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General Pharmacology is the foundation of the whole pharmacological sciences. It includes the
basic principles that control drug behavior in the human body and the mechanisms by which
drugs produce their therapeutic and side effects. Prior to discussing system-specific or disease-
specific pharmacotherapy, it is important to learn how drugs act on biological systems at the
molecular, cellular, and systemic levels. This unit is divided into two broad domains:

Pharmacokinetics and Pharmacodynamics.

Pharmacokinetics is the examination of the progression of a drug in the body—how it is
absorbed, distributed, metabolized (bio transformed), and eventually cleared from the system.
These functions are affected by several physiological factors and the properties of the drug.
Students will learn important concepts including bioavailability, half-life, clearance, and
volume of distribution. Particular stress is given to linear and non-linear compartmental models
that aid in drug concentration prediction at different time periods. Also, the importance of

protein binding and how it influences drug efficacy and distribution is studied in detail.

Pharmacodynamics, however, deals with the biological and physiological actions of drugs and
their mechanisms of action. This involves an understanding of how drugs interact with specific
receptors, the types and families of receptors (e.g., ion channels, G-protein-coupled receptors,
enzyme-linked receptors), and the intracellular responses that follow. Ideas such as dose-
response relationships, agonism, antagonism, efficacy, and potency are essential to understand
how drugs bring about their desired effects and how and why those effects may differ from

person to person.

At the conclusion of this unit, students will have developed a firm conceptual basis in drug
action, which is critical to interpreting both pharmacological data and to evaluating therapeutic
results and anticipating potential adverse effects. These concepts are the basis for the clinical

and therapeutic uses that will be addressed in future units.

1.1. PHARMACOKINETICS

Pharmacokinetics is an essential foundation of pharmacology that addresses quantitative
examination of a drug's path through the body. Usually termed as "what the body does to the
drug," pharmacokinetics covers processes that control the level of a drug in the blood and
tissues over a period of time. These processes are grouped under ADME—Absorption,

Distribution, Metabolism, and Excretion.
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Figure 1: Pharmacokinetics

Pharmacokinetics is necessary to predict the time of onset, magnitude, and duration of a drug's
effect. It also plays a critical role in designing proper dosage regimens, avoiding toxicity, and

optimizing therapeutic outcomes [1].

Absorption refers to the movement of a drug from the site of administration into the

bloodstream.

o Distribution describes the dispersion or spreading of drugs throughout the fluids and

tissues of the body.

e Metabolism (or biotransformation) is the chemical alteration of the drug, primarily by

liver enzymes, to facilitate its elimination.

o Excretion is the process by which drugs and their metabolites are eliminated from the

body, commonly through the kidneys (urine), but also via bile, sweat, or lungs.

This section also covers critical pharmacokinetic principles like bioavailability, half-life,
clearance, volume of distribution, and compartmental models (linear and non-linear).
Moreover, protein binding and its contribution to drug distribution and action will be explained

in depth.

By learning pharmacokinetics, students acquire skills to read drug concentration-time plots,
design customized dosing schedules, and recognize the rationale behind therapeutic drug

monitoring—skills they will need as researchers and clinical practitioners.
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1.1.1. Absorption of Drugs

Absorption refers to the mechanism by which a drug travels from its administration site into
the systemic circulation, thus allowing it to reach the target tissues and cause a pharmacologic
effect. It is a significant factor in determining the bioavailability of a drug, which affects not
only the onset and extent of therapeutic effect but also the duration. For extravascular drugs
given by routes like oral, intramuscular, subcutaneous, or transdermal, absorption is the initial

pharmacokinetic process and a primary determinant of clinical efficacy.

4 Factors Influencing Drug Absorption

a) Route and Formulation

The route of administration has a significant effect on the rate and extent of absorption. Oral
administration, for example, is easy but exposed to erratic GI conditions and first-pass
metabolism, typically lowering bioavailability. Sublingual and buccal administration offers
quicker absorption through avoidance of hepatic metabolism. Rectal administration provides
partial escape from first-pass effect but is less reliable. Parenteral pathways (e.g.,
intramuscular, subcutaneous) are determined by local tissue characteristics and blood flow,
whereas transdermal and inhalational pathways may provide slow or quick onset of systemic

effects, respectively.

The type of drug preparation—whether in solution, suspension, tablet, capsule, or enteric
coating—affects disintegration, dissolution, and consequently absorption. Recent delivery
systems such as liposomes, nanoparticles, and controlled-release tablets are all specifically

intended to maximize absorption profiles.
b) Physicochemical Properties of the Drug

A number of intrinsic characteristics of the drug molecule controls its absorbability. Solubility
in lipids is key, because lipophilic drugs permeate more easily across biological membranes of
lipid bilayer structure. The molecular size does have an influence on permeability, with lower
molecular weight drugs being more able to cross the membrane. The ionization state, controlled
by the drug's pKa value and the local pH [2], dictates the percentage of drug present as a
membrane-permeable (non-ionized) species. In addition, chemical stability within the GI
tract—particularly acid resistance for oral medications—also controls how much active form

arrives at absorption sites.
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¢) Biological and Physiological Factors

Biological factors at the site of absorption significantly influence the efficiency of drug uptake.
Gastrointestinal motility, gastric emptying time, and intestinal transit time may change the time
of exposure to absorptive surfaces. Splanchnic blood flow, particularly in well-vascularized
tissues like the small intestine, increases drug transport to systemic circulation. The presence
of food can slow gastric emptying, bind to medications, or change pH, thus either increasing
or decreasing absorption. Furthermore, GI enzymes can break down some drugs prior to

absorption, requiring protective formulations or alternative routes.
4 Mechanisms of Drug Absorption

Drugs become systemically available via a range of physiological processes, and the route
taken is dependent on the drug's physicochemical properties (e.g., molecular weight,
lipophilicity, ionization), and also on the biology of the site of absorption (e.g., membrane

composition and presence of carrier proteins).

Knowledge of these mechanisms is critical to maximizing drug delivery and anticipating how

various formulations or routes of administration will influence drug bioavailability.
1. Passive Diffusion

Passive diffusion is the most prevalent and basic mechanism of drug absorption, particularly
for small, lipophilic, and non-ionized molecules. It is a non-energy-requiring process that takes
place down a concentration gradient, i.e., the drug traverses from an area of high concentration

(e.g., gut lumen) to an area of low concentration (e.g., blood plasma).

Passive diffusion mainly happens across the lipid bilayer of cell membranes. Since cell
membranes consist of lipid molecules, lipophilic drugs (lipid-soluble) pass easily. Hydrophilic
or ionized drugs, however, pass with much greater difficulty unless other mechanisms are

present.
The rate of passive diffusion is described by Fick’s Law:

(C;—C,)xXAXP
d

Rate of dif fusion «

Where:
e C1—C2 = concentration gradient
o A =surface area

e P =permeability coefficient




DOI 10.5281/zenodo.15826880

https://doi.org/10.5281/zenodo.15826881
ADVANCED PHARMACOLOGY -1

e d = thickness of the membrane

This process is non-saturable and non-selective, meaning it continues as long as a gradient

exists and does not require specific binding or carrier proteins.
2. Facilitated Diffusion

Facilitated diffusion also entails movement along the concentration gradient but is
distinguishable from passive diffusion in that it involves the help of carrier proteins within the
cell membrane. The proteins capture certain drug molecules and move them across the

membrane by conformational changes without involving cellular energy.
Facilitated diffusion is:
e Saturable: Only a finite number of carrier proteins are available.

e Selective: Only specific drugs or structurally similar substances can bind to the

transporter.

o Inhabitable: Competing molecules can inhibit the transport of the drug by occupying

the same carrier.

This process is usually observed with structurally related drug-endogenous substrate analogs
(e.g., glucose analogs, some vitamins). While more specific than passive diffusion, its rate

becomes saturated at elevated drug concentrations because of transporter saturation.
3. Active Transport

Active transport is the process of drug molecule movement against their concentration
gradient from regions of low concentration to high concentration, which involves metabolic

energy (typically in the form of ATP).

This process is catalyzed by particular transmembrane carrier proteins that actively transfer

drugs across membranes. It is:

o Highly selective: Only drugs resembling natural substrates (e.g., amino acids, ions,

vitamins) are transported.
o Saturable: Once all carriers are occupied, the rate cannot increase further.

e Subject to inhibition: Other compounds or drugs may inhibit the process by competing

for the same transporter.

Examples include:
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o P-glycoprotein (P-gp) efflux transporter: Pumps drugs like digoxin out of cells, often

reducing their absorption.
o PEPT]1 transporter: Absorbs certain peptide-like drugs (e.g., B-lactam antibiotics).

Active transport is especially important for polar and large molecules that cannot diffuse

passively and must be absorbed via active mechanisms.
4. Endocytosis and Pinocytosis

For those drug molecules that are too large to pass through pores in the membrane or bind to
transporters, endocytosis offers an avenue for uptake. It is the incorporation of drug particles

into the cell membrane and subsequent formation of vesicles that carry the drug into the cell.
There are two main types:

o Endocytosis: Engulfment of large particles or macromolecules.

e Pinocytosis: Ingestion of fluid and small solutes.
Endocytosis is particularly relevant for:

o Biologic drugs such as monoclonal antibodies

o Nanoparticle-based delivery systems

o Protein and peptide therapeutics

Though slower than diffusion-based methods, endocytosis allows for the targeted and
protected delivery of delicate molecules (e.g., hormones, enzymes) that would otherwise

degrade in the gastrointestinal tract.

4 Bioavailability and First-Pass Metabolism

a) Bioavailability: Definition and Significance

Bioavailability is an important pharmacokinetic factor that is the proportion (or percentage) of
the dose of an administered drug that enters the systemic circulation in its active, unchanged

state. It is a measure of drug absorption efficacy and metabolic stability.

For intravenous (IV) drugs, bioavailability is taken to be 100% since the drug is given directly
into the blood, skipping all barriers to absorption and first-pass metabolism. But for all
extravascular administration routes—most importantly, oral (per os or PO)—bioavailability is

generally less than 100% and varies enormously among drugs.
Bioavailability is influenced by several factors, including:

e Drug formulation and dissolution rate
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o Physicochemical properties (e.g., solubility, stability)
o Gastrointestinal pH and motility

e Presence of food or other drugs

o Enzymatic degradation in the GI tract

o First-pass metabolism in the gut wall and liver

The absolute bioavailability of a drug is calculated by comparing the area under the plasma

concentration—time curve (AUC) after non-IV administration to that after [V administration:

AUC,prq X Doseyy
AUC,y X Doseyrq;

Absolute Bioavailability (F) =

A drug with poor bioavailability may require higher oral doses or alternative administration

routes (e.g., sublingual, transdermal, parenteral) to achieve therapeutic plasma levels.
b) First-Pass Metabolism (Presystemic Metabolism)

One of the primary mechanisms decreasing the bioavailability of drugs when they are given
orally is first-pass metabolism or presystemic metabolism. It is the metabolic breakdown of a

drug prior to its entry into systemic circulation.

When a drug is administered orally, it is absorbed by the intestinal epithelium and carried
through the hepatic portal vein to the liver, where it can be extensively metabolized by hepatic
enzymes (particularly the cytochrome P450 family) before entering the general circulation.
This can markedly decrease the amount of active drug that is available to produce a therapeutic

effect.

Furthermore, metabolism can also take place in the gut wall, especially in enterocytes that have

metabolic enzymes.
Examples of drugs with significant first-pass metabolism:

e Propranolol: Undergoes extensive hepatic metabolism, resulting in low oral

bioavailability (~25%).

o Nitroglycerin: Nearly completely metabolized during the first pass, requiring

sublingual administration to bypass the liver.

e Morphine: Subject to substantial hepatic metabolism, reducing its oral efficacy
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¢) Clinical Implications of First-Pass Effect

The extent of first-pass metabolism has important consequences for drug dosing and route

selection:

e Drugs with high first-pass metabolism may require higher oral doses or alternative

routes such as sublingual, rectal, or parenteral to ensure adequate systemic levels.

o Hepatic disease (e.g., cirrhosis) can reduce first-pass metabolism, leading to increased

bioavailability and risk of toxicity if doses are not adjusted.

e Enzyme inducers (e.g., rifampin, carbamazepine) can increase the extent of first-pass
metabolism, while enzyme inhibitors (e.g., ketoconazole, grapefruit juice) can decrease

it, altering drug exposure.

Furthermore, pharmaceutical strategies such as prodrugs, enteric coatings, and liposomal
encapsulation are employed to bypass or minimize the effects of first-pass metabolism and

enhance bioavailability.

1.1.2. Distribution of Drugs

After a drug has entered systemic circulation, it is distributed, the dispersion of the drug through
the body fluids and tissues. The degree and nature of distribution are important in deciding

both the action and the toxicity of a drug.
Drug distribution is influenced by:

e Blood flow to tissues: Highly perfused organs (liver, kidney, brain) receive drugs

faster.

o Capillary permeability: The structure of the capillary endothelium varies across

organs, affecting drug passage.

e Drug binding to plasma proteins: Drugs often bind to albumin and other proteins,

which affects their free (active) concentration.

o Lipid solubility of the drug: Lipophilic drugs readily cross cell membranes and
distribute widely.

e Tissue binding: Some drugs accumulate in specific tissues (e.g., fat, bone), which can

act as reservoirs.

One of the most important pharmacokinetic parameters employed to define distribution is the

volume of distribution (Vd). It is an imaginary volume that correlates drug quantity in the body
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with drug concentration in the plasma/blood. A large Vd implies wide distribution to tissues,

whereas a small Vd implies restricted distribution to plasma or extracellular fluid.
Drug distribution can be altered in conditions such as:

o Liver or kidney disease (affecting protein levels and metabolism),

e Obesity or cachexia (changing fat stores and fluid compartments),

e Pregnancy (affecting plasma volume and protein binding).
An understanding of distribution is essential in:

e Determining the loading dose of a drug.

o Predicting potential drug-drug interactions due to protein binding.

e Assessing the impact of physiological or pathological changes on drug action.

1.1.3. Biotransformation (Drug Metabolism)

Biotransformation, also referred to as drug metabolism, is a biochemical process in which the
body chemically changes drug molecules primarily to facilitate their elimination. The main
goal of metabolism is to transform lipophilic (fat-soluble) drugs into more hydrophilic (water-
soluble) metabolites, which can be eliminated easier via the urine or bile. While the primary
organ of drug metabolism is the liver, multiple other organs of varying degrees—that include

the kidneys, lungs, gastrointestinal tract, skin, and blood plasma—all play a part in it.

Drug metabolism is an important factor in establishing the duration, strength, and safety of a
drug's therapeutic action. During this process, a drug can be inactivated, activated from a
prodrug, or produce toxic metabolites that may be responsible for adverse effects. Therefore,
knowledge of the principles and mechanisms of biotransformation is essential to predict drug

efficacy, interindividual variability in response, and possible drug-drug interactions.
» Sites of Drug Metabolism

The liver is the major location for drug metabolism because it is well supplied with metabolic
enzymes, with the majority located in the smooth endoplasmic reticulum (microsomal
enzymes) and the cytosol of hepatocytes. The enzymes have an abundance of roles to perform
during both Phase I and Phase Il metabolic reactions. Except for the liver, extra-hepatic organs
like the gastrointestinal mucosa, kidneys, lungs, plasma, and even skin are involved in the

metabolism of a few drugs, albeit to a lesser extent. In certain situations, drugs are first

10
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metabolized in the gut wall before even entering the liver, particularly when the drugs are taken

orally.
» Phases of Drug Metabolism

Drug metabolism is broadly categorized into two sequential phases: Phase I (functionalization

reactions) and Phase II (conjugation reactions).
Phase I Reactions — Functionalization

Phase I reactions are intended to add or reveal polar functional groups like hydroxyl (-OH),
amino (-NHz), sulthydryl (-SH), or carboxyl (-COOH) in the drug molecule. Such reactions
tend to produce more reactive and polar products. The main types of Phase I reactions are

oxidation, reduction, and hydrolysis.

Of these, the most prevalent is oxidation and is largely catalyzed by the cytochrome P450
enzyme system (CYP450). CYP450 is a superfamily of heme-containing enzymes with a
majority based in the liver [3]. The four major isoforms are CYP3A4, CYP2D6, CYP2C9, and
CYP1A2, all of which are responsible for the metabolism of many drugs. These enzymes
undergo induction (to cause elevated activity and quickened metabolism) or inhibition (the
slowing of metabolism), which is a critical factor in drug-drug interaction and therapeutic

response variability.
Phase II Reactions — Conjugation

Phase II reactions are the conjugation of the drug—or its Phase I metabolite—with an
endogenous substrate to produce a very polar, water-soluble compound, typically inactive and
easily excreted by the kidneys or bile. These reactions increase water solubility, thus making

excretion easier and minimizing reabsorption from renal tubules.

The most prevalent Phase II reaction is glucuronidation, which is catalyzed by the enzyme
UDP-glucuronosyltransferase. Other conjugation reactions are sulfation, acetylation,
methylation, amino acid conjugation, and glutathione conjugation. These reactions not only
facilitate detoxification but also inactivate the biological activity of most drugs.

» Factors Affecting Drug Metabolism

Several physiological, pathological, environmental, and genetic factors influence the rate and

extent of drug metabolism.

11
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o Genetic Factors

Genetic polymorphisms within drug-metabolizing enzymes have major impacts on how a
person metabolizes drugs. For example, CYP2D6 and N-acetyltransferase 2 (NAT2)
polymorphisms can make a person poor, intermediate, extensive, or ultra-rapid metabolizers.
This difference may result in failure of treatment or toxicity if a fixed dosing is applied to all

genotypes.

o Age
Age is an important determinant of metabolic ability. Neonates have immature enzyme systems
of the liver, which can inhibit drug metabolism and require dosage adjustments. On the other

hand, older people tend to have decreased hepatic blood flow and enzyme activity, which can

influence drug metabolism and clearance as well as enhance the risk of adverse effects.
o Diet and Environmental Influences

Nutritional constituents and environmental toxins can influence drug metabolism. Charcoal-
broiled foods, cruciferous vegetables, and cigarette smoke, for instance, can induce CYP450
enzymes, thereby increasing drug clearance. Conversely, chemicals such as grapefruit juice

inhibit CYP3 A4, resulting in elevated plasma levels of some drugs and toxicity.
o Diseases

Certain pathological states—specifically those of the liver—Ilike cirrhosis, hepatitis, or cancer
of the liver can severely disable metabolic enzyme function. Similarly, conditions like
congestive heart failure can diminish hepatic perfusion, thus diminishing the liver's capacity to

metabolize drugs.
o Drug Interactions

Simultaneous co-administration of drugs can lead to competitive inhibition or induction of the
enzyme, thereby changing metabolism. For instance, drugs such as rifampin and phenobarbital
are strong enzyme inducers and decrease the effect of co-administered drugs by speeding up
their metabolism. Enzyme inhibitors like cimetidine increase plasma levels and risk of toxicity

by slowing down metabolism.

1.1.4. Elimination and Excretion

Elimination pertains to the removal from the body of active drug entities, either in their original

form or as metabolites formed due to biotransformation. It is an important stage in

12
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pharmacokinetics, wherein the action duration, steady-state concentration, and dosing
frequency to provide therapeutic concentrations of a drug are decided. Drug elimination
involves two primary processes: metabolism (biotransformation) and excretion. While
metabolism itself mainly alters lipophilic drugs into a more water-soluble product, excretion is

the terminal process that bodily eliminates the drug or by-products from the organism.

Effective elimination avoids drug accumulation and possible toxicity. Knowledge of
elimination pathways is important for the optimization of therapeutic regimens, particularly in

individuals with compromised liver or kidney function.
» Sites of Drug Excretion

Drugs and their metabolites are excreted through various routes, depending on their physical

and chemical properties:
o Renal (Kidney) Excretion

The kidneys are the major excretion route for many water-soluble drugs and metabolites. Renal
excretion is the most important elimination route for compounds with low lipid solubility and

little liver metabolism.
o Biliary (Liver) Excretion

The liver excretes drugs and metabolites—particularly conjugated, high molecular weight
compounds—into the bile, which is then secreted into the intestinal tract and eliminated via

feces.
o Pulmonary (Lung) Excretion

Volatile compounds and gases, such as anesthetic agents (e.g., isoflurane, nitrous oxide), are

excreted through the lungs via exhalation.
o Minor Routes

Other excretion routes are saliva, sweat, tears, breast milk, and skin. Quantitatively
insignificant, these routes can have toxicological significance, particularly for lactating infants

(e.g., drugs secreted in breast milk) [4].
> Renal Excretion: Mechanisms and Processes

Renal drug excretion involves three distinct processes within the nephron: glomerular filtration,

active tubular secretion, and tubular reabsorption.

13
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1. Glomerular Filtration

This is a passive process in the renal glomeruli where free drug molecules are filtered from the
plasma into the renal tubular lumen. Free drug molecules that are not bound to plasma proteins
and are of low molecular weight are freely filtered. Free drug molecules that are bound are left

in the plasma and are not eliminated through this process.
2. Active Tubular Secretion

This mechanism occurs mostly in the proximal tubules and is energy-dependent transport of
drug molecules from blood into tubular fluid. It is carrier protein-mediated that is specific for
acidic (e.g., penicillin) or basic (e.g., morphine) drugs. Due to this specificity, drug-drug
interactions can result when two drugs share the same transporter. One such classic example is

probenecid, which inhibits penicillin secretion and hence increases its plasma half-life.
3. Tubular Reabsorption

After filtration and secretion, drug molecules can be passively reabsorbed in the distal
convoluted tubule. This is especially relevant for lipid-soluble, non-ionized drugs, which can
diffuse back through the tubular membrane into systemic circulation. The degree of
reabsorption is influenced by the drug's lipophilicity, ionization degree, and urine pH.

Therapeutic manipulation of urine pH can be employed to increase drug excretion:

o Alkalinization of urine (e.g., with sodium bicarbonate) enhances the excretion of weak

acids such as salicylates.

e Acidification of urine (e.g., with ammonium chloride) enhances the excretion of weak

bases like amphetamines.
» Biliary and Fecal Excretion

Within the liver, Phase II conjugated metabolites—most notably glucuronides—can be
transported actively into the bile by means of specific hepatic transporters. The conjugated

metabolites are secreted into the small intestine and then excreted in feces.

Bile-excreted drugs or metabolites, in certain instances, can be enterohepatically recirculated,
in which the drug is reabsorbed back into the blood from the intestine, thus increasing the half-
life and duration of action of the drug. A classic instance of this is oral contraceptives, where

biliary excretion and reabsorption regulate hormone levels.

14
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» Clinical Relevance of Drug Excretion

Knowledge of the mechanisms of drug elimination is imperative in clinical practice. In patients
with compromised renal or hepatic function, drug clearance tends to be decreased, and thus
drug build-up and a heightened potential for drug toxicity. Hence, dose modification by renal
function tests (e.g., creatinine clearance or estimated glomerular filtration rate) or liver markers

of function is of the essence in safe drug treatment.

A key pharmacokinetic measure related to elimination is clearance (CL), or the volume of
plasma from which the drug is totally eliminated within a unit of time. It can be computed by

the equation:

L = Rate of Elimination
~ Plasma Drug Concentration

Clearance helps in determining the maintenance dose of drugs, ensuring that therapeutic levels

are sustained without reaching toxic concentrations.

1.1.5. Linear and Non-linear Pharmacokinetics

Pharmacokinetics is the explanation of how a drug is absorbed, distributed, metabolized, and
excreted by the body. Understanding how drug dosage is related to plasma concentration at
different times involves an important part of this investigation, which utilizes pharmacokinetic
principles to generate models. On the basis of how the elimination rate of drugs varies with
regard to drug plasma concentration, they are generally termed as linear (first-order) and non-

linear (zero-order or saturable) pharmacokinetics.

Appreciation of the difference between linear and non-linear pharmacokinetics is important for
proper dose calculation, therapeutic drug monitoring, and prevention of toxicity, particularly

in drugs with narrow therapeutic windows.
1) Linear Pharmacokinetics (First-Order Kinetics)
Definition

In linear pharmacokinetics, the rate of drug disappearance is proportional to its plasma
concentration. A constant fraction or percentage of the drug, independent of the dose given, is

eliminated per unit of time.

15
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Key Characteristics

o Proportional Dose-Concentration Relationship: If the dose is doubled, the plasma
concentration and exposure (as measured by the Area Under the Curve, or AUC) also

double.

o Constant Half-Life: The elimination half-life (t/2) remains unchanged across various

doses, making predictions about drug behavior straightforward.

o Constant Clearance: The drug’s clearance (CL) and volume of distribution (Vd)

remain stable across a range of doses.

e Predictable Accumulation: Steady-state concentrations are easy to predict with

regular dosing.
Examples
Common drugs that exhibit linear kinetics at therapeutic doses include:
e Aspirin (low doses)
e Theophylline
e Ampicillin
e Paracetamol (at therapeutic levels)

Clinical Relevance

Linear pharmacokinetics make it much easier to design dosing regimens, particularly in chronic
treatment where plasma concentrations need to be kept within a narrow therapeutic window.
Since the pharmacokinetic response is independent of dose, clinicians can readily anticipate

the effect of dose changes on drug levels, and titration becomes safer and more predictable.
2) Non-Linear Pharmacokinetics (Zero-Order or Saturable Kinetics)
Definition

In non-linear pharmacokinetics, the drug elimination rate is independent of the drug plasma
concentration and becomes constant. In this instance, a definite quantity of the drug is removed
per unit of time instead of a constant proportion [5]. This takes place when the metabolic

enzymes or transporters participating in absorption, metabolism, or excretion get saturated.

Causes of Non-Linearity

o Enzyme saturation in metabolism (e.g., liver enzymes like CYP450)

o Saturation of plasma protein binding
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o Limited capacity of transport proteins involved in active absorption or renal tubular

secretion
o Altered blood flow to elimination organs

Kev Characteristics

e Variable Half-Life: As enzyme or transporter saturation increases, the half-life of the

drug becomes dose-dependent, often increasing at higher doses.

o Disproportionate Increases in Plasma Concentration: Small increases in dose can

result in large, unpredictable increases in plasma levels, increasing the risk of toxicity.

e Non-Constant Clearance: Clearance becomes dose-dependent and decreases as

plasma concentration rises.

¢ Non-Proportional AUC: The area under the curve does not increase linearly with dose,

making pharmacokinetic predictions complex.
Examples
Drugs known for exhibiting non-linear pharmacokinetics include:
e Phenytoin: Enzyme saturation occurs at therapeutic doses.
o Ethanol: Metabolized by alcohol dehydrogenase, which becomes saturated quickly.

o Salicylates (e.g., aspirin): Show linear kinetics at low doses but shift to non-linear at

higher doses.

Clinical Relevance

In non-linear kinetics, dose modification needs to be done with care since minor adjustments
can result in disproportionately elevated drug levels, which may cause toxicity. These drugs
need therapeutic drug monitoring (TDM) and individualized dosing, particularly in patients

with compromised liver or renal function or when employing polypharmacy.

1.1.6. Compartment Models (One-compartment and multi-compartment)

In pharmacokinetics, compartment models are simplified mathematical representations
employed to explain and forecast the behavior of drugs in the body over time. Compartment
models offer a means of examining drug absorption, distribution, metabolism, and excretion
(ADME) by thinking of the body as one or more compartments connected together, each of

which represents a collection of tissues or organs with comparable kinetic characteristics.
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It should be noted that these compartments are not anatomical spaces but theoretical spaces
that act as if the drug concentration in them is constant. Compartmental models play a key role
in the prediction of plasma concentration—time profiles, estimation of pharmacokinetic
parameters like clearance, volume of distribution, and half-life, and dosing regimen design for

effective and safe therapy.
4 Purpose and Utility of Compartment Models

Compartment models are valuable tools in both clinical pharmacology and drug development.

Their primary purposes include:

e Analyzing plasma drug concentration versus time data obtained from pharmacokinetic

studies.

e Describing and quantifying drug behavior in the body, including absorption,

distribution, metabolism, and elimination.

e Calculating essential pharmacokinetic parameters such as clearance (CL), volume of

distribution (Vd), and half-life (t/2).

o Simulating dosing regimens under various clinical scenarios to optimize therapeutic

outcomes and minimize toxicity.

By giving insight into the time course of drug levels in the body, compartmental models
facilitate rational decision-making in dose adjustment, particularly in organ dysfunction, drug

interactions, or multiple dosing regimens.

4 Types of Compartment Models
1. One-Compartment Model

The one-compartment model is the most basic of pharmacokinetic models, where the body is
regarded as a single, homogeneous compartment. When the drug is administered (most
commonly intravenously), the drug is thought to distribute immediately and homogeneously

throughout the entire compartment, with elimination taking place from this same space [6].

This model is suitable for drugs that quickly equilibrate across the vascular and tissue spaces,
particularly those that are mostly confined to the vascular system or diffuse rapidly (e.g.,

aminoglycosides).

Mathematical Representation

For an intravenous bolus dose, the plasma concentration over time follows a mono-exponential

decline, described by the equation:
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C, = Coe Rt
Where:
e (Ct=plasma concentration at time t
e (CO0= initial plasma concentration
e k= first-order elimination rate constant

Applications

The one-compartment model is useful in clinical scenarios where rapid distribution is expected.

It is particularly effective in:
e IV bolus dose calculations

e Determining pharmacokinetic parameters like clearance (CL), half-life, and volume of

distribution
o Initial pharmacokinetic modeling in drug development
Limitations

Although it is simple, the model does not include slow penetration into deeper tissues or fat
spaces. It could oversimplify the pharmacokinetics of drugs that take time to equilibrate across

the body and make erroneous predictions for such drugs.
2. Two-Compartment Model

Definition and Structure

In the two-compartment model, the body is divided into two theoretical spaces:

e The central compartment, which includes plasma and highly perfused organs such as

the heart, lungs, liver, and kidneys.

e The peripheral compartment, comprising less perfused tissues like muscle and adipose

tissue, where drug distribution occurs more slowly.

Phases of Drug Disposition

Following intravenous administration, drug movement occurs in two distinct phases:

1. Distribution Phase (a-phase): Characterized by a rapid decline in plasma drug

concentration due to distribution from the central to the peripheral compartment.

2. Elimination Phase (B-phase): Represents a slower decline, reflecting drug elimination

from the central compartment after redistribution equilibrates.
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Mathematical and Graphical Representation

The plasma concentration-time curve in a two-compartment model follows a bi-exponential

decline:

C,=Ae *+ Be ?

Type equation here.
Where:
e A and B are intercepts of the two exponential phases
e o = distribution rate constant
e [} = elimination rate constant
Applications
This model is more appropriate for drugs that exhibit complex distribution kinetics, especially

those that penetrate deep or poorly perfused tissues. It is often used when the plasma

concentration—time profile shows a sharp initial drop followed by a slower terminal phase.
Limitations

The model is more difficult to calculate and necessitates non-linear regression or special
pharmacokinetic computer programs for exact calculations. Yet, it yields a closer simulation

of drug kinetics for most therapeutic drugs.
3. Multi-Compartment Models

Definition and Usage

Multi-compartment models are those with greater than two compartments and are utilized to
explain the pharmacokinetics of drugs having extensive and variable tissue distribution. Multi-
compartment models are tailored to scenarios when a two-compartment model still fails to fully
represent the behavior of the drug, typically owing to the presence of several tissue reservoirs
or long recirculation.

Application

Multi-compartment modeling is typically reserved for:

e Advanced pharmacokinetic simulations

e Research and development of drugs with highly complex ADME profiles
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o Studies requiring precise tissue distribution data for special populations (e.g., neonates,
critically ill patients)
Limitations
Because they are so complicated, these models need advanced computer software and non-
linear mixed-effects modeling methodologies (e.g., NONMEM, Phoenix WinNonlin). They

are not utilized frequently in the everyday clinical pharmacokinetics but are essential during

drug development.

1.1.7. Protein Binding and Its Significance

In systemic circulation, drugs have two forms: bound to plasma proteins and free (unbound).
After introduction into the circulation, most drugs reversibly associate with circulating plasma
proteins to form drug—protein complexes. Such binding has extremely significant effects on
the distribution, pharmacological effect, metabolism, and excretion of the drug. Because only
the unbound (free) part of a drug is pharmacologically active, capable of passing through
biological membranes, reacting with receptors, and being metabolized and eliminated, protein

binding is an important determinant of both pharmacokinetics and pharmacodynamics.

Protein binding is usually reversible and non-covalent, enabling the drug to function as a
dynamic reservoir. The equilibrium between bound and free drug maintains a constant
therapeutic effect. Changes in protein binding, however, caused by disease states, co-
administered drugs, or changed protein levels, can have a major impact on drug action,

efficacy, and toxicity.

% Major Plasma Proteins Involved in Drug Binding

a) Albumin

Albumin is the most prevalent plasma protein, accounting for approximately 60% of total
plasma protein mass. It has a dominant role in the binding of acidic drugs, e.g., warfarin,
phenytoin, and salicylates. Albumin also binds some neutral and weak bases. The large binding
capacity of albumin for acidic compounds influences their volume of distribution and half-life,
and displacement of bound drug from albumin by other drugs may cause toxicity from elevated

free drug concentrations.
b) al-Acid Glycoprotein (AAG)

AAG is a spherical glycoprotein that binds mainly to basic drugs like propranolol, lidocaine,

and imipramine. It is an acute-phase reactant since its concentration rises during stress,
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inflammation, trauma, infection, and cancer. Therefore, in states of acute or chronic disease,
AAG concentration may increase and affect the binding and distribution of basic drugs, at times

requiring dosing adjustments.
¢) Lipoproteins and Globulins

Globulins and lipoproteins help in the binding of steroids, hormones, immunoglobulin-related
agents, and lipophilic drugs. Though they are less prominent than albumin and AAG, they

become important when albumin concentration is low or when drugs are highly lipid-soluble.
4+ Types of Protein Binding
Protein binding can be categorized based on its reversibility:

o Reversible Binding is the most prevalent form and includes non-covalent forces,
including hydrogen bonds, electrostatic forces, and van der Waals interactions. This

means there can be dynamic equilibrium between bound and unbound drug.

o Irreversible Binding is quite uncommon and involves covalent binding of the drug to
the protein, typically leading to permanent inactivation or immunogenic response. Such
binding is typically with some drugs or reactive metabolites that structurally modify

proteins.
4 Extent of Protein Binding

The extent to which a drug binds to plasma proteins varies and significantly affects its

pharmacological behavior. Drugs can be classified based on their protein-binding percentage:

o Highly protein-bound drugs: Bind to plasma proteins to an extent of more than 90%,
having less than 10% of the drug unbound. Examples are warfarin and diazepam. They
are characterized by low volumes of distribution, increased half-lives, and increased

drug—drug interaction potential.
e Moderately protein-bound drugs: Show binding between 30-90%.

e Low protein-bound drugs: Less than 30% of the drug binds to plasma proteins,

making them more readily available for action and elimination.

Bind to plasma proteins to an extent of more than 90%, having less than 10% of the drug
unbound. Examples are warfarin and diazepam. They are characterized by low volumes of

distribution, increased half-lives, and increased drug—drug interaction potential.
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4 Factors Influencing Protein Binding

1. Physicochemical Properties of the Drug

A drug's lipophilicity, molecular weight, polarity, and ionic charge have a great influence on
its capacity to bind to plasma proteins. Lipophilic and non-polar drugs tend to have greater

affinity for binding sites on albumin or lipoproteins.
2. Protein Concentration in Plasma

Diseases like liver disease, nephrotic syndrome, malnutrition, and severe burns lower plasma
proteins, particularly albumin, to reduce the amount of bound drug and increase the fraction of
free drug. This raises both efficacy and risk for toxicity, particularly for drugs with a high

protein binding since more of the drug becomes available to exert its action.
3. Drug Concentration and Saturability

At increased plasma levels, the plasma protein binding sites can become saturated, and the free
fraction of the drug increases. For example, phenytoin exhibits non-linear protein binding at

increased doses, necessitating close therapeutic monitoring [7].
4. Competition from Other Drugs

Drugs given at the same time might share the same protein binding sites and displace each
other. This can cause elevated free concentrations of the displaced drug and increase its
therapeutic effect or toxicity. An example is sulfonamides displacing warfarin and causing over

anticoagulation.
5. Pathophysiological Conditions
Various disease states affect protein binding:

o Acute illnesses, trauma, infection, or surgery can elevate AAG levels, which alters the

binding of basic drugs.

o Hypoalbuminemia, commonly seen in chronic liver disease or malnutrition, can lead to
decreased binding of acidic drugs, raising the free drug fraction and increasing

pharmacological effects or toxicity.

1.2. PHARMACODYNAMICS

Pharmacodynamics refers to the investigation of the biochemical and physiological actions of
drugs and the mechanism by which they exert these actions in the body. Pharmacodynamics is

concerned with the interaction of drugs with components of the cell, particularly receptors, to
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trigger a sequence of events that culminates in a therapeutic effect. This area also investigates

the correlation between drug concentration and effect and serves to establish key parameters

like potency, efficacy, therapeutic index [8], and dose-response relationships. A sound

knowledge of pharmacodynamics is critical for rationalizing drug therapy, reducing adverse

effects, and designing new and safer therapeutic compounds.
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The drug action mechanism is the specific biochemical interaction by which a drug substance

exerts its pharmacologic effect. It usually entails binding to a specific target molecule in the

body—a receptor, enzyme, ion channel, or transporter—resulting in a cascade of physiological

events. Knowledge of how drugs work at the molecular level is essential to pharmacology and

essential to the design of safe and effective therapeutic agents.
%+ Primary Mechanisms of Drug Action
Drugs act through several well-defined mechanisms, including:

1. Interaction with Receptors

One of the most prevalent mechanisms through which drugs act is by binding to receptors,

which are protein molecules with specialized functions found on the cell membrane or within

the intracellular milieu. Receptor-binding drugs, also called ligands, either activate or inhibit a

physiological reaction by binding to a receptor. When a drug binds to a receptor and causes a
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response, it is referred to as an agonist. Agonists simulate the effect of endogenous ligands,
including hormones or neurotransmitters. Antagonists, on the other hand, are drugs that bind
to receptors but do not activate them, effectively inhibiting the binding or action of the natural
ligands. A third class, inverse agonists, occupies receptors that have constitutive (basal) activity
and suppresses this activity to below the baseline, literally creating the opposite effect of an

agonist.

For example, adrenaline is an agonist at 3-adrenergic receptors, which increase cardiac output
during stress or emergency. On the other hand, propranolol, a B-blocker, is an antagonist at the
same receptors, thus decreasing heart rate and blood pressure in hypertensive patients. Such
receptor-based drug interaction is the principle of most pharmacological treatments of

cardiovascular, neurological, and endocrine diseases.
2. Inhibition or Activation of Enzymes

Most drugs act by modulating enzymes, the biological catalysts that catalyze critical
biochemical reactions. Drug-enzyme interactions usually involve inhibition or, less frequently,
activation of enzymic activity. Enzyme inhibitors function by diminishing the catalytic activity
of enzymes, slowing down or preventing particular metabolic processes. Inhibitors can be
reversible, which temporarily bind to the enzyme through non-covalent, transient bonds, or

irreversible, which bind covalently and inactivate the enzyme permanently.

An illustration of irreversible enzyme inhibition is the aspirin that irreversibly inhibits
cyclooxygenase (COX) enzymes with a consequent decrease in synthesis of prostaglandins that
are inflammatory and pain mediators. Neostigmine is another illustration where neostigmine is
an acetylcholinesterase reversible inhibitor preventing the hydrolysis of acetylcholine in the
synaptic cleft to increase cholinergic transmission during myasthenia gravis. Whereas enzyme
inhibitors are common, enzyme activators are less frequent and typically mean amplifying the

catalytic activity of underactive enzymes in specific metabolic disorders.
3. Modulation of Ion Channels

A second primary mechanism of drug action is the modulation of ion channels, which are
protein structures that are embedded in cell membranes and control the flow of ions such as
sodium (Na®), potassium (K*), calcium (Ca?"), and chloride (CIl"). Through changing the
movement of these ions, drugs influence numerous physiological processes including nerve

transmission of signals, muscle contraction, and cardiac rhythm. Drugs can block ion channels,
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inhibiting the flow of particular ions, or they can favorably affect channel opening, stimulating

the movement of ions across membranes.

For instance, lidocaine is a local anesthetic that acts by occluding voltage-gated sodium
channels in neurons, thus hindering the production and transmission of nerve impulses. In
contrast, verapamil, which is a calcium channel blocker, blocks L-type calcium channels in
cardiac muscle and smooth muscles, decreasing myocardial contractility and decreasing blood
pressure. lon channel modulators find extensive application in the therapy of arrhythmias,

hypertension, epilepsy, and pain [9].
4. Inhibition of Transport Systems (Carrier Proteins)

A few drugs exert their action by affecting transporter proteins, which are part of the transport
of ions and molecules through cell membranes. These transporters are important in the
reabsorption, secretion, and uptake of different physiological substances. Through the
inhibition of these transport systems, drugs are able to modify the level of endogenous

compounds in a particular site and thus create a pharmacologic effect.

An example is fluoxetine, a selective serotonin reuptake inhibitor (SSRI), that functions by
blocking the serotonin transporter responsible for the reuptake of serotonin into presynaptic
neurons. This causes the accumulation of serotonin in the synaptic cleft, thus increasing
neurotransmission and mood elevation in depressive disorders. In the same manner, digoxin's
therapeutic action is through inhibiting the Na”/K*-ATPase pump in cardiac muscle cells,
which raises intracellular calcium levels and augments myocardial contraction, and hence is

useful in the treatment of heart failure.
5. Nonspecific Physical or Chemical Interactions

All drugs do not need to interact with particular biological macromolecules to produce their
action. Some exert action through non-specific physical or chemical means, which are not
associated with receptor binding or enzyme inhibition. These actions are usually confined to

the physicochemical properties of the drug, including pH, osmolality, or adsorptive potential.

Antacids, for instance, are basic simple compounds that neutralize gastric acid through a direct
chemical reaction, thus alleviating hyperacidity symptoms. Mannitol, an osmotic diuretic,
raises the osmolarity of tubular fluid in the kidney, pulling water into renal tubules and
increasing urine output—helpful in lowering intracranial or intraocular pressure. Activated
charcoal also acts by adsorbing toxins in the gastrointestinal tract and inhibiting their systemic

absorption during poisoning episodes. These agents demonstrate how physical and chemical
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properties by themselves can dictate therapeutic effects without the necessity of intricate

biological interactions.
6. Prodrug Activation

Certain drugs are given in a less active or inactive state, referred to as prodrugs, which have to
be biochemically converted within the body to become active pharmacologically. This
approach is usually employed to increase absorption, enhance bioavailability, or be tissue-
specific. Prodrugs are usually metabolized by liver enzymes or plasma esterases into their

active metabolites after they enter the body [10].

For example, enalapril, employed in the treatment of hypertension, is a prodrug that is
metabolized in the liver to enalaprilat, the active form that acts as an inhibitor of the
angiotensin-converting enzyme (ACE). Codeine is another example, which is metabolized in
the liver to morphine, the active compound that is responsible for its analgesic action. Prodrug
design is an important area in drug development, enabling better control over drug solubility,

permeability, and target specificity.

1.2.2. Drug—Receptor Interactions

Drug-receptor interaction is the first and foremost event in the pharmacological action of most
therapeutic drugs. A receptor is a particular biological macromolecule, most often a protein,
which is situated either on the cell membrane or inside cells. It binds preferentially to a drug
molecule, or ligand. The binding of a drug to its receptor triggers a cascade of intracellular
signaling cascades that finally culminate in physiological and therapeutic effects. It regulates a
drug's affinity (its binding strength to the receptor), efficacy (its capacity to generate a

response), and selectivity (its capacity to act on specific receptors versus others).

Knowledge of drug-receptor interaction constitutes the basis for understanding drug potency,
therapeutic action, side effects, tolerance, and drug resistance. It also forms the basis for

developing new drugs, designing proper dosing schedules, as well as individualized therapy.
4 Types of Receptor Binding

The interaction between drugs and receptors can occur through two principal mechanisms:

reversible binding and irreversible binding.
v Reversible Binding

Reversible binding is the most prevalent type of drug-receptor interaction. In this, the drug

attaches to the receptor via non-covalent forces, such as hydrogen bonds, ionic bonds, van der
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Waals forces, and hydrophobic bonds. These bonds are generally weak, enabling the drug to
bind and release from the receptor constantly and dynamically in a state of equilibrium. This
enables the body to control the impact of the drug more adaptably, responding to drug

concentration changes and physiological status.
v" Irreversible Binding

On the other hand, irreversible binding is the formation of covalent bonds between the drug
and the receptor. This leads to a permanent inactivation of the receptor site, and the
pharmacological effect lasts until the receptor is degraded and replaced by normal cellular
turnover. Irreversible binding is less frequent and usually with prolonged or toxic effects.
Examples are drugs such as aspirin, which irreversibly inhibits cyclooxygenase (COX)

enzymes, and phenoxybenzamine, an irreversible a-adrenergic antagonist [11].
4 Key Concepts in Drug—Receptor Interactions

Several quantitative and qualitative parameters are used to characterize drug-receptor

interactions, each influencing therapeutic outcomes:

o Affinity
Affinity is the measure of how strongly a drug interacts with a receptor. Affinity is the degree
to which a drug binds and fits into the active site of the receptor. Strong-affinity drugs have

low concentrations that are needed to occupy the receptor significantly and are more potent

overall.
e Efficacy

Efficacy refers to the capacity of the drug—receptor complex to trigger a biological response. It
separates drugs that can stimulate receptors (agonists) from those that cannot (antagonists). A
drug can bind tightly (high affinity) but with low efficacy if it does not cause receptor

activation.
e Dissociation Constant (Kd)

The dissociation constant (Kd) is a measure of affinity quantitatively. It is the concentration of
drug that occupies 50% of receptors. The lower the Kd value, the greater the affinity, i.e., less

drug is required to bind to receptors and produce a response.
e Residence Time

Residence time is the time a drug stays bound to its receptor before it dissociates. The drugs

with greater residence times will have longer pharmacological effects even when their plasma
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levels drop. But too prolonged residence time will also cause long-lasting toxicity or side

effects [12].
4 Signal Transduction Mechanisms

When a drug binds to its receptor, the receptor changes its conformation, which results in the
activation of intracellular signaling pathways. This phenomenon is referred to as signal

transduction, and it converts the extracellular binding event into a particular cellular response.
Common signaling mechanisms include:

e Activation of G-protein coupled receptors (GPCRs) that regulate secondary messengers

like cyclic AMP (cAMP) and inositol triphosphate (IPs)
e Opening or closing of ion channels
o Activation of enzyme-linked receptors such as tyrosine kinases
e Modulation of gene transcription via intracellular nuclear receptors

These pathways ultimately influence cellular processes like gene expression, enzyme activity,

ion flow, or neurotransmitter release, producing the pharmacological effect of the drug.
4 Clinical Significance

An understanding of drug—receptor interactions is essential in both clinical pharmacology and

drug development. These interactions influence key aspects of pharmacotherapy, including:

e Onset and duration of action: Drugs with higher affinity and longer residence time

often act more quickly and for longer periods.

e Tolerance and dependence: Chronic exposure to agonists or antagonists can lead to
receptor desensitization, downregulation, or upregulation, altering drug response

over time.

e Drug resistance: Changes in receptor structure or expression (e.g., in cancer or

infections) can render drugs ineffective.

o Population-specific dosing: Age, disease states, genetic variations, and comorbid
conditions can alter receptor density and function, requiring personalized dosage

adjustments.

In addition, selectivity in receptor binding minimizes off-target effects and improves safety

profiles, making receptor interaction studies a cornerstone of rational drug design.
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1.2.3. Dose—Response Relationships

The dose—response relationship is one of the central concepts in pharmacology, stating how the
effect's intensity or likelihood varies as the dose is increased. With this relationship, clinicians
and scientists can calculate drugs' potency (the amount of drug required to produce an effect),
efficacy (the maximum effect a drug is capable of), and safety margin. By analyzing the manner
in which drugs act upon individuals (graded responses) and groups (quantal responses),
pharmacologists are able to derive peak dosing regimens, anticipate therapeutic results, and

assess risk of adverse effects or toxicity [13].
4 Graded Dose—Response Relationships

Graded dose-response relationships quantify the size of response elicited by various doses of
a drug in one subject or biological system. The response is quantitative and continuous, i.¢., it
can vary from no effect to a maximal effect. Such responses are usually graphed with the x-

axis as the log of the dose and the y-axis as the percentage of the maximal effect.
a. Emax (Maximum Effect)

Emax signifies the highest effect that a drug can achieve, with or without dose. This measure
indicates the drug's inherent efficacy and allows distinguishing between full agonists (which
achieve 100% effect) and partial agonists (which exert submaximal effects even when

occupying all receptor sites).

Example: Morphine has a higher Emax than codeine for pain relief, making it more efficacious

even if both act on the same receptors.

b. ECs (Half-Maximal Effective Concentration)
ECso is the concentration of the drug where 50% of the maximum effect is seen. It is a measure
of potency—lower ECso, more potent the drug. Potency is particularly helpful in comparing
drugs with the same mechanism of action.

Example: Fentanyl has a lower ECso than morphine, meaning it is more potent (requires a

smaller dose to achieve the same level of pain relief).
c. Slope of the Curve

The slope indicates the degree to which the response rises with dose. A steep slope indicates
that small dose changes can cause large effect changes—helpful in emergencies but risky
because of narrow therapeutic windows. A shallow slope has a wider safety margin and permits

more flexible dosing.
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d. Shape and Significance

The typical graded dose—response curve is sigmoidal (S-shaped) on a semi-logarithmic scale.

It illustrates that:
e Low doses produce minimal effects.
e Moderate doses produce rapidly increasing effects.

o High doses reach a plateau (Emax) where additional dose increases produce no further

effect.
This visualization assists in dose titration and optimizing the therapeutic window.
% Quantal Dose-Response Relationships

Quantal dose-response curves examine dichotomous (yes/no) responses across a population, as
opposed to continuous responses in an individual. Instead of "how much" response is

generated, quantal analysis queries "how many" respond at each dose [14].
o EDso (Median Effective Dose)

ED:so is the dose at which 50% of the population will have the desired therapeutic effect. It is
employed to contrast drugs and learn about the range over which a drug will be effective in the

majority of patients.
o TDso (Median Toxic Dose)

TDso represents the dose that produces a toxic effect in 50% of individuals. This measurement

is important for evaluating side effects, particularly in drugs with narrow therapeutic margins.

Example: Chemotherapy drugs often have EDso and TDso values that are close together,

requiring careful monitoring.
o LDso (Median Lethal Dose)

LDso is the dose that results in death in 50% of test animals. It is used in preclinical studies to

assess drug lethality, but is rarely used in humans for ethical reasons.
o Cumulative Frequency Curves

Quantal responses are graphed as cumulative frequency curves, which produce a sigmoid curve
where every point is the percentage of the population responding at or below a given dose. It

is easy to compare visually efficacy, toxicity, and lethality profiles.
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4 Clinical Relevance of Dose—Response Relationships

Optimal Dose and Frequency

Understanding the dose-response relationship enables physicians to identify the minimum
effective dose, avoid subtherapeutic dosing, and prevent overdose or toxicity. It helps in

determining:
e Loading and maintenance doses
o Dosing intervals
o Steady-state plasma levels

Drug Comparison (Potency vs. Efficacy)

o Potency comparison is based on ECso values.

o Efficacy comparison is based on Emax values. A drug can be more potent but less
efficacious, or vice versa. Thus, both parameters are essential when choosing between

drugs.

Therapeutic Index (TT)

The therapeutic index is a measure of a drug’s safety margin and is calculated as:

TDsyorLDgy

Threapeutic Index (TI) = D
50

e Wide TI: Indicates a safer drug, where the toxic dose is far above the effective dose

(e.g., penicillin).

o Narrow TI: Indicates a higher risk for toxicity, requiring precise dosing and monitoring

(e.g., digoxin, lithium).

Individual Variability and Personalized Therapyv

Patients vary in their sensitivity to drugs due to genetic polymorphisms, age, organ function,

disease states, and other medications [15]. Dose-response analysis helps in:
o Predicting responders vs. non-responders
e Adjusting doses in renal/hepatic dysfunction

e Monitoring in special populations (e.g., pediatrics, geriatrics)
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1.2.4. Receptor Families: Structural and Functional

Receptors are specific macromolecular targets—most commonly proteins—by which drugs,
hormones, and neurotransmitters exert their biological effects. The receptors are structurally
and functionally heterogeneous and are commonly distinguished according to their location,

structural characteristics, and the mechanism by which they couple the signal into the cell [16].

There are unique response times, mode of activation, and intracellular signaling pathways for
each receptor family [17]. Knowing the different types of receptors is important for
appreciating the ways in which different drugs act, how long it takes for their effects to occur,

and how drugs can be selectively created to act on particular receptor systems.
4 Classification of Receptors

Receptors can be broadly categorized into four main families, based on their structural

characteristics and the functional mechanisms they employ to generate a response.
a) Ligand-Gated Ion Channels (Ionotropic Receptors)

Ligand-gated ion channels are transmembrane proteins that function as ion-selective pores that
open upon the occupation of a specific ligand. They permit rapid influx or efflux of ions like
Na*, K*, Ca**, or Cl upon activation, resulting in instantaneous changes in membrane potential

and cell excitability.
e Response Time: Very fast, typically in milliseconds.
e Mechanism: Direct control of ion flow upon ligand binding.
o Examples:

o GABA-A receptors: When activated by GABA, they open CI~ channels,

causing neuronal inhibition.

o Nicotinic acetylcholine receptors: Located at neuromuscular junctions;

mediate muscle contraction by allowing Na* entry when acetylcholine binds.

These receptors play key roles in neurotransmission, especially in the central and peripheral

nervous systems.
b) G-Protein-Coupled Receptors (GPCRs or Metabotropic Receptors)

GPCRs are the most abundant and heterogeneous family of membrane receptors. They cross

the membrane seven times and convey signals by activating G-proteins, which in turn affect
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second messengers such as cyclic AMP (cAMP), inositol trisphosphate (IPs), or diacylglycerol
(DAG).

o Response Time: Moderate, typically in seconds.

e Mechanism: Ligand binding activates a G-protein — triggers intracellular signaling

cascades.
o Examples:

o [P-adrenergic receptors: Activated by epinephrine/norepinephrine to increase

heart rate and bronchodilation.

o Dopamine receptors: Involved in mood regulation, motor control, and

endocrine function.

GPCRs mediate a wide array of physiological responses and are targets for a significant

percentage of clinically used drugs.
¢) Enzyme-Linked Receptors (Kinase-Linked Receptors)

These receptors are single-pass transmembrane proteins with intracellular enzymatic activity—
frequently tyrosine kinase activity—that is activated on ligand binding. Ligand binding leads
to receptor dimerization and autophosphorylation [18], initiating phosphorylation cascades

within the cell.
¢ Response Time: Slower, typically minutes.

e Mechanism: Activation of enzymatic function (e.g., tyrosine kinase) initiates

phosphorylation of intracellular targets.
o Examples:
o Insulin receptor: Stimulates glucose uptake and metabolism.

o Epidermal Growth Factor (EGF) receptor: Regulates cell growth and

differentiation.

These receptors are especially relevant in metabolic regulation, immune responses, and cell

proliferation, making them key targets in conditions like diabetes and cancer.
d) Intracellular (Nuclear) Receptors

Intracellular receptors are found within the cytoplasm or nucleus and respond to lipophilic (fat-
soluble) ligands that are capable of diffusing across the cell membrane. After being activated,

intracellular receptors bind directly to DNA and affect gene transcription and protein synthesis.
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o Response Time: Slow, often hours to days.

e Mechanism: Ligand-receptor complex acts as a transcription factor that alters gene

expression.
o Examples:
o Steroid hormone receptors: Such as glucocorticoid and estrogen receptors.
o Thyroid hormone receptors: Regulate metabolic rate and development.

Because of the genomic nature of their effects, drugs acting on these receptors often have long-
lasting physiological consequences, useful in chronic inflammatory diseases, hormonal

therapies, and cancers.
4 Functional Characteristics of Receptor Families

Every family of receptors exhibits distinct functional properties that determine its place in
pharmacology and how drugs are constructed to engage with it. These determine the modes
through which signals are transferred, the rates at which responses happen, where the receptors
are found in the cell, and the chemical nature of the ligands through which they can be
activated. It is necessary to have a good grasp of these properties in order to create desired

therapeutic responses and minimal side effects through drug development.
— Mechanism of Signal Transduction

The mode of signal transduction differs greatly between receptor families. lonotropic receptors,
also referred to as ligand-gated ion channels, work through direct regulation of ions moving
through cell membranes in response to binding by the ligand. The instantaneous alteration of
membrane potential may change cell excitability and initiate rapid physiological responses,

including synaptic transmission in neurons.

G-protein-coupled receptors (GPCRs) employ a more indirect method of signaling. When
activated by a ligand, the receptor stimulates an intracellular G-protein, which in turn adjusts
the generation of second messengers like cyclic AMP (cAMP), inositol trisphosphate (IPs), or
diacylglycerol (DAG). These second messengers direct a variety of intracellular consequences

like enzyme activation, ion channel control, and gene expression [19].

Enzyme-linked receptors, especially tyrosine kinase-linked receptors, become enzymatically
active when bound to a ligand. The receptors tend to auto phosphorylate themselves and
phosphorylate downstream signaling proteins, which triggers several signaling cascades

responsible for cell growth, differentiation, metabolism, and immune responses.
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Conversely, intracellular receptors function at the genomic level. When they bind to lipophilic
ligands like steroid or thyroid hormones, they function as transcription factors and bind to DNA
sequences to modify gene expression. This process is slower but produces long-term

physiological changes, especially in growth, development, and homeostasis.
— Speed of Response

The rate at which various receptors induce a response is an important functional characteristic
that influences their pharmacological uses. Ligand-gated ion channels yield the quickest
response, typically within milliseconds, as a result of their direct influence on ion movement.

These are essential for fast processes like muscle contraction and neurotransmission.

GPCRs react within seconds since their signaling is coupled with the activation of G-proteins
followed by second messengers. Though slower than ionotropic receptors, they are fast enough
to respond acutely as in smooth muscle relaxation, modulation of heart rate, and hormone

release.

Enzyme-linked receptors function at the minute level since their mechanism entails protein
phosphorylation and signal amplification by several intracellular intermediates. Such receptors
tend to bring about more prolonged physiological alterations, e.g., in insulin action or cytokine
signaling.

Intracellular receptors, relying on the process of transcription and translation, are the slowest
to start, with a timeframe of hours to days. Nonetheless, their duration of action is long and

essential for developmental control, immune responses, and endocrine functions [20].
— Cellular Location

The intracellular location of receptors determines the kinds of ligands they can bind to and the
character of their actions. Ligand-gated ion channels, GPCRs, and enzyme-linked receptors are
all inserted into the cell membrane and thus are available to hydrophilic ligands that cannot
pass through the lipid bilayer. These membrane-bound receptors are exposed to extracellular

signals and convey quick responses to alterations in the outside environment.

Conversely, intracellular receptors are found inside the cytoplasm or nucleus and are only
accessible to lipophilic ligands that can easily diffuse across the cell membrane. These ligands,
including steroid hormones and vitamin D, bind their receptors within the cell, where they
affect gene transcription and cellular differentiation. The site of the receptor thus profoundly

affects the absorption, distribution, and target specificity of the drug aimed at it.
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— Type of Ligand

The chemical character of the ligand—hydrophilic or lipophilic—dictates which types of
receptors it can reach and activate. Hydrophilic ligands, like neurotransmitters and peptide
hormones, cannot penetrate the cell membrane because they are polar and large. Consequently,
they act mostly on membrane-bound receptors, such as GPCRs, ligand-gated ion channels, and
enzyme-linked receptors. These receptors are located in a strategic position to sense

extracellular signals and quickly translate them into intracellular responses.

By contrast, lipophilic ligands such as glucocorticoids, thyroid hormones, and retinoids can
easily diffuse across the lipid bilayer of the cell membrane. They bind to intracellular (nuclear)
receptors, which elicit a genomic response by controlling the transcription of certain target
genes. These responses are generally slower but more prolonged and extensive, influencing

cellular processes like metabolism, immune regulation, and developmental growth.

1.2.5. Agonists, Antagonists, and Inverse Agonists

Drugs are able to act upon the body by binding to receptors, and, depending on what kind of
interaction this interaction is and the subsequent cellular effect, they can be categorized as
agonists, antagonists, inverse agonists, or agonist-antagonists (mixed-action agents). These
categories assist us in recognizing how drugs mimic, block, or reverse physiologic responses.
Each has specific therapeutic uses, and the choice of the appropriate one is essential in clinical

practice to obtain the desired pharmacological effect with minimal adverse consequences.
4+ Agonists

Agonists are drug agents that act by binding to a specific receptor and activating it, thus
triggering a physiological response. Agonists reproduce the action of endogenous ligands like
hormones, neurotransmitters, or peptides and play a critical role in restoring or modulating

normal physiological function when endogenous signaling is deficient or compromised.
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Figure 3: Agonists
The effectiveness of an agonist depends on two fundamental properties:
1. Affinity — the ability of the drug to bind to the receptor.
2. Intrinsic efficacy — the ability to produce a maximal biological response once bound.

Agonists differ in the magnitude of the response they generate, and based on this, they are

classified into three main categories: full agonists, partial agonists, and allosteric agonists.
1. Full Agonists

Full agonists are drugs that engage receptors and bring about the strongest possible response
available to the system. They are highly intrinsic effacacious and, once engaged, completely

stimulate the receptor for a full biological effect.

These medications are commonly employed when maximal stimulation of the receptor is
desired, for example, in instances of severe deficiency or a vigorous pharmacologic response

is desired.

Example:

Isoproterenol, which is a synthetic catecholamine, is a full B-adrenergic receptor agonist. It
raises heart rate and contractility, producing similar effects to those of adrenaline, and is

applied in emergencies such as heart block or bradycardia.
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Full agonists are beneficial in acute care environments and can result in rapid and powerful
therapeutic effects, although they can also pose a greater risk of side effects if there is

overstimulation.
2. Partial Agonists

Partial agonists also bind to the same receptors as full agonists but only bring about a
submaximal response even when they occupy all receptors. This is due to lower intrinsic
efficacy. Partial agonists in certain situations can be functional antagonists when given in the

presence of a full agonist by competing with the receptor and diminishing the overall effect.

This special property is useful for partial agonists in situations where a biological response

must be modulated, minimizing the risk of excessive stimulation.

Example:

Buprenorphine acts as a partial agonist at the p-opioid receptor. It produces effective analgesia
but there is a ceiling to its respiratory depression, rendering it safer in opioid addiction

treatment than full agonists such as morphine.

Partial agonists are especially useful in chronic treatment, where prolonged and controlled

receptor activation is desirable compared to quick or strong stimulation.
3. Allosteric Agonists

Allosteric agonists occupy receptors at sites remote from the active (orthosteric) site of binding.
Such sites are referred to as allosteric sites, and when they are occupied, allosteric agonists
increase the receptor's activity toward the endogenous ligand or primary agonist. Allosteric
agonists increase the affinity or efficacy of the receptor for ligand, lengthen channel opening,

or expand the downstream signal.

In contrast to partial or full agonists, allosteric agonists tend to need the endogenous ligand to

be present in order to be effective and are not able to activate the receptor directly on their own.

Example:
Benzodiazepines such as diazepam are allosteric enhancers of the GABA-A receptor. They

increase the inhibitory activity of GABA (the brain's main inhibitory neurotransmitter) by
enhancing the opening of the chloride channel more frequently, thus producing sedation,

anxiolysis, and muscle relaxation.
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Allosteric agonists are valued for their selectivity and safety, since they enable the fine-tuning
of physiological responses without overstimulation, and they are desirable targets in

neuropharmacology and psychopharmacology.
% Antagonists

Antagonists are pharmacologic agents that occupy receptors but fail to activate them. Contrary
to agonists, which on binding cause a cellular effect, antagonists merely occupy the receptor
and block the action of endogenous ligands or agonist drugs given. This block leads to a failure
of receptor activation, essentially suppressing the biological response that otherwise would

have been evoked by an agonist.

One of the distinguishing features of antagonists is that they have receptor affinity, that is, they
can bind to the receptor, but do not have intrinsic efficacy, i.e., they don't induce any effect
themselves. Antagonists are very useful in clinical medicine because they enable
pharmacologists and clinicians to suppress overactive physiological processes, to reverse

toxicity effects, or to regulate receptor signalling in a controlled manner.

Antagonists can be divided according to their mode of binding and interaction with receptors.
The main categories are competitive antagonists, non-competitive antagonists, and irreversible

antagonists.
1. Competitive Antagonists

Competitive antagonists occupy the identical active (orthosteric) site on the receptor as the
agonist, but in a reversible manner. Since both the agonist and antagonist compete for an
identical binding site, the action of a competitive antagonist can be reversed by increasing the
agonist concentration. This implies that maximal response (Emax) is still attainable, but at

increased doses of agonist.

Competitive antagonists are applied in the clinical environment when one needs temporary and
modifiable receptor blockade. They are reversible and thus appropriate for short duration use,

dose adjustment, and urgent intervention.

Example:

Naloxone is a competitive p-opioid receptor antagonist. In opioid overdose, it is employed to
quickly reverse opioid-induced effects such as those of morphine or heroin by restoring

respiration through displacement of the agonist from the receptor.
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2. Non-competitive Antagonists

Non-competitive antagonists bind to a receptor in a way that is not overcome by increasing the

concentration of the agonist. This can happen in two ways:
o They bind irreversibly to the active site, forming a covalent bond.

o They bind to an allosteric site—a site different from where the agonist binds—which
induces a conformational change in the receptor, rendering it less responsive or

unresponsive to the agonist.

In either event, non-competitive antagonists cause a reduction in the maximal effect (Emax)
that may be obtained by the agonist even if all accessible agonist receptors are saturated. They
are particularly valuable in chronic states, where long-term inhibition of receptor activity is

desired.

Example:

Ketamine, a non-competitive blocker of the NMDA (glutamate) receptor, utilized as an
anesthetic and anti-depressant. It reduces excitatory neurotransmission within the brain by

altering receptor function in a fashion not reversible with enhancement of glutamate levels.
3. Irreversible Antagonists

Irreversible antagonists bind to the active site of the receptor and create a covalent link,
permanently inactivating the receptor. The blockade caused by irreversible antagonists cannot
be overcome by increasing agonist concentration, unlike competitive antagonists. The effects

last until new receptors are produced by the cell, taking hours or days.

Because of their prolonged action, irreversible antagonists are employed with care, especially
in diseases where the receptor function has to be inhibited for a prolonged period. Incorrect use

or overdosing can lead to an extended suppression of important physiological processes.

Example:

Phenoxybenzamine is a nonreversible a-adrenergic receptor antagonist. It is employed to treat
hypertension in patients with pheochromocytoma, a catecholamine-secreting tumor. The
nonreversible blockade maintains blood pressure despite elevated levels of circulating

adrenaline and noradrenaline.
4 Inverse Agonists

Inverse agonists are a distinct category of pharmacological compounds that, similar to agonists

and antagonists, interact with the same receptor site (most commonly the orthosteric site) but
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differ greatly in the nature of response they evoke. Whereas agonists stimulate receptors to
elicit a biological effect and antagonists inhibit receptor activity without evoking a response,
inverse agonists specifically inhibit receptor activity—namely, lowering the baseline or

constitutive activity of receptors.
1. Constitutive Receptor Activity

Certain receptors, including G-protein coupled receptors (GPCRs) and ion channels, have so-
called constitutive activity—a type of spontaneous activation of the receptor that happens even
in the presence of no ligand. These receptors are constitutively in an active conformation at

baseline, which generates basal levels of intracellular signaling.

Antagonists in these instances can close off further agonist stimulation without influencing the
basal activity of the receptor. Yet, inverse agonists occupy the same site as agonists but stabilize
the receptor's inactive state, thus lessening or silencing the basal activity. The outcome is a

negative or inverse response compared to an agonist.
2. Mechanism of Action
Inverse agonists work by:
o Binding to the same active site as endogenous agonists.
o Stabilizing the receptor in its inactive state.
o Suppressing spontaneous signaling that occurs in the absence of stimulation.

This ability to actively reduce activity below the basal level makes inverse agonists particularly

useful in diseases where overactive receptors play a role, even without ligand binding.

Key Difference:

e Agonist — Increases receptor activity.
e Antagonist — Blocks receptor without affecting baseline.

o Inverse agonist — Suppresses receptor activity below baseline.

1.2.6. Therapeutic Index and Drug Potency

When a drug is being administered, it is important that the benefits be greater than the hazards.
Such is where therapeutic index, potency, and efficacy are critical. These factors are used to
establish the amount of drug to administer so that the required therapeutic effect is attained

while the risk of side effects is kept to a minimum. They also determine the drug selection
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when there is more than one agent to treat a single condition and formulate the plan for dose

titration, safety surveillance, and tailoring of therapy.
1) Therapeutic Index (TT)

Therapeutic index (TI) is a quantitative measure of the safety margin of a drug, being the
ratio between doses that have toxic or lethal effects and doses that have therapeutic effects. It
is usually computed using the formula:

TDsy LDsq

TI =
EDey " EDq,

Where:

e EDso (Effective Dose 50%) is the dose at which 50% of a population experiences the

desired therapeutic effect.
e TDso (Toxic Dose 50%) is the dose that causes toxic effects in 50% of the population.

e LDso (Lethal Dose 50%) refers to the dose that causes death in 50% of the test animals

(used in preclinical studies).

A large therapeutic index indicates that the drug possesses a broad safety margin, i.e., there is
a wide gap between the effective dose and the toxic dose. On the other hand, a small therapeutic
index indicates that even minimal dose increments may lead to toxicity, necessitating cautious

dose titration and monitoring of the patient.

Example:

e Penicillin has a wide TI, allowing high doses to be administered with low risk of

toxicity—making it one of the safest antibiotics.

e Digoxin, warfarin, and lithium have therapeutic and toxic levels with narrow
differences between them. Such drugs must have regular therapeutic drug monitoring

(TDM) as in the case of elderly patients or patients with compromised organ function.

Clinically, TI informs the risk—benefit assessment of a drug and plays a central role in deciding
dosing strategies, particularly in patients with co-morbid conditions, polypharmacy, or

impaired drug metabolism.
2) Drug Potency

Potency is the quantity of a drug required to elicit a particular therapeutic effect. A drug is
deemed more potent when it is able to deliver the desired response at a smaller dose in

comparison to a different drug that has the same effect.
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Potency is generally measured by the ECso (Effective Concentration 50%), which is the drug
concentration required to produce 50% of its maximum effect. Potency does not signify greater

therapeutic action; it simply indicates the requirement of a certain dose to start a specific effect.

Example:

o Fentanyl is more potent than morphine because it requires a significantly smaller dose

to achieve equivalent pain relief.

e Losartan and candesartan are both angiotensin receptor blockers (ARBs), but

candesartan is considered more potent due to its lower ECso.

Understanding potency is crucial in dosing calculations, especially for high-alert medications,

where an error in small volumes can lead to severe toxicity.
3) Drug Efficacy

Efficacy, on the other hand, is the quantification of the maximal effect that a drug is able to
produce, independent of dose. It is denoted as Emax in dose-response research. Higher efficacy
of'a drug allows it to produce greater therapeutic effects, and thus it is more desirable in clinical

situations where symptom relief is total or full biological effect is desired.

Efficacy is generally more clinically important than potency since a less potent drug can be

very effective if it can deliver the desired therapeutic effect without toxicity.

Example:
e Morphine is more effective than codeine in pain relief. Codeine is very effective at low
doses, but it is not capable of providing the same degree of pain relief as morphine even

at high doses.

e Hydralazine is less effective than nifedipine in antihypertensive therapy, but both are
effective in reducing blood pressure. The clinical decision is more a function of efficacy

and patient response than pure potency.
4) Graphical Interpretation

Dose-response curves are used to visualize and compare the potency and efficacy of different
drugs. These curves plot the dose or log-dose on the x-axis and the response (effect) on the y-

axis.

o Potency is inferred by the horizontal position of the curve. A left-shifted curve indicates

higher potency—Iless drug is required to reach 50% of Emax.

44



DOI 10.5281/zenodo.15826880

https://doi.org/10.5281/zenodo.15826881

ADVANCED PHARMACOLOGY -1

Efficacy is seen in the height (Emax) of the curve. A taller curve represents a drug with

greater efficacy.

Graphical Example:

If Drug A’s curve is to the left of Drug B, Drug A is more potent.
If Drug A and Drug B reach the same height, they have equal efficacy.

If Drug A’s curve is higher than Drug B’s, then Drug A is more efficacious, even if less

potent.

This visual analysis aids in choosing the optimal agent in multi-drug classes like NSAIDs, beta-

blockers, or antidepressants.

5) Clinical Significance

The practical implications of TI, potency, and efficacy are immense in clinical pharmacology:

Drug Selection: When multiple agents are available for the same condition, efficacy

guides the primary choice, followed by potency and TI considerations.

Dosing Guidelines: Narrow TI drugs like phenytoin require slow titration, dose-

response assessment, and possibly plasma level monitoring.

Formulation Development: Potent drugs may be formulated in low-dose tablets or
transdermal patches, while highly efficacious drugs with poor bioavailability may

require modified-release systems.

Toxicology and Risk Management: TI is used to assess risk in overdose situations
and set safe upper dosing limits, especially in pediatrics, geriatrics, and patients with

renal/hepatic impairment.

Regulatory Decision-making: Drugs with low TI often require black-box warnings,

restricted use, or Risk Evaluation and Mitigation Strategies (REMS).

Understanding and applying these parameters helps clinicians tailor therapy to individual

patients, ensuring maximum therapeutic benefit while minimizing adverse effects.
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