications of, 86

Corticosteroid sparing medication, 512�513

Cortico-striato-cerebello-thalamocortical

(CSPTC) loops, 199�201

COVID-19

antifungal agents, 441

COX-2 inhibitor, 73, 80�81

C-reactive protein (CRP), 66�67

Crohn’s disease (CD), 511�512

Cryptococcosis, 434

C-type natriuretic peptide, 385

Cutaneous candidiasis, 433

Cyclobenzaprine VLD (TNX-102), 167

Cyclophosphamide, 513

Cyclopropylamines, 207

Cyclosporine, 509

Cytomegalovirus, 467

Cytosine permease, 438

D
Daclatasvir, 465

Daclizumab, 518

Danazol, 154�156

Danoprevir, 465

Dapagliflozin, 373�376

Darunavir, 457

Dasabuvir, 465

Delta-opioid (DOPR) receptor, 532

Dementia, rapid disease progression without,

197

Depression, 11, 231, 255

pathophysiology, assimilation of hypotheses

on, 260�261

Diabetes mellitus, 95

biochemical background of, 95�96

classification, 96

type 1, 96

type 2, 96�97

drug/chemical-induced, 98

endocrinopathies, 97�98

etiology, 99�102

genetic component, 99�102

exocrinepancreas, diseases of, 97�98

gestational diabetes mellitus, 99

immune-mediated diabetes, uncommon

forms of, 99

infections, 99

insulin action, genetic defects in, 97

Diadenosine tetraphosphate, 56

Diclofenac, 79�80

Dienogest, 147�148

5α-Dihydrotestosterone (DHT), 154
Digoxin, 282

atrioventricular node inhibition, 282

positive ionotropic, 282

Diltiazem, 318

Dimorphic fungi, 432

Dipeptidyl peptidase-4 inhibitors, 110�112

Dipyridamole, 339

Direct renin inhibitor, 355, 361

Disease-modifying antirheumatic drug

(DMARD), 511

Disoproxil fumarate (TDF), 464

Disopyramide, 314

Disrupted in schizophrenia 1 (DISC1), 227

Distal convoluted tubule (DCT), 377�382

Diuretic and anti-diuretic drugs, 281�282,

354�356, 369

classification of, 370�371

distal convoluted tubule, 378�382

glomerulus, 371�373

adenosine receptor antagonist, 371�373

hypocalcaemia and hypomagnesemia,

mechanism of, 376

hypokalemia and metabolic alkalosis,

mechanism of, 377�378

nephron, anatomy and physiology of,

369�370, 370f

nephron and related diuretics, physiology,

371

osmotic diuretics, 385�386

proximal convoluted tubule, 373�376

carbonic anhydrase inhibitors, 373

sodium-glucose cotransporter 2

inhibitors, 373�376

thick ascending limb, 376

tubule system, 383�385

aldosterone receptor antagonist/

mineralocorticoid receptor antagonist,

383

antidiuretic hormone receptor

(vasopressin) antagonist, 384�385

nonspecific cation channel inhibitor, 385

renal epithelial Na1 channel, inhibitors

of, 383�384

DJ-1 gene mutation, 199

DNA helix, 492

DNA-related proteins, 492�493
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DNA virus, 448, 449f

Docosanol, 461

Dofetilide, 317�318

Dolutegravir, 457

Donepezil, 35

Dopamine, 48

Dopamine agonists, 203

Doravirine, 455

Dorzolamide, 373

Down syndrome, 56

Doxazosin, 357

D1 receptor agonist, 362

D2 receptors antagonists/neuroleptics,

405�406

Dronedarone, 317

Droperidol, 238

Drospirenone, 147�148

Drug/chemical-induced diabetes mellitus, 98

Drug discovery, 547

mechanism-based approach in, 548�549

molecular biology method in, 549

molecular pharmacology, 551

methods and application, 546�547

Drug discovery process, 548

Drug distribution, 7

Drug excretion, 9�10

Drug-induced torsade de pointes, 297�299

Drug metabolism, 8

Drug repositioning, and molecular

pharmacology, 553

Drugs, 1

Drugs, used in hypertension

AngII receptor antagonist, 360�361

angiotensin-converting enzyme inhibitors,

359�360

blood pressure, normal regulation of,

350�354, 351f

renin and prorenin receptor, 353�354

renin secretion, control of, 352�353, 353f

Ca21 channel blockers, 358�359

classification of, 354�355

direct renin inhibitor, 361

diuretics, 355�356

D1 receptor agonist, 362

hypertension, etiology of, 350

sympatholytic agents, 356�358

vasodilators, 361

Drug-target interactions, predictions of, 552

Drug-target networks, and molecular

pharmacology, 551

Dysbindin (DTNBP1), 227

Dysbiosis, 259

E
Earlier disease onset (EDO), 197

eCB system, targets for, 169

Echinocandins, 438

Edrophonium, 35

Efavirenz (EFV), 454

Elbasvir, 465

Electrolytes, 243�244

Electrophysiology, principles of, 300�304

Elsulfavirine, 455

Elvitegravir, 457

Emetics, 401�409

Empagliflozin, 373�376

Emtricitabine, 453, 457

Enalapril, 360

Endocannabinoid system, 77, 169

eCB system, targets for, 169

fatty acid amide hydrolase, inhibitors of,

169

Endocrine lesions, 453

Endocrinopathies, 98

Endocytosis, 538�539

Endogenous antioxidants, 448

Endogenous catecholamines, 48f

Endogenous steroid sex hormones, 127

Endothelial progenitor cells (EPC)

dysfunction, 53

Endothelium, 486�490

Enfuvirtide, 457�458

Enolic acid, 77�79

Entecavir, 463

Enzymatic receptors, 17�19

JAK/STAT pathway, 19

RAS/RAF pathway, 18

Epicardial vessels, 329�332

Epilepsy, pathophysiology and pathogenesis

of, 178�180

Eplerenone, 383

Epothilones, 496

Eprosartan, 360�361

Erythromycin, 423�424

Esketamine, 265

Eslicarbazepine acetate, 186

Estradiol, 133�137

Estradiol esters, 138�139

Estrogen(s)

biosynthesis of, 123�127, 124f

cancer, 130�132

characteristics of, 125t

hormonal imbalance

in females, 127�129

in males, 129�130
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hormonal therapy, 132�133

mechanism of action of, 127, 133�139,

134t, 139f

Estrogen carcinogenesis, 130�131

Estrogen receptors (ERs), 130�131

Estrogen response elements (ERE), 133�137

Estrone sulfate, 138

Etanercept, 516

Ethacrynic acid, 376

Ethinyl estradiol (EE), 137�138

Ethosuximide, 184�185

Ethoxzolamide, 373

Etodolac, 79�80

Etomidate, 173

Etoricoxib, 80�81

Etravirine, 455

Everolimus, 511

Excitatory postsynaptic potential (EPSP), 180

Exenatide, 116

Exercise therapy, 275�276

Exocrinepancreas, diseases of, 97�98

Extracellular fluid, 7

Extracellular matrix, 490�491

F
Facilitated diffusion, 6

Famciclovir, 460

Familial clustering, 223

Fasudil, 341�342, 342f

Fatty acid amide hydrolase, inhibitors of, 169

Fatty acid steal phenomenon, 113

Favipiravir, 462

Felodipine, 359

Fenamate, 76

Fenoldopam, 362

Fertility, 127�128

50S and 30S ribosomal subunits, protein

synthesis inhibitors, 423�425, 423f

ATP synthase inhibitors, 425

membrane function inhibitors, 424

nucleic acid synthesis, inhibitors of, 424�425

Filtration, 5

First-generation progestins, 147

First-order kinetics, 8

Flucytosine, 438

Fluoxymesterone, 154�156

Fluphenazine, 232

Flurbiprofen, 77

Focal atrial tachycardias (FATs), 308

Formoterol, 56

Fosamprenavir, 456

Foscarnet, 460�461

Fostemsavir, 458

Fourth-generation progestins, 147�148

Free fatty acid (FFA), 100�101

Functional disorders, 231

Fungal infections, 432

Furosemide, 376

Fusion peptide inhibitor, 457�458

Fusion proteins, 29�30

G
Gabapentin, 185

γ-aminobutyric acid (GABA), 170, 180

Ganciclovir, 468

Gastric mucosa, 392�393

Gastrin, 393, 394t

Gastroesophageal reflex disease (GERD), 398

Gastrointestinal acid regulation, 392�393

gastrin, 393, 394t

peripheral regulation of acid, 392�393

Gastrointestinal diseases

anticholinergics, 407

antidiarrheal agents, 410

antiemetics and emetics, 401�409

classification of, 404�407, 406t

stimulants for vomiting, 404, 405t

vomiting, 401�403, 403f, 404f

antihistamines, 407

cannabinoids, 408

emetics, 409

gastrointestinal acid regulation, 392�393

gastrin, 393, 394t

peripheral regulation of acid, 392�393

gastrointestinal tract, neuronal and

hormonal control over, 392

glucocorticoids, 408

laxatives, purgatives, and cathartics,

409�410, 411t

neutralizing and inhibiting acid release,

drugs used for, 396�399

antacids, 396�398

H1/K1 ATPase inhibitor/ proton pump

inhibitor (PPIs), 399�401

histamine receptor antagonist, 398�399

oral rehydration supplements, 410�414, 415t

peptic ulcer, 394�396, 395t

causes of, 395�396, 396f

vitamin B6, 409

Gastrointestinal tract (GIT), 391�392

neuronal and hormonal control over, 392

G-cells, 393
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Gene regulation, 551

Genetic defects, in insulin action, 97

Gestagen, 140

Gestational diabetes mellitus, 99

Gestogen, 140

G72(DAOA)/G30, 227

GI lesions, 452

Glecaprevir/pibrentasvir, 464�465

Glomerulus, 371

GLP-1 agonist, 115�116

Glucocorticoid, 505�506

Glucocorticoid-inducedleucine zipper (GILZ), 83

Glucocorticoid receptors (GRs), 83�84

Glucocorticoids, 74, 84, 408

Glutamate, 168, 180�182, 181f

ketamine, 168

xenon gas, 168

Glutamate hypotheses, 260, 261f

Glycerol, 385�386

Glyceryl trinitrate (GTN), 334

Glycogen synthase kinase, 246

Gonadotropin-releasing hormone (GnRH),

133�137

GPCR-regulated kinases (GRKs), 536

G protein-coupled receptor, 13�16, 14f

cAMP pathway, 14�15

IP3/DAG pathway, 15

linked to ion channels, 16

molecular structure of, 51

G-proteins, 51�52

Grazoprevir, 465

Griseofulvin, 438

Growth factors, 486

Guanabenz, 358

Guanadrel, 358

Guanfacine, 358

Gut, 259

dipeptidyl peptidase-4 inhibition, 110�112

H
Haemagglutinin, 461

Haloperidol, 238

H2 blocker drugs, 398�399

Heart failure (HF), 275

angiotensin-converting enzyme inhibitors,

283

angiotensin-II blockers, 283

beta-blockers, 283�284

calcium channel blockers, 284, 284f

classification of, 275�277

digoxin, 282

diuretics, 281�282

etiology, 277

management of, 281, 281t

newer agents, 284�285

pathophysiology, 277�280

cell, changes in, 279�280

hemodynamics, changes in, 277�278, 278f

neurohormones, changes of, 279, 280f

vasodilators, 282

Helicobacter pylori infection, antibiotics for,

400�401, 402t, 403t

Hemodynamics, changes in, 277�278, 278f

Hepatitis virus, 463, 464f

Herpesvirus, 458, 459f

Histamine, 393

Histamine receptor antagonist, 398�399

Histone code, 478

Histoplasmosis, 434

Hormonal imbalance, 127�129

Hormonal therapy, 132�133

Human disease, molecular biology method in,

549

Human disease networks, 549

Human immunodeficiency virus (HIV), 450�453

HIV RT, 454

Hydralazine, 361

Hydrazines, 207

Hydrochlorothiazide, 378�382

Hydrocortamate, 507�509

5-Hydroxytryptamine 3 receptor antagonist,

404�405

5-Hydroxytryptamine receptor modulators,

263�264

Hyoscine, 171

Hypertension, 85, 350

Hypnotics, 161

administered intravenously, 173

benzodiazepines, 170�171

selection of hypnotic agent, 171�172

Hypocalcaemia, 376

Hypokalemia, mechanism of, 377�378

Hypomagnesemia, 376

Hypothalamic�pituitary�ovary (HPO) axis,

128�129

Hysterical dramatic symptoms, 232

I
Ibuprofen, 77

Ibutilide, 317�318

Idiopathic diabetes, 96

Idoxuridine, 460

566 Index



IKr channel blockers, 298�299

Immune-mediated diabetes, uncommon forms

of, 99

Immune-mediated disorders, 514

Immune system, anticancer drugs, 491�492

Immunity, 503�504

Immunoglobulin (IgE) mucosal response, 67

Immunomodulators, 504�505

albendazole, 521�522

alemtuzumab, 520�521

alkalyting agent, 512

anakinra, 518

antihelminthics, 521

antimetabolite, 511

antithymocyte immunoglobulin, 519�520

Bacillus Calmette-Guerin, 521

biologics, 514

definition of, 513�514

usage of, 514�515

calcineurin inhibitors, 509

categorization, 515�516

classification, 506f

cyclophosphamide, 513

cyclosporine, 509

daclizumab, 518

etanercept, 516

everolimus, 511

glucocorticoid, 505�506

hydrocortamate, 507�509

immunosuppressants, 505

infliximab, 516�518

interleukin-1 inhibitors, 518

leflunomide, 511

mammalian target of rapamycin inhibitors,

510

mechanism of action of classical

immunomodulatory drugs, 506�507,

508t

mechanism of action of newer

immunomodulators, 514

6 mercaptopurine pathology and treatment,

511�512

monoclonal antibodies, 520, 520f

oral signs and symptoms, 513

polyclonal antibody, 519, 519f

prednisone, 507

sirolimus, 510

steroid-free medications, 512�513

tacrolimus, 509�510

tumor necrosis factor-alpha Inhibitor, 515

vaccine, 521

Immunostimulants, 503�504

Immunosuppressive drugs, 505, 512�513

Immunotherapy, 477�478

Impulse initiation, 302

Indapamide, 378�382

Indinavir, 456

Indomethacin, 75

Inflammation, 61�65

effective and controlled provocative

reaction, 62�63

inflammation and inflammatory pathway,

pathophysiology of, 63�65

inflammatory diseases, 65�69

allergic rhinitis, 69

asthma, 67

chronic obstructive pulmonary disease,

67�68

inflammatory bowel disease, 68

multiple sclerosis, 69

rheumatoid arthritis, 65�69

treatment, 69, 70t

inflammatory mediators, 65, 66t

Inflammatory mediators, 65, 66t

Infliximab, 516�518

Influenza virus, 461�462

Inhaled aspergillosis, 432�433

Inhibitory postsynaptic potential (IPSP), 180

Inositol tris-phosphate (IP3), 244�245

Insulin resistance, 100�101

Integrase inhibitors, 457

Interleukin inhibitors, 516

Interleukin-1 inhibitors, 518

Interleukins (ILs), 279

Intracellular calcium, regulation of, 246�253

carbamazepine, 246�247, 252

glycogen synthase kinase, 246, 247f

lamotrigine, 253

lithium carbonate, 247

mechanism, 247�249

olanzapine, 249

risperidone, 249�251

sodium valproate, 252�253

valproic acid, 247

Intramuscular route, 3�4

Intra-myocardial arteries, 329�332

Intravenous propofol, 171

Intravenous route, 3

Intrinsic ion channels, receptors with

mitogen activated protein kinases, 17

Rho/Rho kinase, 17

Inverse agonist, 12

Ion channels, 301�302

opioids, 535�536
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Ipecacuanha, 409

Irbesartan, 360�361

Irritation, 11

Isosorbide, 385�386

Isosorbide dinitrate, 334

Isotonic hydrochloric acid, 393

Isradipine, 359

Ivabradine, 342�343, 343f

J
Janus kinases (JAK)/Signal Transducer and

Activator of Transcription (STAT)

pathway, 19

Junctional premature complexes (JPCs), 306

Juxtaglomerular apparatus, 352

K
Kappa-opioid (KOPR) receptor, 532

KATP channel modulators, 108�117

bromocriptine, 115

dipeptidyl peptidase-4 inhibitors, 110

α-glucosidase inhibitors, 108�110

gut, dipeptidyl peptidase-4 inhibition,

110�112

mechanism of action, 110, 112�114

repaglinide, 108

thiazolidinediones, 112

K-channel openers(KCO), 103�104

Ketamine, 168, 173, 265

Ketoprofen, 77

Ketorolac, 75

L
Labetalol, 357

Lacosamide, 186�187

Lamivudine, 453

Lamotrigine, 253

Laninamivir, 463

Laxatives, 409�410, 411t

Lazabemide, 207, 209t

Ledipasvir, 465

Leflunomide, 511

Leucine-rich repeat kinase-2 (LRRK-2)

mutation, 198�199

Leukemia, 513

Levetiracetam, 186

Levo-DOPA, 202�203

Lidocaine, 314, 315f

Ligand, 13

Ligand-gated ion channels, 16

Lincosamides, 423�424

Liraglutide, 116�117

Lisinopril, 360

Lithium, 239

mechanisms of action, 239�245

electrolytes, membrane transport,

membrane potential, 243�244

monoaminergic signaling, 243�244

second messenger system, 244�245

transcription factors, 245

Lithium carbonate, 247

LKB1-AMPK-dependent pathway, 107

Long-acting 2-adrenergic agonist, 56

Long-chain 3-ketoacylcoenzyme A thiolase

(LC 3-KAT), 340

Long-QT syndrome, 294�299, 310�311

clinical description and manifestations, 294

genetic basis, 294�296

phenotypic correlates, 296�297

Long-term potentiation (LTP), 535�536

Loop diuretics, 376

Loop of Henle, 374�376

Lopinavir, 456

Loxapine, 250

Lymphocyte modulators, 515

Lymphoma, 513

Lysergic acid (LSD), 263�264

M
Macrolides, 423�424

Madurella mycetomatis, 435

Magnesium, 319

Major depression, pathophysiology of,

255�256

Major depressive disorder (MDD), 255

Mammalian target of rapamycin inhibitors,

510

Mannitol, 385�386

MAP kinases, 17

Maraviroc, 458

Marimastat, 491

Matrixin, 491

Matrix metalloproteinases (MMP), 491

Mechanism-based approach, in drug

discovery, 548�549

Meglitinides, 108�117

Melkersson-Rosenthal syndrome, 514�515

Meloxicam, 78�80

Membrane function inhibitors, 424

Membrane potential, 243�244

Membrane transport, 243�244
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Menstruation, 127�128

Mental disorders, 215

Mephenemic acid, 76

6 Mercaptopurine, pathology and treatment,

511�512

Mescaline, 263�264

Mesoridazine, 237�238

Metabolic alkalosis, mechanism of, 377�378

Metabolic syndrome (MetS), 102

Metamizole, 81

Metformin, 107

and organic cation transporters, 107�108

Methazolamide, 373

Methyldopa, 357�358

Metolazone, 378�382

Metoprolol, 356�357

Mexiletine, 314, 315f

Mineralocorticoid receptor antagonist, 383

Mineralocorticoids, 74

Minoxidil, 361

Mitogen-activated protein kinase signaling,

opioids, 536�538

Moclobemide, 264

Model regression, 549

Molds, 432

Molecular biology, 549�550

Molecular pharmacology

disease mechanisms, investigation of, 550

drug adverse effects, investigations of,

552�553

drug combination, predictions of, 553

in drug discovery, 551

drug discovery approaches, molecular

pharmacology methods and

application, 546�547

drug discovery, mechanism-based approach

in, 548�549

drug repositioning and, 553

drug-target interactions, predictions of, 552

drug-target networks and, 551

gene regulation and disease state, 551

human disease and drug discovery,

molecular biology method in, 549

human disease networks and, 549

methods and application, 546�547

network, molecular approaches based on,

547�548

in treatment response prediction, 549�550

Monoamine oxidase (MAO), 206

Monoamine oxidase-A, 206�207

Monoamine oxidase-B, 206�207

Monoamine oxidase-B inhibitor, 207

Monoamine oxidase inhibitors, 264

Monoaminergic signaling, 244

Monoamines, 256�257, 257f

Monoclonal antibodies (mab), 487�489, 488t,

490t, 494, 514

immunomodulators, 520, 520f

Morphine, side effects of, 530, 531t

mPGES-1, 78�79

Mucocutaneous lesions, 452

Mucormycosis, 435

Multifocal atrial tachycardia (MAT), 307

Multiple sclerosis, 69

Muromonab, 489

Muscarinic receptors, 32�43, 33t

Musculoskeletal lesions, 452

Mycetoma, 435

Mycoses, 432

Myosin light chain kinase (MLCK), 333�334

N
Na1-glucose transporter-2 inhibitors, 115

Nandrolone, 156�157

Naproxen, 77

Natural opioid drugs, 533�534, 534t

Nebumetone, 75

Nefazodone, 263�264

Nefopam, 81

Nelfinavir, 456

Neosporin, 424

Neostigmine, 35

Nephron, anatomy and physiology of,

369�370, 370f

Nephron and related diuretics, physiology,

371

Nervous system, 47�48, 48f

Network, molecular approaches, 547�548

Neurohormones, changes of, 279, 280f

Neuroleptic drugs, 215�216

Neurotransmitters, 222

Neurotransmitters hypotheses, 256�257, 257f

Neurotrophic hypotheses, 257�258, 258f

Neutrophils, 64�65

Nevirapine (NVP), 455

Newer United States Food and Drug

Administration, anticancer drugs,

479�486

Nicotinic receptor, 31�32

Nimesulide, 79�80

Nisoldipine, 359

Nitrates, 333�335

Nitroprusside, 361
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Nonabsorbable antacids, 397

Non-NRTIs (NNRTIs), 454

Nonselective COX inhibitor, 73�79

nonsteroidalanti-inflammatory drugs, 74�79

Nonspecific cation channel inhibitor, 385

Nonsteroidal anti-inflammatory drugs

(NSAIDs), 72�73

contraindications of, 86

molecular mechanism of action, 74�81

aniline derivatives, 81, 82t

nonselective COX inhibitors, 74�79

preferential COX II inhibitors, 79�80

selective COX-2 inhibitors, 80�81

newly approved NSAID drugs, 73

nonselective COX inhibitor, 73

preferential cyclooxygenase II inhibitor, 73

selective COX-2 inhibitor, 73

Nonsulfonyl ureas, 108�117

Nonsustained ventricular tachycardia, 309

Non tremor dominant (TD), 197

Noradrenaline, 28�29, 48

Norgestimate, 147

Norgestrel, 147

NRG1, 223�226

Nuclear factor-B (NFB), 506�507

Nuclear receptors, 19�20

Nucleic acid synthesis, inhibitors of, 424�425

Nucleoside reverse transcriptase inhibitors

(NRTIs), 453

Nucleotide-binding folds (NBF), 103�104

Nucleotide reverse transcriptase inhibitors,

454�455

O
Obesity, 100

Obsessive compulsive disorder (OCD), 231

Olanzapine, 249, 251

Ombitasvir, 465

Opioid(s), 529�530

adenylate cyclase, 536

classic mechanism, 535

ion channels, 535�536

mitogen-activated protein kinase signaling,

536�538

molecular recognition of, 533�534

opioid receptors, 530�533

tolerance, 538�539

Opioid receptors, 530�533

Oral rehydration supplements, 410�414, 415t

Oral route, 2

Oral thrush, 433

Organic cation transporters, metformin and,

107�108

Organic nitrates, 333

Orofacial granulomatosis, 514�515

Oseltamivir, 462�463

Osmotic diuretics, 385�386

Oxicams, 77�78

Oxidative stress, in diabetes mellitus, 101

pathophysiology of, 101�102, 102t

Oxycodone, 530

OxyContin, 529�530

P
Pain, 529�530

Paliperidone, 251

Palivizumab, 468

Palpitations, 290�291

Paracetamol, 81

Parecoxib, 80�81

Paritaprevir, 465

Parkinson’s disease (PD), 195�196

anti-Parkinson’s disease drugs, 202�203

dopamine agonists, 203

levo-DOPA, 202�203

catechol-o-methyltransferase, 203�204, 205t

catechol-O-methyltransferase inhibitors and,

203�204

epidemiology and risk factors for,

198�199, 198t

inhibitors of monoamine oxidase-A and

monoamine oxidase-B, 207

monoamine oxidase, 206

monoamine oxidase-A and monoamine

oxidase-B, 206�207

monoamine oxidase-B inhibitor lazabemide

and, 207, 209t

monoamine oxidase-B inhibitor selegiline

and, 207, 208f
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