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Understanding the molecular mechanism of action (MOA) of drug classes is fundamental to 

pharmacology, therapeutics, and drug development. This review provides a comprehensive 

overview of the molecular and cellular mechanisms by which major classes of drugs exert 

their effects. It explores how drugs interact with biological targets such as receptors, 

enzymes, ion channels, and transporters to modulate physiological processes and produce 

therapeutic outcomes. The keywords and Boolean operators used in the search included 

"mechanism of action" AND "drug classes", "pharmacodynamics" OR "MOA" AND 

"therapeutic agents", "antibiotics", "antivirals", "antifungals", "analgesics", 

"antidepressants", "antihypertensives", and "drug mechanism" AND "clinical 

pharmacology". Publications were within the years 2020 -2025. Key drug classes discussed 

include analgesics, antibiotics, antihypertensives, antidepressants, antineoplastics, and 

more, with emphasis on both classical mechanisms and emerging insights from recent 

research. The review also highlights the clinical relevance of MOA knowledge in guiding 

drug selection, predicting therapeutic responses, and anticipating adverse effects. By 
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INTRODUCTION 
Understanding the mechanism of action (MOA) of 
drug classes is a cornerstone of pharmacology 
and therapeutics. The MOA refers to the specific 
biochemical interaction through which a drug 
produces its pharmacological effect. This typically 
involves binding to a molecular target such as a 
receptor, enzyme, ion channel, or nucleic acid 
and modulating its activity to alter a physiological 
process [1]. By elucidating these interactions, 
researchers and clinicians can better predict 
therapeutic outcomes, optimize drug selection, 
and anticipate adverse effects. 
Drug classes are typically grouped based on 
shared structural features, target sites, or 
pharmacodynamic properties. Each class 
operates via a characteristic MOA that defines its 
clinical utility. For instance, beta-blockers exert 
their effects by antagonizing beta-adrenergic 
receptors, leading to reduced cardiac output and 
blood pressure, while antibiotics like penicillins 
inhibit bacterial cell wall synthesis by targeting 
penicillin-binding proteins. These fundamental 
differences underscore the importance of class-
specific mechanisms in guiding clinical application 
and drug development [2]. 
Recent advances in molecular biology, structural 
bioinformatics, and high-throughput screening 
have greatly expanded our understanding of how 
drugs interact with their targets at the atomic 
level. This has not only facilitated the discovery of 
novel agents but also enabled the repurposing of 
existing drugs and the development of precision 
medicine approaches tailored to individual 
patients' genetic profiles [3]. 
This review provides a comprehensive overview 
of the mechanisms of action of major drug 
classes, highlighting the molecular targets, signal 
transduction pathways, and therapeutic 
implications associated with each. By integrating 
classical pharmacological principles with 
contemporary scientific insights, this work aims 
to serve as a reference for students, researchers, 
and healthcare professionals seeking a deeper 
understanding of drug function at the 
mechanistic level. 

Method 
This review was conducted using a structured, 
narrative approach to compile and synthesize 
current knowledge on the mechanisms of action 
of major drug classes. The methodology involved 
a comprehensive literature search, selection of 
relevant publications, and critical evaluation of 
findings. 

Literature search strategy 
A systematic search was performed using 
electronic databases, including PubMed, Scopus, 
Web of Science, and Google Scholar, covering 
literature published up to May, 2025. Keywords 
and Boolean operators used in the search 
included:"mechanism of action" AND "drug 
classes", "pharmacodynamics" OR "MOA" AND 
"therapeutic agents", "antibiotics", "antivirals", 
"antifungals","analgesics","antidepressants","anti 
hypertensives",and"drug mechanism" AND 
"clinical pharmacology". 

Inclusion and exclusion criteria 
Publications were included if they provided 
detailed descriptions of the mechanisms of action 
of one or more drug classes. Similarly considered 
were peer-reviewed articles, reviews, and 
authoritative pharmacology textbooks published 
in English. Excluded were articles focusing solely 
on pharmacokinetics without MOA discussion. 
Case reports or anecdotal studies without 
mechanistic insights alongside non-English 
publications and preprints not peer-reviewed. 

Data extraction and synthesis 
Key data were extracted from selected sources, 
including the molecular targets of drug classes, 
downstream biochemical pathways, cellular or 
systemic effects, and clinical implications. 
Information was grouped and categorized by 
therapeutic class, such as antimicrobials, 
cardiovascular drugs, central nervous system 
agents, and anticancer drugs. Mechanisms were 
described at the molecular, cellular, and systemic 
levels, where appropriate, with emphasis on 
clinically relevant targets such as receptors, 
enzymes, ion channels, and 
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transporters. Where applicable, known resistance 
or tolerance mechanisms or pathway 
redundancies were also noted that provide 
context for drug efficacy and limitations. 

Quality assessment 
To ensure reliability, priority was given to high-
impact review articles, recent pharmacology 
textbooks, and clinical guidelines. Conflicting 
information was resolved through cross-
referencing with authoritative sources, and 
consensus viewpoints were emphasized. 

Results and Discussion 
Antibiotics 
Beta-lactams 
These include penicillins, cephalosporins, 
carbapenems, and monobactams. They inhibit 
bacterial cell wall synthesis by binding to 
penicillin-binding proteins (PBPs), disrupting 
peptidoglycan cross-linking. β-lactam antibiotics, 
a class that encompasses penicillins, 
cephalosporins, carbapenems, and 
monobactams, exert their potent antibacterial 
effects through a precise and highly targeted 
mechanism that disrupts the integrity of the 
bacterial cell wall which is a critical structural 
component essential for bacterial survival, 
particularly in Gram-positive and Gram-negative 
organisms. These agents are unified by the 
presence of a highly reactive β-lactam ring, which 
is central to their mechanism of action. 
At the core of their bactericidal activity lies the 
ability to inhibit bacterial cell wall synthesis, 
specifically by interfering with the final stages of 
peptidoglycan biosynthesis [4]. The peptidoglycan 
layer is a rigid, mesh-like polymer composed of 
linear chains of alternating N-acetylglucosamine 
(NAG) and N-acetylmuramic acid (NAM) residues, 
which are cross-linked by short peptide bridges 
[5]. This complex structure provides mechanical 
strength and osmotic protection to the bacterial 
cell. β-lactams act by covalently binding to and 
inactivating penicillin-binding proteins 

(PBPs) a group of essential bacterial enzymes that 
catalyze the cross-linking of the peptidoglycan 
chains via transpeptidation and transglycosylation 
reactions [6]. These PBPs are located in the 
bacterial cytoplasmic membrane and are so 
named because they were initially identified by 
their ability to bind radiolabeled penicillin. 
When a β-lactam antibiotic binds irreversibly to 
the active site of a PBP, it forms a stable acyl-
enzyme complex that blocks the enzyme’s 
catalytic activity. This inhibition prevents the 
formation of cross-links between the 
peptidoglycan strands, thereby compromising the 
structural integrity of the cell wall. As a result, the 
bacterial cell becomes increasingly susceptible to 
osmotic lysis due to the internal turgor pressure 
that the weakened cell wall can no longer 
withstand [7]. Moreover, the accumulation of cell 
wall precursors and incomplete peptidoglycan 
fragments may trigger the activation of autolytic 
enzymes, such as a utolysins and murein 

 
In summary,   β-lactam  antibiotics  eliminate 
susceptible  bacteria by  sabotaging  the 
fundamental architecture of their protective cell 
walls through the inactivation of the PBPs, 
culminating in cell lysis and death. This elegant 
mechanism underscores   both their clinical 
effectiveness   and the    ongoing need  to 
understand and overcome bacterial resistance 
Macrolides 
Macrolides inhibit bacterial protein synthesis by 
binding to ribosomal subunit, blocking 
translocation [9]. Macrolides exert their 
antibacterial effect by specifically targeting 
bacterial protein synthesis. Their action is 
centered on the bacterial ribosome, a complex 
molecular machine responsible for translating 
messenger RNA (mRNA) into functional proteins. 
The bacterial ribosome is composed of two 
subunits: the 30S (small) subunit, which decodes 
the mRNA, and the 50S (large) subunit, which 
catalyzes peptide bond formation and provides 
an exit tunnel for the nascent polypeptide chain. 
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This class of drugs are characterized structurally 
by a large macrocyclic lactone ring which are 
typically 14 to 16 atoms in size decorated with 
deoxy sugar residues such as desosamine and 
cladinose [10]. These structural features are 
critical for the antibiotic’s interaction with the 
ribosome. The primary binding site for macrolides 
is located within the 50S ribosomal subunit, 
specifically in a region of the 23S ribosomal RNA 
(rRNA) known as domain V [11]. Within this 
domain lies the nascent peptide exit tunnel 
(NPET), a conduit through which the newly 
synthesized polypeptide chain must pass as it 
emerges from the ribosome [12]. 
Upon binding to the NPET, macrolides occupy a 
position adjacent to the peptidyl transferase 
center (PTC), the enzymatic core of the ribosome 
responsible for forming peptide bonds [13]. The 
interaction is stabilized through multiple non-
covalent forces, including hydrogen bonding and 
hydrophobic contacts with key nucleotides of the 
23S rRNA. Of particular importance is the adenine 
residue at position 2058 (A2058, in E. coli 
numbering), which plays a central role in 
anchoring the macrolide molecule within the exit 
tunnel [14]. 
Unlike antibiotics such as chloramphenicol, which 
directly inhibit peptide bond formation, 
macrolides do not interfere with the catalytic 
activity of the peptidyl transferase center itself. 
Rather, they block the elongation of the 
polypeptide chain by physically obstructing its 
passage through the exit tunnel. This steric 
hindrance prevents proper translocation, a key 
step in which the ribosome shifts along the mRNA 
to allow the entry of a new aminoacyl-tRNA into 
the A site [14]. As a result, the ribosome stalls on 
the mRNA template, leading to premature 
termination of translation and an overall 
inhibition of protein synthesis. 
Interestingly, the inhibitory effect of macrolides 
can be context-dependent. That is, the degree of 
ribosomal stalling and translational arrest may 
vary depending on the sequence of the nascent 
peptide and the structure of the macrolide itself. 

In some cases, specific amino acid sequences 
enhance the likelihood of ribosome stalling when 
a macrolide is bound, illustrating a nuanced 
interplay between the antibiotic, the ribosome, 
and the emerging peptide [16]. 
Macrolides are typically bacteriostatic, meaning 
they suppress bacterial growth without directly 
killing the cells. However, under certain 
conditions such as high drug concentrations or in 
specific bacterial species they can exhibit 
bactericidal activity. Importantly, macrolides 
demonstrate a high degree of selectivity for 
bacterial ribosomes over eukaryotic ones. This 
selectivity arises from structural differences 
between prokaryotic and eukaryotic ribosomes, 
particularly at the macrolide [17]. 
As a result, macrolides prevent the progression of 

translation by inhibiting the translocation step 

the movement of the ribosome along the 

messenger RNA (mRNA) after a peptide bond has 

formed. This prevents the addition of further 

amino acids to the growing polypeptide chain. 

Interestingly, recent research has shown that this 

inhibition can be context-specific: macrolides can 

cause ribosomes to stall at specific amino acid 

sequences, depending on the nature of the 

nascent peptide and the conformation of the 

ribosome. This selective inhibition means that not 

all proteins are equally affected, leading to 

nuanced and often organism-specific effects on 

bacterial protein synthesis. 

Macrolides are particularly effective against 

Gram-positive bacteria and several atypical 

pathogens, including Mycoplasma pneumoniae, 

Chlamydia trachomatis, and Legionella 

pneumophila. Their effectiveness against Gram-

negative bacteria is generally limited due to the 

outer membrane barrier and the presence of 

efflux pumps that reduce intracellular drug 

concentration. Additionally, mutations in the 23S 

rRNA or in ribosomal proteins L4 and L22 can 
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alter ribosomal conformation in ways that reduce 
macrolide binding. In rare cases, macrolides can 
be inactivated by bacterial enzymes through 
hydrolysis or phosphorylation [18]. 
Their excellent tissue penetration, including into 
phagocytes and other immune cells, enhances 
their efficacy against intracellular pathogens. 
Macrolides also have notable anti-inflammatory 
and immunomodulatory properties, which 
contribute to their use in certain non-infectious 
inflammatory conditions. 
To address resistance, newer macrolide 
derivatives such as ketolides have been 
developed. Ketolides, like telithromycin, have 
modifications that improve their binding affinity 
and efficacy even in the presence of methylated 
rRNA. They also tend to have dual binding 
interactions within the ribosome, making them 
more resilient to resistance mechanisms. 

Fluoroquinolones 
Fluoroquinolones are a potent class of broad-
spectrum antibiotics whose molecular mode of 
action centers on the inhibition of bacterial DNA 
replication and transcription. They exert their 
bactericidal effects by targeting two essential 
bacterial  enzymes: DNA  gyrase and 
topoisomerase IV [19].  These   enzymes  are 
members of the type II topoisomerase family and 
play critical roles in maintaining the topology of 
bacterial DNA during replication and cell division. 
DNA in bacterial cells is tightly coiled and 
supercoiled. For replication and transcription to 
proceed, this supercoiling must be dynamically 
modulated. DNA gyrase, which is particularly 
important in Gram-negative bacteria, introduces 
negative supercoils into DNA using the energy 
from ATP hydrolysis. This process relieves the 
torsional strain that builds up ahead of replication 
forks. Topoisomerase IV, which is especially 
important in  Gram-positive organisms,   is 
primarily involved in decatenation the separation 
of interlinked daughter DNA molecules following 
replication. 
Fluoroquinolones, such as ciprofloxacin, 
levofloxacin, and moxifloxacin, work by stabilizing 

the transient DNA-enzyme complex that is 
formed during the normal catalytic cycle of these 
topoisomerases. Under normal circumstances, 
these enzymes cut both strands of DNA, pass 
another segment of the double helix through the 
break, and then re-ligate the DNA to restore its 
integrity. Fluoroquinolones bind at the interface 
of the DNA and the enzyme, effectively "freezing" 
this complex in its cleaved state [20]. 
This stabilization of the DNA cleavage complex 
leads to the accumulation of double-stranded 
breaks in the bacterial chromosome. These 
breaks are highly toxic because they cannot be 
easily repaired, especially given the concurrent 
inhibition of replication forks and the 
interference with cell division. The persistence of 
these unrepaired breaks eventually triggers cell 
death, making fluoroquinolones bactericidal 
rather than merely bacteriostatic. 
At the molecular level, fluoroquinolones interact 
with   conserved   amino    acid   residues   and 
magnesium ions within the catalytic core of the 
topoisomerase  enzymes.   The presence of  a 
fluorine atom at position 6 of the quinolone core 
increases the compound’s lipophilicity and 
enhances its ability to penetrate bacterial cells 
and bind its target with high affinity. The carboxyl 
and ketone groups on the quinolone ring are 
involved in chelating the divalent metal ions 
necessary for enzyme function and binding to the 
DNA-enzyme complex. The relative importance of 
DNA gyrase versus topoisomerase IV as the 
primary target varies between bacterial species. 
In Escherichia coli and other Gram-negative 
organisms, DNA gyrase is the main target. In 
contrast, in Streptococcus pneumoniae and other 
Gram-positive organisms, topoisomerase IV tends 
to be the  more  critical    enzyme    for 
fluoroquinolone   activity.    This  dual  targeting 
contributes to the broad spectrum and potency 
of  fluoroquinolone  [21].  Despite  their 
effectiveness, resistance to fluoroquinolones has 
become  increasingly   common.  Resistance 
mechanisms primarily include point mutations in 
the quinolone resistance-determining regions 
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(QRDRs) of the genes encoding DNA gyrase (gyrA 
and gyrB) and topoisomerase IV (parC and parE). 
These mutations reduce the binding affinity of 
fluoroquinolones to their targets. Additionally, 
efflux pumps can actively expel the drug from 
bacterial cells, and plasmid-mediated resistance 
mechanisms (e.g., qnr proteins) can protect DNA 
gyrase from fluoroquinolone binding [22]. 
In summary, fluoroquinolones kill bacteria by 
inhibiting DNA gyrase and topoisomerase IV, 
enzymes essential for DNA replication and 
chromosome segregation. They act by stabilizing 
a normally transient enzyme-DNA complex, 
resulting in lethal double-stranded DNA breaks. 
Their precise targeting and bactericidal activity 
have made them essential in the treatment of a 
wide range of infections, though growing 
resistance poses a significant clinical challenge 
[23].These drugs inhibit DNA gyrase and 
topoisomerase IV, enzymes critical for bacterial 
DNA replication and transcription [24]. 

Antihypertensives 
Angiotensin converting enzyme (ACE) inhibitors 
Angiotensin Converting Enzyme (ACE) inhibitors 
are a widely used class of medications that 
function by interfering with the body’s renin–
angiotensin–aldosterone system (RAAS), a critical 
regulator of blood pressure, fluid balance, and 
vascular tone. At the molecular level, ACE 
inhibitors exert their effects by blocking the 
activity of the angiotensin-converting enzyme, a 

key zinc-dependent metalloprotease found 
predominantly on the surface of endothelial cells, 
especially in the lungs [25]. 
ACE plays two primary roles in the RAAS pathway. 
First, it converts angiotensin I, an inactive 
decapeptide, into angiotensin II, an octapeptide 
that is a potent vasoconstrictor and stimulator of 
aldosterone secretion. Angiotensin II raises blood 
pressure by constricting blood vessels, increasing 
sodium and water retention through aldosterone, 
and enhancing sympathetic nervous activity. 
Second, ACE also degrades bradykinin, a peptide 

that normally acts as a vasodilator by promoting 
the release of nitric oxide and prostaglandins 
from the endothelium [26]. 
ACE inhibitors, such as captopril, enalapril, 
lisinopril, and ramipril, are designed to bind 
directly to the active site of the ACE enzyme. They 
mimic the natural substrate, angiotensin I, and 
occupy the catalytic site in a competitive manner. 
A defining feature of their molecular action is 
their interaction with a zinc ion located at the 
core of the ACE active site. This zinc ion is 
essential for the enzyme’s catalytic function. ACE 
inhibitors typically possess functional groups—
such as thiol, carboxyl, or phosphinyl moieties—
that can chelate the zinc ion, thereby preventing 
the enzyme from converting angiotensin I to 
angiotensin II [27]. 
By blocking this enzymatic activity, ACE inhibitors 
reduce the production of angiotensin II, leading 
to a cascade of physiological effects. 
Vasoconstriction is diminished, resulting in 
lowered systemic vascular resistance and blood 
pressure. Aldosterone secretion is reduced, 
decreasing sodium and water reabsorption in the 
kidneys, which contributes to a decrease in blood 
volume. The reduction in angiotensin II also leads 
to less stimulation of the sympathetic nervous 
system and reduced oxidative stress and 
inflammation in the cardiovascular system. These 
effects are particularly beneficial in patients with 
hypertension, heart failure, or diabetic 
nephropathy [28]. 
An additional consequence of ACE inhibition is 
the accumulation of bradykinin, since its 
degradation is also suppressed. Elevated 
bradykinin levels further contribute to 
vasodilation and enhanced endothelial function 
by stimulating the production of nitric oxide and 
prostacyclin. While this effect adds to the 
antihypertensive and cardioprotective properties 
of ACE inhibitors, it also explains some of their 
common side effects. For example, increased 
bradykinin is thought to be responsible for the 
persistent dry cough experienced by some 
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patients, as well as the rare but potentially 
serious occurrence of angioedema [29]. 
Structurally, different ACE inhibitors vary in how 
they interact with the ACE enzyme, which 
influences their pharmacokinetics and potency. 
Captopril, for instance, contains a thiol group that 
binds strongly to the zinc ion and has a relatively 
short half-life, requiring multiple daily doses. In 
contrast, enalapril and lisinopril use carboxyl 
groups for zinc binding and have longer durations 
of action. 
In summary, ACE inhibitors lower blood pressure 
and provide cardiovascular and renal protection 
by directly blocking the angiotensin-converting 
enzyme. This action reduces angiotensin II 
production, enhances bradykinin levels, and leads 
to vasodilation, decreased fluid retention, and 
reduced sympathetic activity. The molecular 
specificity of these drugs for the ACE active site 
particularly their interaction with the enzyme’s 
catalytic zinc ion—is central to their therapeutic 
effectiveness [30]. 

Calcium channel blockers 
Calcium channel blockers (CCBs) are a class of 
pharmacological agents that inhibit the influx of 
calcium ions (Ca²⁺) through voltage-gated calcium 
channels, with a primary focus on the L-type 
calcium channels found in cardiac muscle, 
vascular smooth muscle, and nodal tissues. 
Calcium ions play a critical role in excitation-
contraction coupling and signal transduction in 
excitable cells. By modulating the function of 
these ion channels, CCBs exert significant effects 
on vascular tone, myocardial contractility, and 
cardiac electrophysiology [31]. 
The L-type calcium channel, also known as 
Cav1.2, is a high-voltage-activated channel 
composed of several subunits, of which the α1C 
subunit forms the ion-conducting pore and 
contains the voltage-sensing domains. This 
subunit is organized into four homologous 
domains (I–IV), each containing six 
transmembrane segments (S1–S6). The fourth 
segment in each domain (S4) functions as a 
voltage sensor, responding to changes in 

membrane potential by undergoing 
conformational shifts that lead to channel 
opening. 

When open, the channel permits the selective 
entry of extracellular calcium ions into the 
cytoplasm, a process crucial for initiating muscle 
contraction and propagating electrical signals 
[32]. 
Calcium channel blockers interfere with this 
process by binding to specific sites on the α1C 
subunit, thereby altering the channel's gating 
behavior. Importantly, CCBs do not physically 
occlude the pore like some other ion channel 
inhibitors. Instead, they function as allosteric 
modulators, stabilizing the channel in a non-
conductive conformation, typically the 
inactivated state, or hindering the voltage-
induced transitions that lead to opening. This 
results in a decreased probability that the 
channel will open during depolarization, thereby 
reducing the magnitude of calcium influx [33]. 
There are three major classes of calcium channel 
blockers, each with distinct binding 
characteristics and tissue selectivity. 
Dihydropyridines (e.g., amlodipine, nifedipine) 
preferentially target vascular smooth muscle and 
are potent vasodilators. Phenylalkylamines (e.g., 
verapamil) act primarily on cardiac myocytes and 
nodal tissue, while benzothiazepines (e.g., 
diltiazem) exert intermediate effects on both 
vascular and cardiac tissues [34]. The binding 
affinity of these drugs can be influenced by the 
state of the channel; for instance, verapamil and 
diltiazem exhibit use-dependent binding, 
meaning they bind more effectively to channels 
that open frequently or are held in depolarized 
states—a characteristic particularly relevant in 
fast-firing cardiac cells. 
At the molecular level, inhibition of calcium influx 
leads to tissue-specific effects. In vascular smooth 
muscle, the reduction in intracellular calcium 
limits the activation of calmodulin and myosin 
light chain kinase (MLCK), enzymes essential for 
initiating contraction. The result is relaxation of 
the smooth muscle, vasodilation, and a 
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subsequent decrease in blood pressure. In cardiac 
myocytes, calcium influx through L-type channels 
during the plateau phase (phase 2) of the action 
potential triggers further calcium release from 
the sarcoplasmic reticulum—a process known as 
calcium-induced calcium release. By limiting this 
initial calcium entry, CCBs reduce the strength of 
myocardial contraction, resulting in a negative 
inotropic effect [34]. 
In nodal tissue, particularly the sinoatrial (SA) and 
atrioventricular (AV) nodes, calcium currents are 
responsible for the upstroke of the action 
potential 

(phase 0). Inhibition of L-type calcium 
channels in these cells leads to a slowed rate 
of depolarization, reducing heart rate (a 
negative chronotropic effect) and delaying 
conduction through the AV node (a negative 
dromotropic effect). These effects make CCBs 
particularly useful in managing conditions 
such as supraventricular tachycardia and 
angina [35]. 
In summary, calcium channel blockers act at 
the molecular level by binding allosterically to 
L-type voltage-gated calcium channels, 
specifically targeting the α1C subunit. This 
binding alters the channel’s voltage-
dependent gating properties, reducing 
calcium influx into excitable cells. The 
downstream effects vasodilation, reduced 
cardiac contractility, and slowed nodal 
conduction form the basis of their clinical 
utility in treating hypertension, angina 
pectoris, and certain cardiac arrhythmias. 
Beta-blockers 
Beta blockers, also known as beta-adrenergic 
receptor antagonists, are a class of drugs that 
exert their effects by blocking the action of 
endogenous catecholamines primarily adrenaline 
(epinephrine) and noradrenaline 
(norepinephrine) on beta-adrenergic receptors. 
These receptors are part of the sympathetic 
nervous system and play a critical role in 

regulating cardiovascular function, including 
heart rate, contractility, and vascular tone [36]. 
There are three main types of beta-adrenergic 
receptors: β₁, β₂, and β₃. The β₁ receptors are 
primarily located in the heart and kidneys, while 
β₂ receptors are found predominantly in the 
lungs, vascular smooth muscle, liver, and skeletal 
muscle. β₃ receptors, though less well 
understood, are found in adipose tissue and are 
involved in lipolysis and thermogenesis. Most 
beta blockers used clinically target β₁ and β₂ 
receptors, though some are selective for β₁ 
(cardioselective), while others block both β₁ and 
β₂ receptors (non-selective). 
At the molecular level, beta blockers act as 
competitive antagonists. They bind to the β-
adrenergic receptors without activating them, 
thereby blocking the binding of catecholamines 
like adrenaline. This inhibition prevents the 
normal downstream signaling cascade mediated 
by the activation of the G-protein-coupled 

 
receptor (GPCR) pathway. Under normal 
circumstances, stimulation of β₁ receptors in the 
heart activates the Gs protein, which in turn 
activates adenylate cyclase. This enzyme converts 
ATP to cyclic AMP (cAMP), which activates 
protein kinase A (PKA). PKA then phosphorylates 
various target proteins, including calcium 
channels, leading to increased intracellular 
calcium and, consequently, enhanced heart rate 
(positive chronotropy), increased contractility 
(positive inotropy), and faster conduction 
through the atrioventricular node (positive 
dromotropy) [37]. 
By blocking this pathway, beta blockers reduce 
the effects of sympathetic stimulation on the 
heart. This results in a decrease in heart rate, 
myocardial contractility, and cardiac output, 
thereby lowering blood pressure and reducing 
myocardial oxygen demand. These effects are 
particularly beneficial in conditions like 
hypertension, angina pectoris, myocardial 
infarction, arrhythmias, and chronic heart failure. 
In heart failure, long-term use of certain beta 
blockers (such as carvedilol, bisoprolol, and 
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metoprolol succinate) has been shown to 
improve survival by attenuating the harmful 
effects of chronic sympathetic overactivity on the 
heart [38]. 
Antidepressants 
Selective serotonin reuptake inhibitors (SSRIs) 
Selective serotonin reuptake inhibitors are a 
widely prescribed class of antidepressant 
medications that work by modulating the levels 
of serotonin, a key neurotransmitter involved in 
mood regulation, anxiety, sleep, and appetite. 
These drugs are used primarily in the treatment 
of major depressive disorder, anxiety disorders, 
obsessive-compulsive  disorder,  and other 
psychiatric conditions  associated  with 
dysregulation of serotonin signalling [39]. 
At the molecular level, SSRIs act on the 
serotonergic synapse, where neurons 
communicate using serotonin (5-
hydroxytryptamine, or 5-HT). Under normal 
conditions, serotonin is released from the 
presynaptic neuron into the synaptic cleft in 
response to neuronal firing. It then binds to 
specific receptors on the postsynaptic membrane 
to exert its effects. Once the signal is transmitted, 
serotonin is typically reabsorbed by the serotonin 
transporter protein (SERT) located on the 
presynaptic neuron. This process, known as 
reuptake, terminates the action of serotonin and 
recycles it for future use [40]. 
SSRIs exert their therapeutic effect by selectively 
inhibiting the serotonin transporter (SERT). By 
blocking this transporter, SSRIs prevent the 
reuptake of serotonin back into the presynaptic 
neuron, thereby increasing the concentration of 
serotonin in the synaptic cleft. The elevated 
serotonin levels result in prolonged stimulation of 
postsynaptic serotonin receptors, which helps to 
enhance and stabilize mood over time. It is 
important to note that while SSRIs increase 
serotonin levels relatively quickly, their clinical 
effects typically take several weeks to manifest. 
This delay is thought to be due to downstream 
neuroadaptive changes in the brain, such as 
receptor desensitization, changes in gene 
expression, and enhanced neuroplasticity. For 

example, chronic SSRI use has been associated 
with increased expression of brain-derived 
neurotrophic factor (BDNF), which supports 
neuronal survival and synaptic remodeling, 
particularly in regions like the hippocampus that 
are affected in depression [41]. 
SSRIs are considered "selective" because they 
primarily target serotonin reuptake, with minimal 
effects on other neurotransmitters, such as 
norepinephrine or dopamine. This selectivity 
contributes to their relatively favorable side 
effect profile compared to older antidepressants 
like tricyclics or monoamine oxidase inhibitors 
(MAOIs), which affect multiple neurotransmitter 
systems. 
However, because serotonin is involved in many 
physiological processes, SSRIs can still cause side 
effects. Common adverse effects include nausea, 
insomnia, sexual dysfunction, and gastrointestinal 
disturbances. In some individuals, especially at 
the beginning of treatment or during dose 
changes, SSRIs can increase anxiety or agitation. 
Rarely, they may contribute to serotonin 
syndrome, a potentially life-threatening condition 
resulting from excessive serotonergic activity, 
particularly when combined with other 
serotonergic agents. 
Examples of commonly prescribed SSRIs include 
fluoxetine, sertraline, citalopram, escitalopram, 
paroxetine, and fluvoxamine. Although their 
mechanism of action is similar, these agents differ 
in terms of pharmacokinetics, side effect profiles, 
and specific indications, allowing clinicians to 
tailor treatment based on individual patient 
needs [42]. 

 

Tricyclic antidepressants (TCAs) 
Tricyclic antidepressants (TCAs) are a class of 
psychotropic agents named for their 
characteristic chemical structure, which consists 
of three fused rings. Developed in the 1950s, 
TCAs were among the first pharmacological 
treatments for major depressive disorder. 
Although largely supplanted in clinical practice by 
newer antidepressants with improved safety 
profiles, TCAs remain therapeutically relevant, 
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particularly for treatment-resistant depression, 
chronic pain syndromes, and certain anxiety 
disorders [44]. 
At the molecular level, TCAs exert their primary 
antidepressant effect by inhibiting the reuptake 
of monoamine neurotransmitters, particularly 
norepinephrine (NE) and serotonin (5-
hydroxytryptamine, 5-HT), from the synaptic 
cleft. This action is mediated by high-affinity 
binding to the presynaptic transporters 
responsible for the reuptake of these 
neurotransmitters—namely, the norepinephrine 
transporter (NET) and the serotonin transporter 
(SERT) [45]. 
By blocking NET and/or SERT, TCAs prevent the 
reabsorption of NE and 5-HT into the presynaptic 
neuron following their release into the synaptic 
cleft. The resulting elevation in extracellular 
concentrations of these monoamines enhances 
their postsynaptic signaling, which is believed to 
contribute to the antidepressant effect over time. 
Chronic elevation of monoamines leads to 
downstream adaptive changes, including receptor 
desensitization, gene expression modulation, and 
neurotrophic factor regulation, particularly the 
upregulation of brain-derived neurotrophic factor 
(BDNF). These neuroadaptive processes are 
thought to underlie the delayed onset of 
therapeutic effects observed with TCAs and other 
antidepressants [45]. In addition to their effects 
on monoamine transporters, TCAs interact with a 
variety of other molecular targets, contributing to 
their side effect profile [46]: 
Muscarinic acetylcholine receptors (M1 blockade) 
causes anticholinergic effects such as dry mouth, 
blurred vision, constipation, urinary retention, 
and cognitive disturbances. Histamine H1 
receptors antagonism results in sedation and 
weight gain. Similarly, alpha-1 adrenergic 
receptors blockade causes orthostatic 
hypotension and dizziness. The 
pharmacodynamics of individual TCAs vary 
depending on their relative affinity for SERT vs. 
NET. For instance, imipramine and amitriptyline 
show relatively balanced inhibition of both SERT 

and NET, whereas nortriptyline and desipramine 
preferentially inhibit NET. These differences can 
influence both efficacy and side effect profiles in 
clinical use [47]. 
From a pharmacokinetic standpoint, TCAs are 
lipophilic and well-absorbed, with high protein 
binding and extensive hepatic metabolism, 
primarily via cytochrome P450 enzymes (e.g., 
CYP2D6). Their metabolites may retain 
pharmacologic activity, and polymorphisms in 
metabolic enzymes can significantly impact drug 
levels and tolerability [48]. 
In summary, the primary molecular mechanism of 
tricyclic antidepressants involves inhibition of 
norepinephrine and serotonin reuptake through 
blockade of their respective transporters (NET 
and SERT), thereby enhancing monoaminergic 
neurotransmission in the central nervous system. 
While effective, their non-selective receptor 
binding contributes to a broad range of 
anticholinergic, antihistaminic, and cardiovascular 
side effects, which limits their tolerability and 
necessitates caution in their clinical use—
particularly in overdose settings. 
TCAs inhibit the reuptake of both norepinephrine 
and serotonin but also interact with other 
receptors, contributing to side effects. 
Monoamine oxidase inhibitors (MAOIs) 
Monoamine oxidase inhibitors (MAOIs) are a class 
of antidepressant   agents that exert   their 
therapeutic effect by increasing the levels of 
monoamine    neurotransmitters—primarily 
serotonin  (5-hydroxytryptamine,  5-HT), 
norepinephrine (NE), and dopamine (DA)—within 
the  central  nervous  system.   These 
neurotransmitters play key roles in regulating 
mood, arousal, and emotional stability, and their 
dysregulation has been closely associated with 
depressive disorders and   certain anxiety 
conditions [49]. 
The molecular target of MAOIs is the enzyme 
monoamine oxidase (MAO), which is responsible 
for the oxidative deamination and inactivation of 
monoamines both in the brain and peripheral 
tissues. This enzyme exists in two isoforms: 
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MAO-A, which preferentially metabolizes 
serotonin, norepinephrine, and epinephrine, and 
MAO-B, which primarily breaks down 
phenylethylamine and dopamine. Both isoforms 
are flavin adenine dinucleotide (FAD)-dependent 
enzymes, located on the outer mitochondrial 
membrane of neurons and other cells. MAOIs 
function by binding to these enzymes and 
inhibiting their catalytic activity, thereby reducing 
the breakdown of monoamine neurotransmitters. 
This inhibition leads to an accumulation of 
neurotransmitters in the synaptic cleft, enhancing 
monoaminergic signaling and, over time, exerting 
antidepressant effects. The precise therapeutic 
action is not solely due to the immediate increase 
in neurotransmitter levels, but also involves 
downstream neuroadaptive changes such as 
altered receptor sensitivity, modulation of 
intracellular signaling cascades, and increased 
expression of neurotrophic factors like brain-
derived neurotrophic factor (BDNF), which 
supports neuronal plasticity and survival [50]. 
MAOIs can be classified based on their 
reversibility and selectivity. Some MAOIs, such as 
phenelzine and tranylcypromine, are irreversible 
and non-selective, meaning they covalently bind 
to both MAO-A and MAO-B, resulting in long-
lasting inhibition that persists until new enzymes 
are synthesized—a process that may take up to 
two weeks. Others, like moclobemide, are 
reversible and selective, primarily inhibiting 
MAO-A in a competitive and transient manner. 
Selective MAO-B inhibitors such as selegiline are 
used in the treatment of Parkinson’s disease, 
where they enhance dopaminergic transmission 
[51]. 
Despite their efficacy, MAOIs are associated with 
significant clinical limitations, particularly due to 
their interaction with dietary amines, most 
notably tyramine. Under normal conditions, MAO 
in the gut and liver breaks down tyramine, a 
naturally occurring compound found in aged 
cheeses, cured meats, and fermented products. 
Inhibition of this metabolic pathway allows 
tyramine to accumulate and enter the systemic 

circulation, where it displaces norepinephrine 
from presynaptic vesicles, causing a potentially 
dangerous hypertensive crisis—a reaction 
sometimes referred to as the “cheese effect” 
[52]. Moreover, MAOIs pose a risk for serotonin 
syndrome when used concurrently with other 
serotonergic drugs, such as SSRIs, SNRIs, or 
certain opioids. This condition is characterized by 
autonomic instability, neuromuscular 
hyperactivity, and altered mental status and it 
can be life-threatening without prompt 
intervention. 

Antidiabetics 

Biguanides 
Biguanides are a class of oral antihyperglycemic 
agents, with metformin being the only widely 
used drug in this group today. Metformin is 
considered the first-line pharmacologic treatment 
for type 2 diabetes mellitus due to its efficacy, 
safety profile, and positive effects on weight and 
cardiovascular outcomes [53]. Metformin's 
primary mechanism of action is reduction of 
hepatic glucose production, particularly by 
inhibiting gluconeogenesis in the liver. This effect 
is largely mediated by activation of AMP-
activated protein kinase (AMPK), a central 
energy-sensing enzyme that regulates cellular 
metabolism. At the molecular level, metformin 
enters hepatocytes via organic cation 
transporters (OCTs). Inside the cell, it 
accumulates in mitochondria and inhibits 
complex I of the electron transport chain, leading 
to a reduction in ATP production and an increase 
in the cellular AMP:ATP ratio. This shift activates 
AMPK, which subsequently suppresses expression 
of genes involved in gluconeogenesis, promotes 
fatty acid oxidation, enhances insulin sensitivity 
and inhibits hepatic lipogenesis [54]. 
By reducing hepatic glucose output and 
improving peripheral glucose uptake, metformin 
lowers fasting and postprandial blood glucose 
levels without stimulating insulin secretion. This 
insulin-independent mechanism greatly reduces 
the risk of hypoglycemia, a major advantage over 
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some other antidiabetic agents. Metformin also 
has beneficial cardiometabolic effects, including 
modest weight loss, improved lipid profiles, and 
anti-inflammatory actions. Recent research has 
explored its potential use in conditions such as 
polycystic ovary syndrome (PCOS), certain 
cancers, and aging-related diseases, due to its 
effects on metabolic and cellular stress pathways. 
The most common side effects of metformin are 
gastrointestinal, including nausea, diarrhea, and 
abdominal discomfort. Rarely, it can cause lactic 
acidosis, a serious complication, particularly in 
patients with renal or hepatic impairment [55]. 

Sulfonylureas 
Sulfonylureas are a class of antidiabetic drugs 
that lower blood glucose levels by stimulating 
insulin secretion from the pancreatic beta cells. 
They are particularly effective in individuals with 
type 2 diabetes who retain some degree of 
endogenous insulin production. Unlike 
metformin, sulfonylureas act directly on the 
pancreatic islets, 

and their action is glucose-independent, meaning 
they can trigger insulin release even when blood 
glucose levels are not elevated—a feature that 
increases the risk of hypoglycemia. The molecular 
mechanism of sulfonylureas involves their binding 
to the sulfonylurea receptor 1 (SUR1), a 
regulatory subunit of the ATP-sensitive potassium 
(K-ATP) channel on the surface of pancreatic beta 
cells. Normally, these potassium channels remain 
open during low glucose states, keeping the cell 
membrane hyperpolarized and preventing insulin 
release. When glucose levels rise, intracellular 
ATP increase, closing these channels, leading to 
membrane depolarization, calcium influx, and 
insulin secretion [55]. 
Sulfonylureas mimic this natural process by 
binding to SUR1 and forcibly closing the K_ATP 
channels, regardless of the actual glucose level. 
This triggers membrane depolarization, opens 
voltage-dependent calcium channels, and allows 
calcium to enter the cell, which in turn promotes 

the exocytosis of insulin granules. As a result, 
sulfonylureas significantly increase circulating 
insulin levels, promoting glucose uptake by 
peripheral tissues and suppressing hepatic 
glucose production. However, their reliance on 
beta cell function means they may become less 
effective over time as pancreatic function 
declines—a phenomenon known as secondary 
failure. 
Sulfonylureas are generally well-tolerated but are 
associated with weight gain and a higher risk of 
hypoglycemia, particularly in the elderly or those 
with renal or hepatic impairment. Common 
agents in this class include glipizide, glyburide, 
and glimepiride, each with slight variations in 
potency, half-life, and risk profiles [56]. 
Sodium-glucose cotransporter 2(SGLT2) 
inhibitors 
Sodium-glucose cotransporter 2 (SGLT2) 
inhibitors are a relatively new class of oral 
antidiabetic drugs used primarily for the 
treatment of type 2 diabetes mellitus, and more 
recently, for chronic kidney disease and heart 
failure, due to their broad metabolic and 
cardiovascular benefits [57]. 
The molecular target of this drug class is the 
SGLT2 protein, a transporter located in the 
proximal convoluted tubule of the nephron in the 
kidney. Under normal physiological conditions, 
approximately 90% of the filtered glucose in the 
glomerular filtrate is reabsorbed back into the 
bloodstream via SGLT2, which couples glucose 

reabsorption with sodium reabsorption. The 
remaining 10% is reabsorbed by SGLT1, primarily 
in the distal tubule. 
SGLT2 inhibitors, such as empagliflozin, 
canagliflozin, and dapagliflozin, act by selectively 
and reversibly inhibiting the SGLT2 protein. By 
blocking this transporter, these drugs prevent the 
reabsorption of glucose and sodium from the 
renal tubular lumen back into the blood. As a 
result, excess glucose is excreted in the urine, a 
process known as glucosuria. This directly lowers 
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blood glucose levels in an insulin-independent 
manner [58-60]. 
The insulin-independent mechanism is a key 
advantage of SGLT2 inhibitors, as it means their 
efficacy does not rely on beta-cell function or 
insulin sensitivity. This allows them to be used 
effectively in combination with other antidiabetic 
agents, including metformin, insulin, and 
sulfonylureas. 

Conclusion 
In conclusion, this review underscores the critical 
importance of understanding the molecular 
mechanisms of action across major drug classes 
in advancing pharmacological knowledge and 
improving clinical practice. By integrating classical 
pharmacodynamic principles with recent research 
findings, it provides a comprehensive framework 
for interpreting how therapeutic agents achieve 
their effects at the cellular and molecular levels. 
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