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Abstract

Understanding drug action requires an integrated perspective of pharmacodynamics and
pharmacokinetics, which together determine therapeutic efficacy and safety. This review provides a
comprehensive overview of the mechanisms underlying drug action, with particular emphasis on drug—
receptor interactions and their role in modulating physiological responses. Drugs exert their effects
primarily through interactions with specific biological targets, including receptors, enzymes, ion
channels, and transporters, resulting in a spectrum of desired and adverse outcomes. Fundamental
pharmacodynamic principles, such as receptor affinity, intrinsic activity, dose—response relationships,
and therapeutic window, are discussed in the context of clinical relevance. Recent advances in
pharmacokinetic—-pharmacodynamic (PK/PD) modeling have transformed drug development by
enabling a more predictive and mechanistic understanding of drug behavior. Approaches, such as
physiologically-based pharmacokinetic (PBPK) modeling, population-based analyses, and quantitative
systems pharmacology (OSP), have improved dose optimization and facilitated precision medicine
strategies. In addition, structure—activity relationship (SAR) and quantitative SAR (QSAR)
methodologies continue to play a pivotal role in rational drug design and lead optimization. The review
also examines key receptor-mediated signaling pathways, including G protein-coupled receptors, ion
channels, enzyme-linked receptors, and nuclear receptors, highlighting their significance in drug
response variability. Challenges, such as interindividual differences, adverse drug reactions, and drug
resistance, are critically addressed. Collectively, these insights underscore the importance of
integrating  mechanistic ~ pharmacology — with
emerging computational tools to enhance drug
discovery and optimize therapeutic outcomes.
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generate either beneficial or harmful consequences,
are referred to as drug action. Interactions with
certain biological targets, such as enzymes, ion
channels, transporters, or receptors, are the main
mechanisms of pharmacological action. Most
medications impact normal physiological processes
by either imitating or suppressing natural
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substances. For example, antagonists prevent a biological impact by blocking receptor activation,
whereas agonists attach to receptors to activate them and induce a response. Concepts, like affinity,
which measures how well a medication binds to its target, and effectiveness, which establishes the
degree of the biological reaction, are frequently used to characterize this interaction. Pharmacokinetics
and pharmacodynamics also influence how a drug acts. The study of how a drug’s absorption,
distribution, metabolism, and excretion impact its concentration at the intended site is known as
pharmacokinetics. The speed and effectiveness of a drug’s action are greatly influenced by important
variables such as the mode of administration, bioavailability, and metabolic pathways. On the other
hand, pharmacodynamics, which is frequently represented by dose response curves, studies the
connection between drug concentration and its impact on the body. Variability in drug reactions can
result from factors that alter pharmacokinetics and pharmacodynamics, including patient age, heredity,
organ function, and the presence of additional medications [1, 2].

DESCRIPTION

In specifically, pharmacodynamics is the study of what a drug means for a creature, while
pharmacokinetics is the study of what the biological entity implies for the drug. When combined, they
affect dose, advantages, and adverse effects. Every medication works by interacting with natural
patterns or focal points at the subatomic level, which causes the target particle’s capabilities to change
because of subsequent intermolecular communications. These relationships include substance
cooperation, post-receptor effects, and receptor restriction. Examples of these types of messages
include:

e Substances that limit a compound’s functional location.

e Drugs that interfere with downstream flagging by binding to cell surface flagging proteins.

e By limiting atoms, like the cancer putrefaction factor, it sedates that manifestation.

One problem with current pharmacodynamic demonstration is the adaptability of data from
preclinical animal research to human tests and how to accurately predict how drugs will behave in the
human body [3].

PHARMACODYNAMICS (PD) OVERVIEW

The link between drug concentration and biological reaction, including both positive and negative
results, is described by pharmacodynamics, the study of how a medication affects the body. Key
components include It explains the connection between biological reaction and medication
concentration, including both favorable and unfavorable results. Crucial components include:

e Receptor Binding: the drug’s interaction with particular targets such as enzymes or receptors.

e Dose-Response Relationships: how a dose or concentration affects an effect’s size.

e Therapeutic Window: the range of concentrations where a medication works well without

becoming harmful [4].

Applications in Drug Development

PK/PD is essential to the entire drug development process:

e Preclinical Research: aids in comprehending how drugs behave in animal models.

e Phase I-1II Clinical Trials: provide guidance on safety margins and dose selection.

e Regulatory Submissions: FDA and EMA approval and labelling are supported by PK/PD data.

e Post-Marketing Surveillance: PK/PD models and dosage recommendations can be improved
with real-world data. PK/PD modeling improves development efficiency and success rates by
reducing trial-and-error methods [5].

Redefinition and Evolution of PK/PD Modeling

PK/PD modeling has changed over the past few decades, moving from straightforward empirical
models to mechanistic and systems-based methods that include physiological, biochemical, and disease-
specific characteristics. Included in this reinterpretation are [6]:
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o Mechanistic Models: To more accurately define pharmacological action, use established
biological processes (such as enzyme kinetics and receptor binding).

o [ndirect Response Models: These include medications that either activate or inhibit endogenous
mechanisms and capture the delays between drug concentration and effect.

o Turnover Models: Describe how quickly biomarkers or physiological mediators impacted by the
medication are synthesized and degraded.

e Population PK/PD Models: Use nonlinear mixed-effects modeling (e.g., NONMEM) to account
for interindividual heterogeneity to optimize dosage across a variety of populations.

e Physiologically Based PK (PBPK) models: By simulating drug behaviour in different tissues and
organs utilizing anatomical and physiological features, these models enhance prediction across
populations and situations (e.g., pregnancy, pediatrics).

o Quantitative Systems Pharmacology (OSP): Assists in the development of novel treatment
approaches by combining systems biology and PK/PD to model intricate networks of drug-target-
disease interactions [7].

Approaches and Technologies in Precision Dosing

MIPD estimates the best dosage for each patient by combining clinical data, PK/PD models, and
Bayesian forecasting. For drugs, like methotrexate and 5-fluorouracil, whose plasma concentration is
correlated with both toxicity and efficacy, TDM is still essential. Additionally, population-based PK
models help anticipate outcomes and refine initial dosage methods in particular populations including
paediatrics and geriatrics [8, 9].

Precision Dosing from Clinical Studies to Real-World Oncology Practice

There are significant consequences for using TDM because the type of patients and level of clinical
treatment in clinical research varies significantly from those found in routine clinical practice [10, 11].
Patients are more vulnerable to drug—drug interactions and other variables that can affect drug exposure
and response, and the timing of sample collection for assessing trough concentrations is frequently less
accurate in real-world circumstances. These variables may alter the relationship between clinical
outcomes, biomarkers, and given dose. As a result, while it is important to evaluate TDM-guided dose
using conventional methods, such as measuring primary outcomes, these evaluations should be
complemented by patient data analyses to verify the usefulness of TDM in everyday care [12, 13].

Implications for Drug Development and Therapeutics

Drug development and discovery are fundamentally based on the research of drug—receptor
interactions. Researchers can create more tailored and efficient medications by comprehending the
specific binding locations, methods of action, and downstream signaling pathways. Additionally,
knowledge of the intricacies of receptor interactions makes it possible to anticipate possible negative
reactions and side effects, reducing the risks connected with novel drugs [14].

Pharmacodynamic Actions Include

e Increasing activity by direct interaction with a receptor and its subsequent consequences.

e Reducing activity through direct inhibition of receptors and its consequences When a receptor is
bound but not activated, it becomes antagonistic or blocks it. Stabilizing action, in which the
medication exhibits neither agonistic nor antagonistic behaviour.

e Direct chemical reactions, which can be both useful and detrimental. Each of these elements has
the potential to both trigger a negative occurrence and be therapeutically beneficial.

Issues of Concern
Pharmacodynamic Concepts

Pharmacodynamics uses a few key phrases and concepts to define the duration and degree of a drug’s
action:
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e The maximum impact of a medication on a parameter under measurement is known as Emax.
For instance, this could be the greatest reduction in blood pressure or an ex-vivo test of platelet
inhibition.

e The drug concentration at a steady state that yields half of the greatest impact is known as the
EC50.

o The Hill coefficient is the slope of the relationship between drug concentration and drug effect.

e A steep relationship is indicated by hill coefficient values over 2 (i.e., minor changes in
concentration result in considerable changes in effect), while an almost instantaneous “all or
none” effect is indicated by hill coefficient values above 3 [15].

DOSING PRINCIPLES-BASED UPON PHARMACODYNAMICS

The pharmacologic response is determined by both the drug’s concentration at the receptor site and
its capacity to bind to its target; Kd is the ratio of the rate constants for the drug’s attachment (kon) and
dissociation (koff) from the receptors. The rate at which a receptor—drug complex forms is equal to the
rate at which it dissociates into its constituent receptor and drug at equilibrium; an equilibrium or
affinity constant (1/Kd) can be defined by measuring the reaction rate constants. Albuterol, for example,
has a Kd of 100 nanomolar (nM) for the beta-2 receptor. Kd measures the degree to which a drug binds
to its receptor. Kd is the ratio of the rate constants for the drug’s attachment (kon) and dissociation
(koff) from the receptors. The rate at which a receptor—drug complex dissociates into its component
receptor and drug at equilibrium is equal to the rate at which it forms. Reaction rate constants can be
measured to determine an equilibrium or affinity constant (1/Kd). As the Kd value decreases, the
antibody’s affinity for its target rises. For example, albuterol’s Kd for the beta-2 receptor is 100
nanomolar (nM).

Long-term exposure to an antagonist usually results in upregulation, or more receptors, whereas long-
term exposure to an agonist result in downregulation, or fewer receptors [16]. Other mechanisms that
alter downstream receptor signaling without altering the number of receptors on the cell membrane may
also result in up- or down-modulation [17].

General Mechanisms of Drug Actions

Drugs interact with biological targets to create their effects, but the mechanism and metabolic route
of the target determine how long the pharmacodynamic effect lasts. Effects might be categorized as
immediate or delayed, direct or indirect. Drugs typically have direct effects when they engage with an
enzyme or receptor that is essential to the effect’s route. Beta-blockers block receptors in smooth muscle
cells in the vasculature that directly control cAMP levels. Drugs that interact with proteins and receptors
of other biologic structures far upstream from the final biochemical process that generates the drug
action are said to have indirect effects. In the cell cytosol, corticosteroids attach to nuclear transcription
factors, which move to the nucleus and prevent DNA transcription to mRNA that codes for several
inflammatory proteins [18].

Direct pharmacological effects typically take precedence over immediate effects. Within 60 seconds
of being administered, neuromuscular blocking agents, like succinylcholine, which is made up of two
acetylcholine molecules joined end to end by their acetyl groups, interact with the nicotinic
acetylcholine receptor on skeletal muscle cells and exit the channel in an open state, causing membrane
depolarization, the creation of an action potential, muscle contraction, and ultimately paralysis [19].

Structure Activity Relationship (Sar)

e Capturing Sar: Structure-activity correlations have been captured in a variety of ways throughout
the past 60 years. They can be broadly divided into two categories: those based on statistical or data
mining methods (like regression models) and those based on physical processes (like
pharmacophore models). The reader is directed to other studies of the topic [20—22] for a thorough
analysis of QSAR techniques. It is crucial to understand that the modeling technique selected can
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affect how much and how thoroughly a SAR can be investigated. For instance, statistical QSAR
methods based on 2D descriptors that disregard stereochemistry may overlook important chirality-
dependent SAR components [23]. In contrast, one can immediately comprehend the nature of
ligand—receptor interactions that underlie an observed SAR with 3D techniques, which are typically
more clearly instructive. Docking and CoMFA are two examples of 3D techniques that are more
explicit than others. It is still typically true, though, that 3D methods are better when a crystal
structure is known and a few chemical series are being investigated. A large portion of conventional
QSAR is based on statistical models that relate biological activities to chemical structure, which is
defined by numerical descriptors. In certain instances, the model is “model-free,” while in others it
incorporates distributional assumptions (linear regression) [24].

o FExploring Sar Landscapes: Although alternate perspectives on SAR data can be helpful, QSAR
model predictions are a helpful guide for lead optimization [25]. The landscape paradigm of SAR
data has garnered attention in recent years and enables us to investigate various facets of structure—
activity correlations. This work is based on the work of Lajiness [26], who simultaneously
examined chemical structure and bioactivity in a three-dimensional (3D) view, with the structure
shown in the X-Y plane and the activity along the Z-axis. This has the immediate effect of making
a SAR dataset appear like a landscape with different “topography”. Molecules with comparable
structures and activities are represented by smooth regions, while structures with similar structures
but drastically differing activities are represented by jagged (i.e., discontinuous) regions (also
known as activity cliffs). In fact, it has been claimed that the latter landscape sections are the most
intriguing parts of a SAR because they offer the opportunity to make little structural adjustments to
drastically alter activity. However, many QSAR modeling techniques (mostly those based on
machine learning or statistical models) may perform poorly because of these discontinuities [27].
As a result, numerous techniques for mining and characterizing SAR landscapes have been created.
Shanmugasundaram and Maggiora were the first to describe Structure—Activity Similarity (SAS)
maps [28].

e (Canned Sar: In recent years, numerous large chemical structure databases have become accessible.
Crucially, several of these databases offer comprehensive data on compound actions in addition to
compound structures. PubChem, ChEMBL, and GVK GOSTAR are notable examples. While
GOSTAR is a commercial product, the first two are publicly accessible. Although these databases
offer structure-activity information, the types of data they offer vary. For instance, PubChem has a
bioassay database with assay results for several compound sets deposited by the Molecular Libraries
Initiative, as well as a compound and substance database with records that represent individual
structures [29].

o Characterizing Sar in Series: Using fragments as the foundation for SAR research is one method.
Substructure-based models that are helpful for both prediction and interpretation have been
established, thus this is not without precedent [30].

e Exploring Sar Via Fragments: employing SAR databases, like ChEMBL, is another method of
employing fragments to investigate SAR. The fundamental motive is that some fragments may
exhibit activity selectively toward a particular target or target family, or they may be linked to high
(or low) activity. We can take an external collection of compounds, fragment them, and examine
the activity data linked to them in ChEMBL by precomputing the fragments for a database such as
ChEMBL and saving the fragment—compound connections. Even though it’s a very easy task, there
are several steps involved. The Fragment Activity Profiler (http://tripod.nih.gov/?p=206), a
software tool we just created, enables one to examine structure collections from the perspective of
scaffolds, coupled with activity and target data. By drilling down to the specific ChEMBL
compounds linked to the fragment of interest, one can create fragments from a chemical collection
with observed activity data and determine the activity profiles connected with those fragments from
ChEMBL. As an alternative, one might summarize the selectivity of chemical series by
characterizing scaffolds according to their actions against various targets. Because structures (and
hence the resulting scaffolds) are linked to targets through the assays they are evaluated in,
ChEMBL makes this particularly simple. Other methods, such the Scaffold Hunter application and
the Scaffold Explorer presented by Agrafiotis et al. [31], have also been covered in the literature
[32].
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Mechanisms of Drug—Receptor Interactions: Ligands, Binding, and Signaling

The Process of Drug—Receptor Interaction Involves Several Key Steps: Ligand Recognition: A drug
molecule, sometimes referred to as a ligand, can identify and attach to a particular receptor site. The
complimentary forms and electrochemical characteristics of the medication and the receptor
determine the extremely selective binding. Binding Affinity: Binding affinity refers to how strongly
a medication interacts with a receptor. Strong interactions are indicated by high binding affinity,
whereas weaker connections are suggested by low affinity [33].

Conformational Changes: The medicine may cause conformational changes in the structure of the
receptor when it binds to it. Initiating a biological response requires these modifications. Signal
transduction: The receptor can send signals to the inside of the cell after binding and undergoing
conformational modifications. Several biochemical processes are involved in this signal
transduction, which eventually results in a cellular reaction. Downregulation and desensitization:
A condition known as desensitization, in which the receptor gradually loses its sensitivity to the
medication, might result from prolonged or severe receptor activation. Furthermore,
downregulation — a reduction in the quantity of receptors on the cell surface — can be brought on by
prolonged stimulation of specific receptors. Receptor types and how they interact Different types
of receptors interact with medications in different ways. GPCRs, or G-protein coupled receptors:
One of the most prevalent kinds of receptors, GPCRs are involved in the transmission of signals
from a variety of stimuli such as light, hormones, and neurotransmitters. Upon ligand binding, they
use G proteins to initiate intracellular signaling pathways [34].

1ION Channels: These receptors directly control how ions move across cell membranes, which has
an impact on the electrical activity of the cell. Cell excitability and communication can be quickly
changed by ligand binding to ion channels. Enzyme-linked receptors: Growth factors and cytokine
signaling frequently include these receptors. Enzymatic activity is triggered by ligand binding,
which starts biological reactions. Receptors in the nucleus: These receptors control the expression
of genes and are found in the cell nucleus. Transcription and protein synthesis are altered because
of ligand binding. Consequences for medication development and treatment Drug development and
discovery are fundamentally based on the research of drug—receptor interactions. Researchers can
create more tailored and efficient medications by comprehending the specific binding locations,
methods of action, and downstream signaling pathways. Additionally, knowledge of the intricacies
of receptor interactions makes it possible to anticipate possible negative reactions and side effects,
reducing the risks connected with novel drugs [35].

Challenges and Future Directions: There are still difficulties even though drug-receptor
interactions have opened a plethora of therapeutic opportunities. Genetic variations in receptor
expression, function, and binding affinities can explain individual variability in pharmacological
reactions. The intricate interactions between medicines and receptors also lead to the development
of tolerance and drug resistance. Future studies might concentrate on deciphering the complexities
of allosteric modulation, in which ligands attach to locations other than the receptor’s active site to
alter its function [36].

The Significance of Drug—Receptor Interactions: A Gateway to Pharmacological Effects

The fundamental idea behind drug—receptor interactions is that certain molecules in the body called
receptors interact with medications to mediate their effects. Proteins called receptors are found on cell
surfaces or inside cells, and they are essential for sending signals from the extracellular environment
into the intracellular area [37].

Signal Transduction: The receptor can send signals to the inside of the cell after binding and
undergoing conformational modifications. Several biochemical processes are involved in this
signal transduction, which eventually results in a cellular reaction [38].

Types of Receptors: Receptor structures are particularly diverse and can be broadly categorized
into the following groups.

Ligand Gated lon Channel (lonotropic Receptors): Ligand-gated ion channels (LICs), often
referred to as ionotropic receptors, are a class of transmembrane ion channel proteins that open
to allow ions, like Na®, K*, Ca?, and CI', to cross the membrane when a chemical messenger, or
ligand, such as a neurotransmitter, attaches to them [39].
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G PROTEIN-COUPLED RECEPTORS (METABOTROPIC)

Two of the top ten worldwide best-selling drugs as of 2012 [40] target G protein-coupled receptors,
which are also known as seven-transmembrane domain receptors (7TM), hepta—helical receptors,
serpentine receptors, and G-protein-linked receptors (GPLR). Brian Kobilka and Robert Lefkowitz
were awarded the 2012 Chemistry. The 2012 Chemistry Nobel Prize was to Brian Kobilka and Robert
Letkowitz for their work that was “crucial for understanding how G-protein coupled receptor function.”
At least seven more Nobel Prizes have been awarded for G protein-mediated signaling. As of 2012, two
of the top ten drugs sold worldwide target G protein-coupled receptors [40]. G protein coupled receptors
(GPCRs) are also known as seven-transmembrane domain receptors (7TM), hepta—helical receptors,
serpentine receptors, and G-protein-linked receptors (GPLR).

It is a fantastic protein family of receptors that can identify molecules outside the cell, initiate an
internal signal transduction pathway, and trigger a biological reaction. coupling of G proteins. They are
referred to as seven transmembrane receptors because they cross the cell membrane seven times [41].

There Are Two Principal Signal Transduction Pathways Involving the G Protein—Coupled
Receptors
The cAMP signaling pathway and the signaling route of phosphatidylinositol [42].

GPCRS Signaling

A G protein may activate a receptor that is in an active state. There is evidence to imply that G
proteins and receptors are pre-coupled [43]. For instance, the affinity of receptors for ligands is impacted
when G proteins attach to them. GTP binds activated G proteins. The kind of G protein determines
further signal transduction. In addition to the G proteins, adenylate cyclases (of which nine membrane-
bound and one cytosolic version are known in humans) can also be activated or inhibited in other ways
(e.g., Ca**/Calmodulin binding), which can alter their activity in an additive or synergistic manner. One
example of a biological protein that can be controlled by a G protein — in this case, the G protein Gs —
is the enzyme adenylatecyclase is activated when it binds. Adenylatecyclase activity is initiated when
it binds to a subunit of the active G protein. Adenylatecyclase is deactivated when the G protein returns
to its GDP-bound state. In addition to the G proteins, adenylate cyclases — of which nine membrane-
bound and one cytosolic form are known in humans — may also be activated or inhibited by other
mechanisms, such as Ca?"/Calmodulin binding, which can change their activity in a synergistic or
additive way [44].

Camp Signal Pathway
The first second messenger discovered, cyclic adenosine 3’,5'-monophosphate (cCAMP), is essential
for cellular reactions to numerous hormones and neurotransmitters. There are five main characteristics
in the cAMP signal transduction:
Stimulative hormone receptor (Rs) or inhibitory hormones receptors (Ri).
Stimulative regulative G protein (Gs’) or inhibitory regulative G protein (Gi).
Adenylyl cyclase (AC).
Protein kinase A (PKA).

Inhibitory hormone receptors (Ri) can attach to inhibitory signal molecules, whereas stimulative
hormone receptors (Rs) can bind to stimulative signal molecules. The a subunit of stimulative regulative
G-protein, a G-protein linked to stimulative hormone receptors (Rs), can activate an enzyme or another
intracellular metabolism. The activation of the a subunit of the inhibitory regulative G-protein, which
has nothing to do with an inhibitory hormone receptor, can impede the activity of an enzyme or other
intracellular processes.

Adenylyl cyclase is a 12-transmembrane glycoprotein that catalyzes the conversion of ATP to cAMP
using the cofactors Mg?* or Mn*". The resultant cAMP functions as a second messenger in cellular
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metabolism and an allosteric activator of protein kinase A. Because it may control cell metabolism by
phosphorylating particular metabolic pathway enzymes, protein kinase A is a crucial enzyme in cell
metabolism. Additionally, it has the power to control membrane permeability, cellular secretion, and
particular gene expression [45].

Phosphatidylinositol Signal Pathway

When the extracellular signal molecule binds to the G protein receptors (GQ) on the cell surface,
phospholipase C, which is located on the plasma membrane, is activated in the phosphatidylinositol
signal pathway. Lipase hydrolyzes phosphatidylinositol 4,5-bisphosphate (PIP2) to generate two second
messengers.

o Inositol 1,4,5-trisphosphate (IP3) and

e Diacylglycerol (DAG).

IP3 interacts to the IP3 receptor in the smooth endoplasmic reticulum and mitochondrial membranes
due to open Ca** channels. By activating protein kinase C (PKC), DAG alters the catalytic activity of
numerous other proteins, phosphorylating them and triggering cellular reactions. Ca*" has important
effects as well. It can activate the CaM (calcium-modulated protein calmodulin) kinase pathway and
work with DAG to activate PKC. wherein CaM binds Ca*", changes its conformation, and triggers CaM
kinase II. This can only be auto phosphorylated to improve its binding affinity to CaM. After then, the
kinase phosphorylates the target enzymes to control their activity [46].

Tyrosine and Histidine Kinase

Receptor tyrosine kinases (RTKs) are transmembrane proteins that bind ligands through extracellular
and intracellular kinase domain sites such as the insulin receptor and other growth factor receptors [47].
RTKs must form dimers in the plasma membrane to carry out signal transduction [48]. Tyrosine
residues inside the intracellular kinase domains of the RTKs are auto phosphorylated by the contact
between the cytoplasmic domains, which results in conformational changes.

Following the activation of the kinase domains of the receptors, phosphorylation signaling cascades
of downstream cytoplasmic molecules are initiated, supporting various cellular processes such as cell
development and metabolism [49].

Second Messengers

The signaling molecules (NT/hormones) that enter the cell through extracellular fluids and attach to
their particular receptors are the first messengers. Substances that enter the cytoplasm and function
inside the cell to cause a reaction are known as second messengers. When a second messenger serves
as a chemical relay between the cytoplasm and the plasma membrane to enable intracellular signal
transduction [50].

IP3- DAG

Together with diacylglycerol (DAG), inositol 1,4,5 triphosphate, or IP3, is a secondary messenger
molecule that is utilized in lipid signaling and signal transduction in biological cells. While DAG stays
inside the membrane, IP3 is soluble and diffuses throughout the cell. Phospholipase C (PLC) hydrolyzes
phosphatidylinositol 4,5-bisphosphate (PIP2), a phospholipid present in the plasma membrane, to
generate it [51].

IP3, Signal. Mechanism

When a ligand binds to a G protein-coupled receptor (GPCR) linked to a Ggheterotrimeric G protein,
the a-subunit of GQ may bind to and activate the PLC isoenzyme PLC-f, which cleaves PIP2 into IP3
and DAG [52]. The isozyme PLC-y has tyrosine residues that can be phosphorylated upon activation of
a receptor tyrosine kinase (RTK). Mechanism: Increases in intracellular Ca*" concentrations are often
the result of IP3 activation. When a ligand attaches to a G protein-coupled receptor (GPCR) linked to a
Ggheterotrimeric G protein, the a-subunit of GQ may bind to and activate the PLC isoenzyme PLC-f.

© STM Journals 2026. All Rights Reserved 40



Research & Reviews: A Journal of Pharmacology
Volume 16, Issue 2
ISSN: 2230-9861 (Online), ISSN: 2349-1299 (Print)

PIP2 is cleaved into IP3 and DAG as a result [52]. Tyrosine residues on the isozyme PLC-y can be
phosphorylated when a receptor tyrosine kinase (RTK) is activated. This will activate PLC-y and allow
it to cleave PIP2 into DAG and IP3.

This occurs in cells that may respond to growth hormones, such as insulin, because growth factors
are the ligands that activate the RTK. IP3 (also called Ins3P) is a soluble molecule that, once produced
by PLC, can diffuse through the cytoplasm to the ER or, in the case of muscle cells, the sarcoplasmic
reticulum (SR) [53].

Nuclear Receptor

Nuclear transcription factors’ molecular methods of action and their function in the cell nucleus have
been well investigated and partially understood. This is particularly true for steroid and thyroid hormone
receptors, which represent ligand-activated transcription factors that regulate immunological, growth,
metabolic, and developmental processes. Steroid and thyroid hormone receptors constitute an important
class of the super family of nuclear receptors [54].

Basics of Adverse Drug Reactions

Unintentional, undesirable events linked to the use of medications are known as adverse drug
reactions, or ADRsA comprehensive medication history can assist a prescriber in understanding the
patient’s past drug treatment experiences, particularly in identifying past adverse drug reactions (ADRs)
that may help avoid re-exposure to the medication [55, 56]. The most common cause of fatal adverse
drug reactions (ADRs) is the co-administration of antithrombotic/anticoagulants with non-steroidal
anti-inflammatory medicines (NSAIDs) [57].

Prevention of Adverse Drug Reaction
Examine the patient’s condition in anticipation of a G6PD deficiency.
e Looking forward to dose re-education. If renal or hepatic function is compromised, the dosage
should be lowered.
o Keeping an eye on the levels of aminoglycosides and theophylline in the blood.
e Ex-diuretics, which encourage salt and water loss but result in electrolyte depletion and
dehydration, are monitored for pharmacological action (extensive pharmacological activity) [58].

Management of Adverse Drug Reaction
Verification of the ADRs: Describe the factors that helped validate the suspected adverse reactions.
e For instance, medication reactions verified by the reaction’s absence following medication
delivery cessation or dosage reduction.
e Recovery upon stopping the suspected substance or drugs if no other drugs are stopped and no
therapy is administered.
e Recovery comes after both drug withdrawal and response treatment [59].

Aim and Objectives

e To reveal the kind and frequency of adverse drug reactions (ADRs) and to pinpoint the risk factors
that may contribute to them.

To enhance patient care and medication safety.

To enhance public health and safety about medication use.

Keep track of how frequently new responses are reported to identify them.

To assess risk factors for adverse drug reactions.

To educate prescribers to stop ADRs in the future.

To help measure the occurrence of ADRs and prevent predictable harmful effects.
To learn more about the safety and quality of pharmaceuticals.

To identify, gather, evaluate, and track the negative impact.
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PHASE OF PRECLINICAL STUDY
Clinical Trials Phase

A drug’s whole journey from creation to clinical trials typically takes ten to twelve years.

e Phase 0: To determine which of their drug candidates has the best pharmacokinetics parameters
in people, pharmaceutical companies conduct phase 0 research.

e Phase I: The goal of phase 1 is to administer the maximum dosage to humans without causing
any adverse effects. During phase 1, investigators continuously monitor the individuals to look
for anybody reactions to the dose. Although preclinical research provides information on dosage,
human reactions to medications are unpredictable. Giving the drug orally, intravenously, or
tropically is the best method for evaluating the safety dose [60].

There Are Different Kinds of Phase I Trials
Sad

Single Ascending Dose studies include administering a single dose of the medication to small groups
of participants while they are monitored and tested over time. If there are no adverse side effects and
the pharmacokinetic data is roughly in line with projected safe values, the dose is increased and a new
group of volunteers is given a bigger dose. When either intolerable side effects manifest or precalculated
pharmacokinetic safety values are attained, the drug is deemed to have reached the maximum tolerated
dosage (MTD).

Mad
To gain a better understanding of the pharmacokinetics and pharmacodynamics of various medication
dosages, repeated ascending dose experiments are carried out.

Phase 2

The quality and sufficiency of phase 1 research determine the phase 2 plan. Phase 1 studies are often
smaller than phase 2 trials, which are also known as “Therapeutic exploratory” trials. Phase II trials are
designed to continue Phase I safety evaluations in a larger number of patients and volunteers while also
assessing the drug’s efficacy. They are carried out on larger groups (20—-300). When a new medication
is demonstrated to have negative side effects or not work as expected during Phase II trials, the
development process usually fails. Phase II research is divided into two sections: Phase IIA and Phase
IIB. While Phase IIB is especially intended to investigate efficacy, Phase 1A is specifically intended to
evaluate dosage requirements. Some trials combine Phase I and Phase II to assess both toxicity and
efficacy [61].

Phase 3

Phase 3 trials are often known as therapeutic confirmatory trials. A large population is involved in
this stage of drug use to detect adverse effects. Phase 111 studies are large-scale, randomized, controlled
multicenter trials that aim to provide a definitive assessment of the medication’s effectiveness in
comparison to the current “gold standard” of care. because of their size and comparatively long lives.
Phase I1I trials are the most expensive.

trials that are difficult to organize and carry out, especially when it comes to treatments for chronic
illnesses. At least two successful Phase III trials demonstrating a drug’s safety and efficacy are typically
required to obtain approval from the relevant regulatory bodies (FDA (USA), TGA (Australia), EMEA
(European Union), etc.). Phase 3 trials are not always required. With the correct guidance and
recommendations, most drugs undergoing Phase III clinical trials can be sold in compliance with FDA
regulations. At least two successful Phase I1I trials demonstrating a drug’s safety and efficacy are often
required to obtain approval from the relevant regulatory agencies (FDA (USA), TGA (Australia),
EMEA (European Union), etc.). Phase 3 trials are not usually required. Most drugs during Phase III
clinical trials can be commercialized in compliance with FDA rules with the correct guidance and
recommendations [62].
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Phase 4

Trials, also known as post-marketing surveillance trials, involve ongoing technical assistance and
safety monitoring (pharmacovigilance) of a drug after it has been approved for sale. Pharmacogenetics
is examined, healthcare costs and results are computed, and the efficacy and identification of rare or
long-term side effects over a much larger patient group and longer time period are evaluated. Phase IV
studies may be required by regulatory bodies. After a drug is authorized for sale, phase IV studies
involve ongoing technical assistance and safety monitoring (pharmacovigilance). Pharmacogenetics is
examined, healthcare costs and results are computed, and the efficacy and detection of rare or persistent
adverse effects over a much larger patient population and longer time span are evaluated. Phase IV
research may be required by regulatory organizations., or the sponsoring company may carry them out
for competitive (finding a new medicine market) or other reasons. established a nationwide health data
network and prearranged meta-analyses of several related trials to evaluate post-marketing surveillance
independent of FDA approval. The goal of the safety surveillance is to find any rare or long-term
adverse events over a much bigger patient population and longer time duration than was possible during
the Phase I-III clinical studies.

Phase IV trials may reveal side effects that lead to a drug’s sale being discontinued or its use being
limited. For instance, rofecoxib (Vioxx) and troglitazone (Rezulin) [63].

TYPES OF CLINICAL TRIAL

o Treatment Trials: Test novel medication combinations, treatments for people with mental
disabilities, novel surgical or radiation techniques [64].

e Prevention Trials: 1t is specifically used to avoid disorders that may arise after taking medication
or recurring illnesses. Look out more effective strategies to stop a disease from recurring or to
prevent it in people who have never had it. These methods could involve medications, vitamins,
immunizations, minerals, or lifestyle modifications.

o Diagnostic Trials: It is used to identify a certain illness or condition. carried out to identify more
accurate diagnostic methods or tests for a certain illness or condition.

e Screening Trials: Test the most effective method for identifying specific illnesses or medical issues.

o Quality Trials: Trials, sometimes referred to as supportive care trials, investigate strategies for
improving the comfort and quality of life of those with chronic illnesses.

Role of Pharmacists in Clinical Trials

The investigator’s site team includes the pharmacist in the research trial. We offer the facilities
needed to store investigational medical products (IMPs) properly, either in a refrigerator or at a
regulated room temperature. Temperature monitoring is done on a regular basis and documented.
Furthermore, it is the pharmacist’s duty to ensure that IMPs are consistently available and that patients
receive them when prescribed. They oversee investigational items, which include pharmaceuticals and
biologicals, but they may also oversee radiopharmaceuticals and gene therapy. It is the pharmacist’s
duty to ensure that IMPs are consistently available and that patients receive them when prescribed. Drug
Utilization Evaluations (DUEs) are research projects that pharmacists often do. They also carry out
observational surveys with the goal of learning more about the attitudes and viewpoints of patients or
doctors toward drugs. Because pharmacists are making sure that medication is used appropriately,
DUE:s are frequently referred to as drug audits.

Roles and Responsibilities

Organization that provides health services.
The governing body.

Executives.

Authorities that grant approval.
Committee on Human Research Ethics.
The clinical study group.
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Coordinator of studies.

Officers of research governance.
The principal investigator.
Investigator sponsor.
Pharmacist for clinical trials.
Manager of data.

A biostatist.

CONCLUSION

This review highlights the central role of pharmacodynamics in understanding drug action and its
integration with pharmacokinetics in determining therapeutic outcomes. Interactions with biological
targets, including receptors, enzymes, ion channels, and transporters, which start intricating signaling
pathways that result in physiological reactions, are essentially what control drug effects. Optimizing
medication therapy and reducing side effects need a thorough grasp of important pharmacodynamic
factors such as receptor affinity, effectiveness, and dose-response relationships.

The evolution of pharmacokinetic—pharmacodynamic (PK/PD) modeling has significantly advanced
drug development by enabling a more mechanistic and predictive approach to dose selection and
therapeutic optimization. Emerging methodologies such as physiologically-based pharmacokinetic
(PBPK) modeling, population-based modeling, and quantitative systems pharmacology (QSP), are
increasingly supporting precision dosing and individualized treatment strategies. In parallel, structure—
activity relationship (SAR) and computational approaches continue to refine the design and
development of safer and more effective therapeutic agents.

Despite these advancements, challenges, such as interindividual variability, drug resistance, and
adverse drug reactions, remain critical concerns in clinical practice. A multidisciplinary strategy that
incorporates computational modeling, molecular pharmacology, and actual clinical data is needed to
address these problems.

In conclusion, the convergence of pharmacodynamic principles with modern technological and
analytical tools offers significant potential to enhance drug discovery, improve therapeutic efficacy, and
advance the goal of personalized medicine. To convert mechanistic insights into safer and more
successful clinical therapies, more research in this field will be necessary.

REFERENCES

1. Anziano RJ, Milligan PA. Model informed drug development: Collaboration through a common
framework. Clin Pharmacol Ther. 2021;110(5):1165-1167.

2. Zvirblis P, Ellin RI. Acute systemic toxicity of pure dimercaprol and trimercaptopropane. Toxicol
Appl Pharmacol. 1976;36(2):297-299.

3. Herrington DM. Role of estrogen receptor-a in pharmacogenetics of estrogen action. Curr Opin
Lipidol. 2003;14:145-150.

4. Gao W, Jusko WJ. Target-mediated pharmacokinetic and pharmacodynamic model of exendin-4 in
rats, monkeys, and humans. Drug Metab Dispos. 2012;40:990-997. doi: 10.1124/dmd.111.042291.

5. Gabrielsson J, Dolgos H, Gillberg PG, Bredberg U, Benthem B, Duker G. Early integration of
pharmacokinetic and dynamic reasoning is essential for optimal development of lead compounds:
Strategic considerations. Drug Discov Today. 2009;14:358-372. doi:
10.1016/j.drudis.2008.12.011.

6. Danhof M, de Lange ECM, Pasqua OE, Ploeger BA, Voskuyl RA. Mechanism based
pharmacokinetic-pharmacodynamic (PK-PD) modeling in translational drug research. Trends
Pharmacol Sci. 2008;29:486—491. doi: 10.1016/j.tips.2008.01.007.

7. Colburn WA. Biomarkers in drug discovery and development: From target identification through
drug marketing. J Clin Pharmacol. 2003;43:429-341. doi: 10.1177/00912700032524380.

© STM Journals 2026. All Rights Reserved 44


10.1124/dmd.111.042291
—
10.1016/j.tips.2008.01.007.
10.1177/0091270003252480.

Research & Reviews: A Journal of Pharmacology
Volume 16, Issue 2
ISSN: 2230-9861 (Online), ISSN: 2349-1299 (Print)

8.

0.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Pattanaik S, Patil AN, Kumaravel J, Gaurav P. Therapeutic drug monitoring for cytotoxic anticancer
drugs: Principles and evidence-based practices. Front Oncol. 2022;12:1015200.

Agema BC, van Leeuwen RWF, Mathijssen RHJ, Koolen SLW. Barriers and facilitators for
bringing model-informed precision dosing to the patient’s bedside: A systematic review. Clin
Pharmacol Ther. 2023;114(1):44-57.

Huitema ADR, van Erp NP, Mathijssen RHJ, et al. Therapeutic drug monitoring-based precision
dosing of oral targeted therapies in oncology: A prospective multicenter study. Ann Oncol.
2022;33(10):1071-1082.

Van Dongen MGJ, de Vries N, Dreesen E, et al. Precision dosing of targeted therapies: Ready for
clinical implementation? Clin Pharmacokinet. 2023;62(1):1-12.

Minichmayr I, Dreesen E, Centanni M, Wang Z, Hoffert Y, Friberg LE, et al. Model-informed
precision dosing: State of the art and future perspectives. Adv Drug Deliv Rev. 2024;215:115421.
Agema BC, Koolen SLW, Mathijssen RHJ. Model-informed development of a cost-saving dosing
regimen for Sacituzumab Govitecan. Target Oncol. 2024;19:789-796.

Cotsapas C, Hafler DA. Immune-mediated disease genetics, the shared basis of pathogenesis.
Trends Immunol. 2013;34:22-26.

Goutelle S, Maurin M, Rougier F, Barbaut X, Bourguignon L, Ducher M, et al. The Hill equation:
A review of its capabilities in pharmacological modelling. Fundam Clin Pharmacol.
2008;22(6):633—648.

Dumas EO, Pollack GM. Opioid tolerance development: A pharmacokinetic/pharmacodynamic
perspective. AAPS J. 2008;10(4):537-551.

Cahill CM, Walwyn W, Taylor AMW, Pradhan AAA, Evans CJ. Allostatic mechanisms of opioid
tolerance beyond desensitization and downregulation. Trends Pharmacol Sci. 2016;37(11):963—
976.

Ramamoorthy S, Cidlowski JA. Corticosteroids: Mechanisms of action in health and disease.
Rheum Dis Clin North Am. 2016;42(1):15-31,vii.

Jonsson M, Dabrowski M, Gurley DA, Larsson O, Johnson EC, Fredholm BB, et al. Activation and
inhibition of human muscular and neuronal nicotinic acetylcholine receptors by succinylcholine.
Anesthesiology. 2006;104(4):724—733.

Dudek AZ, Arodz T, Galvez J. Computational methods in developing quantitative structure-activity
relationships (QSAR): A review. Comb Chem High Throughput Screen. 2006;9(3):213-228.
Winkler DA. The role of quantitative structure-activity relationships (QSAR) in biomolecular
discovery. Brief Bioinform. 2002;3(1):73-86.

Zvinavashe E, Albertinka JM, Rietjens IMCM. Promises and pitfalls of quantitative structure
activity relationship approaches for predicting metabolism and toxicity. Chem Res Toxicol.
2008;21(12):2229-2236.

Banerjee A, Schepmann D, Kohler J, Wiirthwein EU, Wiinsch B. Synthesis and SAR studies of
chiral non-racemic dexoxadrol analogues as uncompetitive NMDA receptor antagonists. Bioorg
Med Chem. 2010;18(22):7855-7867.

Breiman L. Statistical modeling: Two cultures. Stat Sci. 2001;16:199-231.

Brown N, Lewis RA. Exploiting QSAR methods in lead optimization. Curr Opin Drug Discov
Devel. 2006;9(4):419-424.

Lajiness MS. Evaluation of the performance of dissimilarity selection methodology. In: QSAR:
Rational Approaches to the Design of Bioactive Compounds. Leiden (Netherlands): Escom; 1991.
p. 201-204.

Maggiora GM. On outliers and activity cliffs--why QSAR often disappoints. J Chem Inf Model.
2006 Jul-Aug;46(4):1535. doi: 10.1021/ci060117s.

Shanmugasundaram V, Maggiora GM. Characterizing property and activity landscapes using an
information-theoretic approach. In: 222nd ACS National Meeting; 2001; Chicago, IL, United
States. Washington, DC: American Chemical Society.

Austin CP, Brady LS, Insel TR, Collins FS. NIH molecular libraries initiative. Science.
2004;306:1138-1139.

© STM Journals 2026. All Rights Reserved 45



Pharmacodynamics and Drug—Receptor Interactions: Integrating PK/PD Modeling Ramraje et al.

30.

31.

32.

33.

34.

35.

36.
37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.
56.

von Korff M, Sander T. Toxicity-indicating structural patterns. J Chem Inf Model. 2006;46:536—
544.

Agrafiotis DK, Wiener JIM. Scaffold explorer: An interactive tool for organizing and mining
structure-activity data spanning multiple chemotypes. J Med Chem. 2010;53(13):5002—5011.
Wetzel S, Klein K, Renner S, Rauh D, Oprea TI, Mutzel P, et al. Interactive exploration of chemical
space with Scaffold Hunter. Nat Chem Biol. 2009;5(8):581-583.

Leggat PA. Occupational hygiene practices of dentists in southern Thailand. Int Dent J.
2001;51:11-16.

Angum F, Khan T, Kaler J, Siddiqui L, Hussain A. The Prevalence of Autoimmune Disorders in
Women: A Narrative Review. Cureus. 2020 May 13;12(5):e8094. doi: 10.7759/cureus.8094.
Cotsapas C, Hafler DA. Immune-mediated disease genetics, the shared basis of pathogenesis.
Trends Immunol. 2013;34:22-26.

Kant AK. Dietary patterns and health outcomes. J] Am Diet Assoc. 2004;104:615-635.

Esfahani A, Wong JMW, Truan J, et al. Health effects of mixed fruit and vegetable concentrates:
A systematic review of the clinical interventions. J Am Coll Nutr. 2011;30:285-294.

Angum F, Khan T, Kaler J, Siddiqui L, Hussain A. The Prevalence of Autoimmune Disorders in
Women: A Narrative Review. Cureus. 2020 May 13;12(5):e8094. doi: 10.7759/cureus.8094.

Qin K, Dong C, Wu G, Lambert NA. Inactive-state preassembly of Gq-coupled receptors and Gq
heterotrimers. Nat Chem Biol. 2011;7(11):740-747.

Purves D, Augustine GJ, Fitzpatrick D, Hall WC, LaMantia AS, McNamara JO, et al. Neuroscience.
4th ed. Sunderland (MA): Sinauer Associates; 2008. p.156—157.

Cascio M. Structure and function of the glycine receptor and related nicotinicoid receptors. J Biol
Chem. 2004;279(19):19383-19386.

The top prescription drugs of 2012 globally: Biologics dominate, but small molecule CNS drugs
hold on to top spots. ACS Chem Neurosci. 2012.

King N, Hittinger CT, Carroll SB. Evolution of key cell signaling and adhesion protein families
predates animal origins. Science. 2003;301(5631):361-363.

Filmore D. It’s a GPCR world. Mod Drug Discov. 2004;(Nov):24-28. Overington JP, Al-Lazikani
B, Hopkins AL. How many drug targets are there? Nat Rev Drug Discov. 2006;5(12):993-996.
Gilman AG. G proteins: Transducers of receptor-generated signals. Annu Rev Biochem.
1987;56(1):615-649.

Wettschureck N, Offermanns S. Mammalian G proteins and their cell type specific functions.
Physiol Rev. 2005;85(4):1159-1204.

Wettschureck N, Offermanns S. Mammalian G proteins and their cell type specific functions.
Physiol Rev. 2005;85(4):1159-1204.

Qin K, Dong C, Wu G, Lambert NA. Inactive-state preassembly of G(q)-coupled receptors and
G(q) heterotrimers. Nat Chem Biol. 2011;7(10):740-747.

Wettschureck N, Offermanns S. Mammalian G proteins and their cell type specific functions.
Physiol Rev. 2005;85(4):1159-1204.

Schlessinger J. Signal transduction by allosteric receptor oligomerization. Trends Biochem Sci.
1988;13(11):443-447.

Li E, Hristova K. Role of receptor tyrosine kinase transmembrane domains in cell signaling and
human pathologies. Biochemistry. 2006;45(20):6241-6251.

Li E, Hristova K. Role of receptor tyrosine kinase transmembrane domains in cell signaling and
human pathologies. Biochemistry. 2006;45(20):6241-6251.

Roskoski R. The ErbB/HER receptor protein-tyrosine kinases and cancer. Biochem Biophys Res
Commun. 2004;319(1):1-11.

Igaz P, Toth S, Falus A. Biological and clinical significance of the JAK-STAT pathway; lessons
from knockout mice. Inflamm Res. 2001;50:435-441.

Aronson JK, Ferner RE. Clarification of terminology in drug safety. Drug Saf. 2005;28:851-870.
Directive E. Directive 2011/62 - Amendment of Directive 2001/83/EC on the EC code relating to
medicinal products for human use, as regards the prevention of the entry into the legal supply chain
of falsified medicinal products. 2010.

© STM Journals 2026. All Rights Reserved 46



Research & Reviews: A Journal of Pharmacology
Volume 16, Issue 2
ISSN: 2230-9861 (Online), ISSN: 2349-1299 (Print)

57.

58.

59.

60.

61.

62.

63.

64.

Wester K, Jonsson AK, Spigset O, Druid H, Higg S. Incidence of fatal adverse drug reactions: A
population based study. Br J Clin Pharmacol. 2008;65:573-582.

Coleman JJ, Ferner RE, Evans SJ. Monitoring for adverse drug reactions. Br J Clin Pharmacol.
2006;61:371-379.

Joshi SR, Sapatnekar SM. Pharmacovigilance in India: How safe are the new drugs? How sure are
we? J Assoc Physicians India. 2008;56(8):933-934.

Umscheid CA, Margolis DJ, Grossman CE. Key concepts of clinical trials: a narrative review.
Postgrad Med. 2011 Sep;123(5):194-204. doi: 10.3810/pgm.2011.09.2475.

Different clinical trials. Available from: https://www.cancerresearchuk.org/about-cancer/find-a-
clinical-trial/what-clinical-trials-are/types-of-clinical-trials

Colditz GA, Taylor PR. Prevention trials: Their place in how we understand the value of prevention
strategies.

Different clinical trials. Available from: https://www.cancerresearchuk.org/about-cancer/find-a-
clinical-trial/what-clinical-trials-are/types-of-clinical-trials

Role and responsibilities of clinical trials team. Available from: https://www.viccompcancerctr
.org/what-we-do/research-development/clinical-trials-expansion/investigator-initiated-trials/roles-
and-responsibilities/clinical-trials-team/

© STM Journals 2026. All Rights Reserved 47


https://www.cancerresearchuk.org/about-cancer/find-a-clinical-trial/what-clinical-trials-are/types-of-clinical-trials
https://www.cancerresearchuk.org/about-cancer/find-a-clinical-trial/what-clinical-trials-are/types-of-clinical-trials
https://www.cancerresearchuk.org/about-cancer/find-a-clinical-trial/what-clinical-trials-are/types-of-clinical-trials
https://www.cancerresearchuk.org/about-cancer/find-a-clinical-trial/what-clinical-trials-are/types-of-clinical-trials

