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Answer on the forum (Moodle platform): any question relating to the course must be posted on the 

dedicated forum, so that you can all benefit from my answer, I undertake to answer the questions 

posted within 48 hours. 

By email: I undertake to respond by email within 48 hours of receipt of the message, except in the 

event of unforeseen circumstances, I draw your attention to the fact that the preferred 

communication channel is the forum, the email is reserved for " emergencies” (in the event of a 

problem accessing the platform) and it must be used with discernment. 

 



2.Presentation of the course 

The course "Drug Design and Development" is designed for first-year Master’s students in 

pharmaco-toxicology option. It offers a comprehensive overview of the modern drug development 

process, from target identification to clinical trials and regulatory approval. The main objective of 

the course is to provide students with a clear understanding of how new drugs are discovered, 

designed, optimized, and brought to market. Emphasis is placed on both theoretical principles and 

practical applications, preparing students for future research or industry roles. 

The course begins with an introduction to drug discovery, including a historical overview and the 

classification of drug types and molecular targets such as enzymes, receptors, and nucleic acids. It 

then explores methods for target identification and validation using in silico, in vitro, and in vivo 

approaches. Students will learn about various strategies for identifying lead compounds , including 

high-throughput screening, rational drug design, and the use of natural products. The process of 

lead optimization is covered in detail, focusing on structure-activity relationships (SAR) and 

ADMET properties, which are crucial for ensuring efficacy and safety. 

The course also covers preclinical development, including pharmacokinetics, pharmacodynamics, 

and toxicological testing in animal models. This is followed by an in-depth look at clinical 

development, outlining the four phases of clinical trials, study design, ethical considerations, and 

data analysis. Regulatory frameworks are discussed, with attention given to agencies like the FDA 

(Food and Drug Administration) and EMA (European Medicines Agency), and the requirements 

for submitting investigational new drug (IND) and new drug application (NDA) dossiers. Finally, 

the course highlights emerging trends and challenges in the field, such as the integration of 

artificial intelligence in drug discovery, personalized medicine, and the development of treatments 

for rare diseases. 

 

 

 



3.Content 

According to the outline of the academic Master's training offer in biology, specialty pharmaco-

toxicology, the course Drug design and developement is structured into six main chapters, each 

aimed at achieving specific objectives to enable students to master key concepts and essential 

techniques. 

1. Biochemical/molecular approach. 

2. Structure-activity relationships. 

3. Rational drug design / drug screening strategies: Modeling and concept of new ligands. 

4. Pre-clinical and clinical development of Medicines: Phase IV studies. French and European 

regulations. 

6. Experimental models in research applied to medicine. 

7. Pharmacokinetics and pharmacodynamics in experimental and clinical research. Evaluation of 

the PK/PD relationship. 

By following this course structured sevenchapters, students will develop with an in-depth 

understanding of the modern drug development process, from target identification to clinical trials 

and regulatory approval. Each chapter is designed to strengthen the theoretical and practical skills 

required to flourish in drug design and developement science



4. Pre-requisites 

In order to optimize the comprehension and success of this course, it is recommended that students 

possess prior knowledge and skills as a good understanding of organic chemistry, particularly 

knowledge of molecular structures, reaction mechanisms, and interactions between small 

molecules and biological targets. A strong background in biochemistry is also essential, especially 

regarding enzymes, metabolic pathways, and biological targets such as receptors and proteins. In 

addition, familiarity with pharmacology (drug effects, dose-response relationships, receptor 

theory) and cell and molecular biology (cell structure, DNA/RNA, signaling pathways) is highly 

recommended. An introductory knowledge of pharmacokinetics and pharmacodynamics would be 

an added advantage for understanding drug behavior and optimization during development..  

Verify that you possess the requisite knowledge to participate in this course in the best 

possible manner by clicking on this link 

https://snv-cours.univ-setif.dz/cours/index.php?id=591 

Please use the provided username and password to log in, then select the "my courses" 

section and choose the course "Drug design and developement". 

You can take the test as early as the first week, and you can do it as many times as you 

need to during that time. If the grade you get isn't good enough, you'll be sent to an auto-formation 

course that you can do at your own pace and is available on the same platform for online learning 

by using the same link. 

5. Learning objectives 

The Drug Design and Development course aims to equip students with a comprehensive 

understanding of how new drugs are discovered, designed, tested, and brought to market. By the 

end of the course, students will be able to explain the key stages of drug discovery, including target 

identification, lead compound selection, and optimization. They will be able to analyze the 

principles of pharmacokinetics and pharmacodynamics, and assess how these properties influence 

drug action and safety. Students will also learn to interpret preclinical and clinical trial data, 

understand the regulatory pathways for drug approval (national and international), and critically 

evaluate the ethical, scientific, and economic challenges in drug development. Additionally, the 

course encourages students to explore emerging technologies and innovative approaches in 

modern drug design, such as computer-aided drug design (CADD) and personalized medicin

https://snv-cours.univ-setif.dz/cours/index.php?id=591
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The Drug Design and Development course provides a comprehensive tools to the multidisciplinary 

process by which new therapeutic agents are discovered, optimized, and brought to market. It 

bridges concepts from chemistry, biology, pharmacology, and pharmaceutical sciences to explore 

how modern drugs are designed to interact with specific biological targets at the molecular level. 

From the identification of disease-related biomolecules to the development of safe, effective, and 

marketable drugs, this course covers the entire pipeline—including target validation, lead 

compound identification, optimization, preclinical testing, clinical trials, and regulatory approval. 

Emphasis is placed on both traditional and modern strategies such as structure-based drug design, 

computer-aided modeling, and high-throughput screening. Through this course, students will gain 

the foundational knowledge and critical thinking skills needed to engage in drug research, whether 

in academic, clinical, or industrial settings. 

Finding new drugs usually consists of five main stages 

 Pre-discovery stage in which basic research is performed to try to understand the mechanisms 

leading to diseases and propose possible targets (e.g., proteins); 

 Drug discovery stage, during which scientists search for molecules (two main large families, 

small molecules and biologics) or other therapeutic strategies that interfere or cure the 

investigated disease or at least alleviate the symptoms; 

 Preclinical development stage that focuses on clarifying the mode of action of the drug 

candidates, investigates potential toxicity, validates efficacy on various in vitro and in vivo 

models, and starts evaluate formulation; 

 Clinical stage that investigates the drug candidate in humans; 

 Reviewing, approval and post-market monitoring stage during which the drug is approved or 

not.Structure. 

The main stages are represented in a highly simplified manner. The process varies 

depending on the molecular mechanisms expected to be linked to the disease and the type of 

therapeutic agents that needs to be developed. The approximate cost is around US $2.8 billion 

and the time needed to complete the entire process is around 12–15 year. 
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Introduction  

The development of modern medicines is founded on a detailed understanding of the molecular 

and biochemical mechanisms that govern normal physiological processes and disease states. 

Historically, many drugs were discovered through empirical observations and trial-and-error 

approaches. However, advances in molecular biology, biochemistry, genetics, and biotechnology 

have transformed drug discovery into a more rational and targeted process. Contemporary 

pharmaceutical research increasingly relies on the identification of specific molecular targets 

involved in disease pathogenesis and the design of compounds capable of modulating their 

activity. 

Biochemical and molecular approaches provide powerful tools for investigating cellular functions, 

elucidating disease mechanisms, and characterizing interactions between therapeutic agents and 

biological targets. These approaches enable researchers to understand how alterations at the 

molecular level contribute to disease development and progression. Consequently, they play a 

central role in the identification of novel therapeutic targets, the discovery of lead compounds, and 

the optimization of drug candidates. 

The integration of molecular sciences into drug design has also facilitated the emergence of 

targeted therapies and personalized medicine. By focusing on specific molecular abnormalities 

associated with a disease, modern therapeutic strategies aim to improve efficacy while minimizing 

adverse effects. Therefore, a comprehensive understanding of biochemical and molecular 

principles is essential for the successful discovery and development of innovative medicines. 

1. Role of Biochemical and Molecular Approaches in Drug Discovery and 

Development 

Biochemical and molecular approaches constitute the scientific foundation of modern drug 

discovery. Their primary purpose is to identify the biological factors responsible for disease and 

to determine how these factors can be modulated to restore normal physiological function. 

The drug discovery process often begins with the identification of a therapeutic target. A 

therapeutic target is a biological molecule whose activity can be modified to produce a beneficial 

clinical effect. Such targets may include receptors, enzymes, ion channels, transport proteins, 

nucleic acids, or signaling molecules. Once a target has been identified, biochemical and molecular 
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techniques are employed to investigate its structure, function, regulation, and involvement in 

disease processes. 

Molecular biology techniques allow researchers to analyze genes and their expression patterns, 

providing insights into the genetic basis of diseases. At the same time, biochemical methods 

facilitate the study of proteins, enzymes, metabolic pathways, and molecular interactions that 

influence cellular function. Together, these approaches contribute to the validation of therapeutic 

targets and the identification of potential drug candidates. 

In recent years, technological advances such as genomic sequencing, proteomic analysis, 

bioinformatics, and high-throughput screening have considerably accelerated the drug discovery 

process. These tools enable the rapid identification of disease-associated molecules and facilitate 

the evaluation of thousands of compounds for biological activity. Furthermore, molecular 

approaches support the development of biologics, including monoclonal antibodies, recombinant 

proteins, and nucleic acid-based therapies. Overall, biochemical and molecular approaches provide 

the knowledge required to understand disease mechanisms, identify therapeutic opportunities, and 

develop safer and more effective medicines. 

2. Basic Concepts and Objectives 

Several key concepts underpin biochemical and molecular approaches in drug design. The cell 

represents the fundamental structural and functional unit of living organisms. Cellular activities 

are regulated by a complex network of genes, proteins, metabolites, and signaling pathways that 

maintain physiological homeostasis. Disturbances in these molecular systems can lead to 

pathological conditions. 

Genes are segments of DNA that contain the information required for the synthesis of functional 

RNA molecules and proteins. Through the processes of transcription and translation, genetic 

information is converted into molecules that perform specific biological functions. The regulation 

of gene expression ensures that proteins are produced at the appropriate time, location, and 

quantity required for normal cellular activity. 

Proteins are the principal functional molecules within cells. They act as enzymes that catalyze 

biochemical reactions, receptors that detect external signals, transporters that move substances 

across membranes, and structural components that maintain cellular integrity. Because proteins 
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are directly involved in most physiological processes, they constitute the major targets of 

therapeutic agents. 

Cell signaling refers to the mechanisms by which cells communicate and respond to internal and 

external stimuli. Signaling pathways coordinate essential processes such as cell growth, 

differentiation, metabolism, immune responses, and programmed cell death. Alterations in these 

pathways frequently contribute to disease development. 

The main objectives of biochemical and molecular approaches in drug discovery are: 

 To understand the molecular mechanisms underlying diseases. 

 To identify and validate therapeutic targets. 

 To characterize biological pathways involved in pathological processes. 

 To discover and optimize biologically active compounds. 

 To improve drug efficacy, selectivity, and safety. 

 To support the development of targeted and personalized therapeutic strategies. 

These objectives form the basis of rational drug design and modern pharmaceutical research. 

3. Molecular Basis of Disease 

Diseases originate from disturbances in normal biological processes that occur at the genetic, 

molecular, cellular, or biochemical levels. Although clinical manifestations vary widely among 

diseases, many pathological conditions share common molecular mechanisms involving 

alterations in gene expression, protein function, and intracellular signaling networks. 

The molecular basis of disease seeks to explain how these alterations disrupt cellular homeostasis 

and contribute to tissue dysfunction. Understanding such mechanisms is essential for identifying 

therapeutic targets and developing effective treatment strategies. Advances in molecular biology 

have demonstrated that numerous diseases, including cancer, metabolic disorders, 

neurodegenerative diseases, infectious diseases, and autoimmune conditions, are associated with 

specific molecular abnormalities. 

The study of disease mechanisms can be approached through three interconnected levels: genes 

and gene expression, proteins and cellular functions, and cell signaling pathways. 

 



Chapter 01 Biochemical/molecular approach 

 

5 

3.1. Genes and Gene Expression 

Genes contain the hereditary information necessary for the development, maintenance, and 

functioning of living organisms. Located within chromosomes, genes encode proteins and 

functional RNA molecules that regulate cellular activities. 

Gene expression is a tightly regulated process involving the transcription of DNA into RNA and 

the translation of messenger RNA into proteins. Precise regulation of gene expression is essential 

for maintaining normal cellular function and adapting to environmental changes. 

Alterations in genetic information may occur through mutations, deletions, insertions, 

duplications, or chromosomal rearrangements. Such changes can affect protein structure, stability, 

or expression levels, ultimately leading to abnormal cellular behavior. In addition to genetic 

mutations, epigenetic modifications such as DNA methylation and histone modifications can 

influence gene expression without altering the DNA sequence itself. 

Abnormal gene expression is implicated in numerous diseases. For example, uncontrolled 

expression of growth-promoting genes may contribute to cancer development, whereas 

insufficient expression of essential proteins can result in inherited genetic disorders. Consequently, 

the analysis of genes and gene expression patterns provides valuable information for understanding 

disease mechanisms and identifying therapeutic targets. 

3.2. Proteins and Cellular Functions 

Proteins are responsible for executing most cellular activities and therefore play a central role in 

health and disease. They participate in metabolism, signal transduction, transport, immune 

responses, structural organization, and gene regulation. 

The biological activity of proteins depends not only on their amino acid sequence but also on their 

proper folding, cellular localization, and post-translational modifications. Disturbances affecting 

any of these processes may impair protein function and contribute to disease pathogenesis. 

Protein dysfunction can result from genetic mutations, abnormal protein expression, defective 

folding, protein aggregation, or inappropriate degradation. These alterations may disrupt cellular 

homeostasis and interfere with critical biological processes. 
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Many diseases are directly associated with abnormal protein function. Neurodegenerative 

disorders, for instance, are often characterized by the accumulation of misfolded proteins, whereas 

certain metabolic diseases arise from deficiencies in specific enzymes. Similarly, aberrant receptor 

activity and altered signaling proteins are common features of various cancers. 

Because proteins are directly involved in disease mechanisms and are accessible to 

pharmacological intervention, they represent the most important class of therapeutic targets in 

modern medicine. 

3.3. Cell Signaling Pathways 

Cells continuously receive and process information from their environment through highly 

organized signaling networks. These signaling pathways allow cells to detect external stimuli and 

generate appropriate biological responses. 

Cell signaling typically begins with the interaction of a signaling molecule, or ligand, with a 

specific receptor. This interaction initiates a sequence of intracellular events involving second 

messengers, protein kinases, phosphatases, transcription factors, and other regulatory molecules. 

The signal is then transmitted to specific cellular targets, leading to changes in gene expression, 

metabolism, proliferation, differentiation, survival, or apoptosis. 

Several major signaling pathways play critical roles in cellular regulation, including G protein-

coupled receptor pathways, receptor tyrosine kinase pathways, MAPK signaling, PI3K/AKT 

signaling, JAK/STAT signaling, and NF-κB signaling. These pathways coordinate numerous 

physiological functions and contribute to the maintenance of cellular homeostasis. 

Disruption of signaling pathways is a common feature of many diseases. Excessive activation of 

proliferative pathways may promote tumor development, while defective signaling can impair 

immune responses or metabolic regulation. Consequently, signaling molecules and their associated 

pathways have become major targets for therapeutic intervention. 

A comprehensive understanding of cell signaling mechanisms is therefore essential for the 

identification of novel therapeutic targets and the rational design of innovative medicines.  
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3.4. Molecular Mechanisms of Disease 

The development of disease is often associated with alterations in molecular processes that regulate 

cellular homeostasis. These alterations may affect genes, proteins, or signaling pathways, leading 

to functional abnormalities at the cellular and tissue levels. Understanding the molecular 

mechanisms underlying disease is essential for identifying therapeutic targets and developing 

effective treatment strategies. 

a. Genetic Mutations 

Genetic mutations are permanent changes in the nucleotide sequence of DNA. They can occur 

spontaneously during DNA replication or be induced by environmental factors such as radiation, 

chemicals, or infectious agents. Mutations may affect a single nucleotide, a segment of DNA, or 

entire chromosomes. 

Depending on their nature and location, mutations can alter protein structure, modify gene 

expression, or disrupt normal cellular functions. Point mutations may result in amino acid 

substitutions that affect protein activity, whereas insertions and deletions can alter the reading 

frame of a gene and produce nonfunctional proteins. 

Some mutations are inherited and responsible for genetic disorders, while others are acquired 

during an individual's lifetime and contribute to diseases such as cancer. The accumulation of 

mutations in genes controlling cell growth, DNA repair, or apoptosis can lead to uncontrolled 

cellular proliferation and tumor formation. 

The identification of disease-associated mutations has become a major focus of modern biomedical 

research and has facilitated the development of targeted therapeutic approaches. 

b. Protein Dysfunction 

Proteins are responsible for carrying out most biological functions within the cell. Consequently, 

alterations in protein structure, abundance, or activity can profoundly affect cellular physiology 

and contribute to disease development. 

Protein dysfunction may result from genetic mutations, abnormal gene expression, defective 

protein folding, post-translational modifications, or inappropriate degradation. Such abnormalities 

can impair enzymatic activity, disrupt cellular communication, or alter metabolic pathways. 
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For example, enzyme deficiencies may lead to the accumulation of toxic metabolites, while 

defective membrane receptors can impair signal transmission between cells. In neurodegenerative 

diseases, the aggregation of misfolded proteins can interfere with neuronal function and survival. 

Because proteins occupy a central position in cellular processes, understanding the mechanisms 

leading to protein dysfunction is essential for the development of therapeutic interventions aimed 

at restoring normal biological activity. 

c. Dysregulated Signaling Pathways 

Cell signaling pathways coordinate cellular responses to internal and external stimuli. These 

pathways regulate critical biological functions including cell growth, differentiation, metabolism, 

migration, and apoptosis. 

Under physiological conditions, signaling pathways operate in a highly controlled manner. 

However, genetic alterations, abnormal protein expression, or environmental factors can disrupt 

signaling networks and contribute to disease progression. 

Dysregulation may occur through excessive pathway activation, insufficient signaling, or 

inappropriate signal duration. Persistent activation of growth-promoting pathways can stimulate 

uncontrolled cell proliferation and contribute to cancer development. Conversely, impaired 

signaling may result in immune deficiencies, metabolic disorders, or developmental abnormalities. 

Several signaling pathways, including MAPK, PI3K/AKT/mTOR, JAK/STAT, and NF-κB, have 

been implicated in numerous pathological conditions and represent important targets for 

therapeutic intervention. 

The study of dysregulated signaling pathways provides valuable insights into disease mechanisms 

and supports the rational design of targeted therapies. 

4. Therapeutic Targets 

Advances in molecular biology and biochemistry have revealed that many diseases are associated 

with specific molecules whose activity can be modified to produce a therapeutic effect. These 

molecules, known as therapeutic targets, constitute the foundation of modern drug discovery. 
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The identification and validation of therapeutic targets are critical steps in the development of new 

medicines. A thorough understanding of target biology allows researchers to design drugs with 

improved efficacy, selectivity, and safety. 

4.1. Definition and Characteristics of Therapeutic Targets 

A therapeutic target is a biological molecule whose modulation by a drug results in a desired 

therapeutic outcome. Therapeutic targets are typically proteins, although nucleic acids and other 

biomolecules may also serve as targets. 

Common therapeutic targets include: Receptors, Enzymes, Ion channels, Transport proteins, 

Structural proteins, DNA and RNA molecules 

An ideal therapeutic target should possess several important characteristics. It should play a central 

role in disease pathogenesis, be accessible to pharmacological intervention, and produce 

measurable biological effects when modulated. Furthermore, the target should exhibit sufficient 

selectivity to minimize adverse effects on normal physiological processes. 

The suitability of a target is determined through extensive biological and pharmacological 

investigations aimed at establishing its relevance to the disease under study. 

4.2. Target Identification 

Target identification is the process of discovering biological molecules involved in disease 

mechanisms that may serve as candidates for therapeutic intervention. 

This process relies on a variety of experimental and computational approaches. Genetic studies 

can reveal genes associated with disease susceptibility, while transcriptomic and proteomic 

analyses identify molecules that are differentially expressed in pathological conditions. Functional 

studies using cell cultures and animal models help determine the biological significance of 

potential targets. 

Advances in genomics, bioinformatics, and systems biology have greatly expanded the capacity 

to identify novel therapeutic targets. Large-scale datasets generated through high-throughput 

technologies enable researchers to investigate complex biological networks and uncover 

previously unknown disease-associated molecules. 
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The ultimate goal of target identification is to establish a causal relationship between a specific 

molecular component and disease progression. The identification of a biomolecular target is a 

critical step in drug discovery. A valid target must be biologically relevant, disease-associated, and 

pharmacologically modifiable. This process integrates experimental biology with computational 

analysis, enabling the identification of targets at multiple levels, from genes to complex biological 

networks. 

a. Genomic and Transcriptomic Analysis 

The first practical step in molecular drug design is the identification of a disease-associated 

molecular target. Target identification often begins with the analysis of genomic, transcriptomic, 

proteomic, or metabolomic and data identify overexpressed, mutated, or regulated genes under 

pathological conditions to detect changes that are characteristic of a specific disease state. For 

example, oncogenic mutations in genes such as BRAF, EGFR, or KRAS may highlight proteins 

that drive cancer progression and are therefore promising targets for therapeutic intervention. Once 

a candidate target is identified, it must be validated experimentally and confirmed to be essential 

for disease pathology. This is commonly achieved through gene silencing techniques like RNA 

interference (RNAi), CRISPR/Cas9 gene editing, or pharmacological inhibition in cellular and 

animal models. Successful validation provides the foundation for the subsequent design of 

modulatory compounds.  

Key tools and databases 

 NCBI Gene, Ensembl, UCSC Genome Browser – Databases for gene exploration and 

annotations. 

 GEO (Gene Expression Omnibus), ArrayExpress – Gene expression databases to analyze 

expression profiles under various pathological conditions. 

 STRING, Cytoscape – Tools for protein network and genetic interaction analysis. 

 DAVID, Metascape – Functional analysis and biological pathway enrichment. 

b. Protein identification and Biomolecular Interactions 

 At the heart of any drug design effort is the identification of a viable biological target. Most 

commonly, drug targets include proteins such as enzymes, receptors, ion channels, transporters, 

and, more recently, nucleic acids. Enzymes are particularly attractive because of their well-defined 

active sites and their critical role in catalyzing biochemical reactions. Receptors, particularly G 
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protein-coupled receptors (GPCRs), mediate cellular responses to hormones, neurotransmitters, 

and other signaling molecules, making them common drug targets. Ion channels and membrane 

transporters regulate the movement of ions and molecules across cell membranes, and their 

dysfunction is implicated in a range of diseases. Advances in genomic technologies have also 

enabled the targeting of RNA and DNA sequences using antisense oligonucleotides, siRNA, and 

CRISPR-Cas systems, expanding the repertoire of druggable molecules. 

Key tools and databases 

 Uniprot, PDB (Protein Data Bank) – Databases for protein sequences and 3D structures. 

 SwissTargetPrediction – Predicts potential protein targets for a given compound. 

 STITCH – Explores protein-chemical interactions. 

 STRING – Database of protein-protein interactions (PPI). 

c. Metabolic and Signaling Pathway Analysis 

A thorough understanding of the molecular mechanisms underlying a disease is essential for 

rational drug design. Many diseases result from mutations, overexpression, or functional 

abnormalities in genes encoding proteins involved in critical biological pathways. For instance, 

cancer is often driven by mutations in oncogenes or tumor suppressor genes that dysregulate 

pathways controlling cell proliferation, apoptosis, and DNA repair. Similarly, chronic 

inflammation and autoimmune diseases may involve hyperactive signaling pathways such as NF-

κB or JAK/STAT. By mapping these molecular events, researchers can identify nodal points in 

the pathway that are amenable to pharmacological intervention. This systems-level understanding 

ensures that drugs are designed not only to interact with the target but also to restore the balance 

of entire biological networks. 

Key tools and databases 

 KEGG (Kyoto Encyclopedia of Genes and Genomes), Reactome – Mapping metabolic and 

signaling pathways. 

 Pathway Studio, Ingenuity Pathway Analysis (IPA) – Advanced tools for molecular 

network analysis. 
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4.3. Target Validation 

Target validation is the process of confirming that modulation of a selected target produces the 

expected therapeutic effect. This step is essential before initiating drug discovery programs 

because it reduces the risk of failure during later stages of development. 

Validation strategies may involve genetic, pharmacological, or biochemical approaches. Gene 

knockout or gene silencing experiments can demonstrate whether suppression of a target 

influences disease progression. Conversely, overexpression studies may reveal the consequences 

of increased target activity. 

Pharmacological validation is achieved through the use of chemical compounds, antibodies, or 

biological agents that specifically modulate target function. Observing the resulting biological 

effects provides evidence of the target's therapeutic relevance. 

Validated targets should demonstrate a clear relationship with disease mechanisms, reproducible 

biological effects, and acceptable safety profiles. Successful target validation increases confidence 

that therapeutic modulation of the target will provide clinical benefit. 

Target validation therefore represents a critical bridge between basic biological research and 

rational drug design, ensuring that subsequent efforts are directed toward biologically relevant and 

therapeutically promising targets. 

5. Major Molecular Targets for Drug Action 

The therapeutic effects of drugs are generally achieved through interactions with specific 

molecular targets involved in physiological or pathological processes. These targets are biological 

molecules whose activity can be modified to restore normal function, inhibit disease progression, 

or alleviate symptoms. Most currently approved drugs exert their effects by interacting with 

proteins such as receptors, enzymes, ion channels, and transporters, although nucleic acids have 

also emerged as important therapeutic targets. 

A thorough understanding of the structure, function, and regulation of these molecular targets is 

essential for rational drug design and the development of innovative therapeutic agents. 
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5.1. Receptors 

Receptors are specialized proteins that recognize and bind signaling molecules, known as ligands, 

and convert these interactions into specific cellular responses. They play a fundamental role in cell 

communication and the regulation of physiological processes. 

Receptors can be classified according to their location and mechanism of action. Cell surface 

receptors are embedded in the plasma membrane and mediate responses to extracellular signals, 

whereas intracellular receptors are located within the cytoplasm or nucleus and respond to 

lipophilic molecules capable of crossing the cell membrane. Major receptor families include: 

 G protein-coupled receptors (GPCRs) 

 Ligand-gated ion channel receptors 

 Enzyme-linked receptors 

 Nuclear receptors 

A large proportion of therapeutic agents exert their effects through receptor modulation. Drugs 

may act as agonists, activating receptors and mimicking endogenous ligands, or as antagonists, 

blocking receptor activation and preventing signal transduction. 

Because of their accessibility and central role in cellular communication, receptors represent one 

of the most important classes of therapeutic targets. 

5.2. Enzymes 

Enzymes are biological catalysts that accelerate biochemical reactions necessary for cellular 

function. They regulate metabolic pathways, signal transduction processes, and the synthesis or 

degradation of biological molecules. 

Many diseases are associated with abnormal enzymatic activity. Excessive enzyme activity may 

contribute to pathological processes, whereas insufficient activity can result in metabolic 

dysfunction. 

Drugs targeting enzymes generally act by inhibiting or, less commonly, activating enzymatic 

activity. Enzyme inhibitors may bind to the active site or to regulatory regions that influence 

catalytic function. 
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Examples of therapeutically important enzyme targets include: 

 Cyclooxygenases involved in inflammation 

 Angiotensin-converting enzyme involved in blood pressure regulation 

 Proteases involved in viral replication 

 Kinases involved in cell signaling and cancer progression 

Because enzymes occupy key positions in numerous biological pathways, they constitute a major 

category of drug targets. 

5.3. Ion Channels 

Ion channels are transmembrane proteins that regulate the movement of ions across biological 

membranes. They play critical roles in maintaining membrane potential, electrical signaling, 

muscle contraction, neurotransmission, and cellular homeostasis. Ion channels can be classified 

according to the mechanisms controlling their opening and closing: 

 Voltage-gated ion channels 

 Ligand-gated ion channels 

 Mechanosensitive ion channels 

 Leak channels 

The controlled movement of ions such as sodium, potassium, calcium, and chloride is essential for 

normal cellular function. Dysregulation of ion channel activity can contribute to neurological 

disorders, cardiac arrhythmias, epilepsy, pain syndromes, and other diseases. 

Drugs targeting ion channels may enhance or inhibit channel activity, thereby modifying cellular 

excitability and physiological responses. 

The importance of ion channels in electrical and signaling processes makes them attractive 

therapeutic targets in various medical fields. 

5.4. Transporters 

Transporters are membrane proteins responsible for the movement of ions, metabolites, nutrients, 

and signaling molecules across cellular membranes. They are essential for maintaining 

intracellular homeostasis and regulating the distribution of biological substances. 



Chapter 01 Biochemical/molecular approach 

 

15 

Transport proteins operate through diverse mechanisms, including passive transport, facilitated 

diffusion, and active transport coupled to energy consumption. 

Several important therapeutic targets belong to this category, including: 

 Neurotransmitter transporters 

 Glucose transporters 

 Organic ion transporters 

 ATP-dependent transport systems 

Pharmacological modulation of transporters can alter the concentration of endogenous molecules 

in tissues and extracellular fluids. For example, inhibition of neurotransmitter reuptake 

transporters increases neurotransmitter availability at synapses and forms the basis of several 

treatments for psychiatric disorders. Transporters therefore represent valuable targets for 

controlling physiological and pathological processes. 

5.5. Nucleic Acids 

Nucleic acids, including DNA and RNA, play central roles in the storage, transmission, and 

expression of genetic information. Advances in molecular medicine have expanded the use of 

nucleic acids as therapeutic targets. Drugs targeting nucleic acids may interfere with DNA 

replication, transcription, RNA processing, or protein synthesis. Such strategies are particularly 

important in the treatment of cancer, viral infections, and genetic disorders. 

Recent developments have introduced innovative therapeutic approaches based on: 

 Antisense oligonucleotides 

 Small interfering RNA (siRNA) 

 Messenger RNA (mRNA)-based therapeutics 

 Gene-editing technologies 

These approaches allow direct modulation of gene expression and offer new possibilities for 

treating diseases that were previously difficult to manage using conventional pharmacological 

agents. 

The increasing importance of nucleic acid-based therapies highlights the expanding scope of 

molecular targets in modern drug discovery. 
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6. Experimental Approaches for Studying Therapeutic Targets 

The successful development of new medicines depends on the ability to characterize therapeutic 

targets accurately and understand their biological functions. Experimental approaches provide the 

tools necessary to investigate molecular mechanisms, evaluate target relevance, and assess the 

effects of potential therapeutic agents. 

Modern biomedical research integrates biochemical, molecular, and systems-level technologies to 

generate comprehensive information about target structure, function, and regulation. 

6.1. Biochemical Techniques 

Biochemical techniques are used to investigate the structure, activity, and interactions of biological 

molecules. These methods provide quantitative and qualitative information regarding proteins, 

enzymes, metabolites, and signaling molecules. 

Common biochemical techniques include: 

6.1.1. Enzyme Activity Assays 

Enzyme assays measure catalytic activity and are widely used to evaluate enzyme function and 

determine the effects of inhibitory or activating compounds. 

6.1.2. Immunoassays 

Techniques such as enzyme-linked immunosorbent assays (ELISA) allow the detection and 

quantification of proteins, hormones, cytokines, and other biomolecules using specific antibodies. 

6.1.3. Western Blot Analysis 

Western blotting enables the identification and quantification of proteins within biological samples 

and provides information regarding protein expression levels and molecular weight. 

6.1.4. Protein–Protein Interaction Studies 

Methods such as co-immunoprecipitation and affinity-based assays are used to investigate 

molecular interactions involved in cellular signaling networks. 

Biochemical techniques play a fundamental role in target characterization, biomarker discovery, 

and drug screening programs. 

6.2. Molecular Biology Techniques 

Molecular biology techniques provide powerful tools for studying genes, nucleic acids, and 

mechanisms regulating gene expression. These approaches are widely used in target identification 

and validation. 

6.2.1. Polymerase Chain Reaction (PCR) 

PCR enables the amplification of specific DNA sequences and is commonly employed in genetic 

analysis, mutation detection, and molecular diagnostics. 
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6.2.2. Quantitative PCR (qPCR) 

Quantitative PCR allows the measurement of gene expression levels by quantifying messenger 

RNA after reverse transcription. 

6.2.3. DNA Sequencing 

DNA sequencing technologies determine the nucleotide composition of genetic material and 

facilitate the identification of mutations associated with disease. 

6.2.4. Gene Editing Technologies 

Methods such as CRISPR-Cas systems permit precise modification of genomic sequences and are 

widely used for functional studies and target validation. 

6.2.5. Gene Silencing Approaches 

RNA interference technologies enable selective suppression of gene expression and provide 

valuable information regarding gene function. 

These techniques have significantly improved our understanding of disease mechanisms and 

accelerated the discovery of therapeutic targets. 

6.3. Omics Technologies and Biomarkers 

Recent technological advances have enabled large-scale analyses of biological systems through 

the development of omics sciences. These approaches provide a comprehensive view of molecular 

processes occurring within cells and tissues. 

6.3.1. Genomics 

Genomics investigates the structure, function, and variation of entire genomes. It facilitates the 

identification of disease-associated genes and genetic risk factors. 

6.3.2. Transcriptomics 

Transcriptomics examines global patterns of gene expression and provides insights into cellular 

responses under physiological and pathological conditions. 

6.3.3. Proteomics 

Proteomics focuses on the large-scale study of proteins, including their expression, structure, 

interactions, and post-translational modifications. 

6.3.4. Metabolomics 

Metabolomics analyzes small molecules and metabolic products generated within biological 

systems, providing information about cellular metabolic states. 

6.3.5. Biomarkers 

Biomarkers are measurable biological indicators that reflect physiological processes, disease 

progression, or therapeutic responses. They play an essential role in diagnosis, prognosis, patient 

stratification, and monitoring treatment efficacy. 
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The integration of omics technologies with biomarker research has transformed drug discovery by 

enabling a systems-level understanding of disease mechanisms and supporting the development of 

precision medicine approaches. 

6.4. Bioinformatics Tools for Target Identification and Pathway Analysis 

Advances in bioinformatics have significantly enhanced the identification and characterization of 

therapeutic targets. The integration of genomic, proteomic, and systems biology data enables 

researchers to investigate disease-associated molecules and their interactions within complex 

biological networks. Several computational platforms are routinely employed in modern drug 

discovery to facilitate target identification, pathway analysis, and biomarker discovery. 

6.4.1. Case Study: Identification of EGFR as a Therapeutic Target in Lung Cancer 

Step 1. Disease selection 

The first stage of any drug discovery project consists of selecting a disease of clinical and 

scientific importance. Disease selection is a critical step because it determines the biological target, 

experimental strategy, and therapeutic objectives of the entire drug development process. The 

chosen disease should represent a significant public health concern and be associated with well-

characterized molecular mechanisms that can be exploited for therapeutic intervention. 

In this case study, “Non-Small Cell Lung Cancer (NSCLC)” was selected as the disease model. 

NSCLC accounts for approximately 85% of all lung cancer cases and remains one of the leading 

causes of cancer-related mortality worldwide. Despite significant advances in diagnosis and 

treatment, many patients develop resistance to conventional therapies, highlighting the need for 

novel targeted therapeutic approaches. At the molecular level, NSCLC is frequently associated 

with abnormalities in signaling pathways that regulate cell proliferation, survival, differentiation, 

and apoptosis. Among these alterations, mutations and overexpression of the Epidermal Growth 

Factor Receptor (EGFR) play a central role in tumor initiation and progression. Activation of 

EGFR stimulates several downstream pathways, including the PI3K–Akt, MAPK, and Ras 

signaling pathways, which contribute to uncontrolled cellular growth and resistance to apoptosis. 

Because of its clinical relevance and well-established molecular basis, NSCLC provides an 

excellent model for illustrating the process of therapeutic target identification and validation. The 

subsequent steps of this case study will focus on identifying key genes and signaling pathways 

involved in NSCLC, followed by network analysis and molecular modeling approaches to evaluate 

EGFR as a potential therapeutic target. 
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Step 2. Pathway Identification Using KEGG 

The Kyoto Encyclopedia of Genes and Genomes (KEGG) is a widely used database that links 

genes, proteins, and metabolites to biological pathways. KEGG pathway analysis allows 

researchers to:   

 Identify pathways altered in disease  

 Understand molecular mechanisms  

 Discover potential drug targets   

 Predict downstream effects of target modulation  

Once a candidate gene has been identified through genomic or transcriptomic analysis, the next 

step is to determine the biological pathways in which this gene participates. Pathway analysis helps 

researchers understand the molecular mechanisms underlying disease and identify potential points 

for therapeutic intervention. 

KEGG provides graphical representations of signaling and metabolic pathways, facilitating the 

interpretation of complex biological data. 

2.1. Selection of the Candidate Gene 

Assume that transcriptomic analysis of non-small cell lung cancer (NSCLC) samples revealed that 

the EGFR (Epidermal Growth Factor Receptor) gene is significantly overexpressed compared with 

normal lung tissue. EGFR is therefore selected for further investigation. 

2.2. Accessing the KEGG Database 

The KEGG database can be accessed through: 

https://www.kegg.jp ; In the search field, enter: EGFR Homo sapiens or hsa:1956 (Figure 1) 

where:  hsa = Homo sapiens and 1956 = EGFR Gene ID  

KEGG then displays information related to the gene, including associated signaling and metabolic 

pathways. 

2.3. Identification of Associated Pathways 

Following the identification of a candidate gene, it is essential to determine the biological pathways 

in which the gene participates. Pathway analysis provides valuable information about the 

molecular mechanisms underlying disease development and helps identify potential targets for 

therapeutic intervention. One of the most widely used resources for pathway analysis is the Kyoto 

Encyclopedia of Genes and Genomes (KEGG), a comprehensive database that integrates genomic, 

molecular, and functional information. 

In this case study, the EGFR  gene was selected as a candidate target due to its known involvement 

in lung cancer progression. To investigate its biological functions, the gene was queried in the 

https://www.kegg.jp/
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KEGG database using its human gene identifier (hsa:1956). KEGG returned several signaling 

pathways associated with EGFR, highlighting its central role in multiple cellular processes. 

The analysis revealed that EGFR is involved in several major pathways, including the PI3K–Akt 

signaling pathway (hsa04151), MAPK signaling pathway (hsa04010), Ras signaling pathway 

(hsa04014), ErbB signaling pathway (hsa04012), and the Non-Small Cell Lung Cancer pathway 

(hsa05223). These pathways regulate critical biological functions such as cell proliferation, 

differentiation, migration, survival, angiogenesis, and apoptosis. 

The presence of EGFR in multiple cancer-related pathways suggests that this receptor acts as an 

important upstream regulator of cellular signaling networks. Activation of EGFR triggers a 

cascade of intracellular events that promote cell growth and survival. Under normal physiological 

conditions, these signaling pathways contribute to tissue development and repair. However, 

abnormal EGFR activation resulting from overexpression or mutation can lead to persistent 

signaling, uncontrolled cellular proliferation, and tumor progression. 

Among the identified pathways, the PI3K–Akt signaling pathway was selected for further 

investigation because of its well-established role in cancer biology. This pathway controls several 

key cellular functions, including protein synthesis, metabolism, cell cycle progression, and 

resistance to apoptosis. Dysregulation of the PI3K–Akt pathway is frequently observed in various 

malignancies, including lung cancer, making it a major target for anticancer drug development. 

Pathway analysis therefore serves as an important step in the target identification process. By 

linking candidate genes to specific biological pathways, researchers can better understand disease 

mechanisms, identify key regulatory molecules, and prioritize therapeutic targets for subsequent 

network analysis and drug design studies. 

 

Figure 1. Screenshot obtained from the KEGG database following a search for the human 

EGFR gene.  
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2.4. Analysis of the PI3K-Akt Signaling Pathway 

Among the signaling pathways identified through KEGG analysis (Figure 2), the PI3K–Akt 

signaling pathway (hsa04151) was selected for detailed investigation because of its critical role in 

regulating fundamental cellular processes associated with cancer development and progression. 

This pathway is one of the most frequently dysregulated signaling cascades in human malignancies 

and represents a major target for therapeutic intervention. 

The PI3K–Akt pathway is activated by various extracellular stimuli, including growth factors, 

cytokines, and hormones. Activation typically begins when a growth factor binds to a receptor 

tyrosine kinase (RTK) such as the Epidermal Growth Factor Receptor (EGFR). Ligand binding 

induces receptor dimerization and autophosphorylation, creating docking sites for intracellular 

signaling proteins. 

Following receptor activation, phosphoinositide 3-kinase (PI3K) is recruited to the plasma 

membrane, where it catalyzes the phosphorylation of phosphatidylinositol-4,5-bisphosphate 

(PIP2) into phosphatidylinositol-3,4,5-trisphosphate (PIP3). The accumulation of PIP3 serves as a 

second messenger that recruits Akt and its upstream activators to the membrane, resulting in Akt 

phosphorylation and activation. 

Activated Akt, also known as Protein Kinase B (PKB), functions as a central signaling hub and 

regulates numerous downstream targets involved in cell survival, metabolism, protein synthesis, 

and cell cycle progression. Through the activation of mTOR, Akt promotes protein synthesis and 

cellular growth. Akt also inhibits pro-apoptotic proteins such as BAD and modulates transcription 

factors including FOXO proteins, thereby enhancing cell survival and preventing programmed cell 

death. 

Under physiological conditions, the activity of the PI3K–Akt pathway is tightly regulated by 

negative regulators such as PTEN (Phosphatase and Tensin Homolog), which converts PIP3 back 

to PIP2 and limits pathway activation. Loss of PTEN function or excessive activation of upstream 

receptors such as EGFR can result in persistent Akt signaling and uncontrolled cellular 

proliferation. 

Numerous studies have demonstrated that aberrant activation of the PI3K–Akt pathway 

contributes to tumor initiation, progression, angiogenesis, metastasis, and resistance to therapy. In 

Non-Small Cell Lung Cancer (NSCLC), EGFR overexpression or activating mutations frequently 

lead to constitutive stimulation of this pathway, promoting tumor cell growth and survival. 

Because of its central role in cancer biology, the PI3K–Akt pathway has become an important 

focus of anticancer drug development. Several therapeutic agents targeting components of this 
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signaling cascade, including PI3K inhibitors, Akt inhibitors, and mTOR inhibitors, are currently 

used or under investigation for the treatment of various malignancies. 

The identification of the PI3K–Akt pathway as a major downstream signaling cascade of EGFR 

provides a strong rationale for further network-based analyses. Consequently, genes involved in 

this pathway were extracted from KEGG and selected for subsequent Protein–Protein Interaction 

(PPI) analysis using STRING and Cytoscape to identify key regulatory proteins and potential 

therapeutic targets. 

 

Figure 2. KEGG-based representation of the PI3K–Akt signaling pathway (hsa04151).  

Biological Interpretation 

The PI3K–Akt signaling pathway is one of the most important intracellular signaling cascades 

involved in the regulation of cell growth, survival, metabolism, and proliferation. Activation of 

this pathway begins when the Epidermal Growth Factor (EGF) binds to its specific cell surface 

receptor, the Epidermal Growth Factor Receptor (EGFR). This interaction induces receptor 

dimerization and autophosphorylation of specific tyrosine residues located within the intracellular 

domain of EGFR. 

The phosphorylated receptor then serves as a docking platform for signaling proteins, leading to 

the recruitment and activation of Phosphoinositide 3-Kinase (PI3K). Activated PI3K catalyzes the 

conversion of phosphatidylinositol-4,5-bisphosphate (PIP2) into phosphatidylinositol-3,4,5-
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trisphosphate (PIP3) at the plasma membrane. The accumulation of PIP3 facilitates the recruitment 

and activation of Akt (Protein Kinase B) through a series of phosphorylation events. 

Once activated, Akt acts as a central regulator of multiple downstream signaling pathways. One 

of its principal targets is the mammalian Target of Rapamycin (mTOR), a serine/threonine kinase 

that controls protein synthesis, cellular metabolism, and cell cycle progression. Activation of 

mTOR stimulates the translation of proteins required for cellular growth and proliferation while 

simultaneously promoting cell survival. 

Under physiological conditions, the PI3K–Akt–mTOR pathway contributes to normal tissue 

development, cell differentiation, wound healing, and tissue repair. Its activity is tightly controlled 

by regulatory proteins, including the tumor suppressor PTEN, which negatively regulates pathway 

activation by converting PIP3 back to PIP2. 

In cancer, however, this regulatory balance is frequently disrupted. Overexpression, amplification, 

or activating mutations of EGFR can lead to persistent stimulation of PI3K and continuous 

activation of Akt and mTOR. As a consequence, cancer cells acquire the ability to proliferate 

uncontrollably, resist apoptosis, increase protein synthesis, and maintain sustained growth signals. 

These alterations contribute to tumor initiation, progression, metastasis, and resistance to 

anticancer therapies. 

Because of its central role in oncogenic signaling, the PI3K–Akt–mTOR pathway represents one 

of the most important therapeutic targets in modern cancer research. Numerous inhibitors targeting 

EGFR, PI3K, Akt, and mTOR have been developed to interrupt this signaling cascade and suppress 

tumor growth. 

2.5. Extraction of Genes for Network Analysis 

Following pathway identification using KEGG, the next step in target discovery is the extraction 

of genes involved in the selected biological pathway. This process aims to generate a 

comprehensive list of genes and proteins participating in the molecular mechanisms associated 

with the disease under investigation. 

In the present example, the PI3K–Akt signaling pathway (KEGG pathway hsa04151) was selected 

because of its central role in regulating cell growth, proliferation, survival, metabolism, and 

apoptosis. The pathway map contains numerous genes encoding receptors, signaling molecules, 

kinases, phosphatases, and transcription factors that collectively contribute to cellular responses. 

The identification of pathway-associated genes is performed by examining the KEGG pathway 

map and recording the genes directly involved in signal transduction. Examples include EGFR, 

PIK3CA, AKT1, PTEN, MTOR, KRAS, GSK3B, FOXO1, and RHEB. These genes represent key 

regulatory components of the pathway and may serve as potential therapeutic targets. 
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Once identified, the gene list is extracted and organized into a standardized format suitable for 

subsequent bioinformatics analyses. The extracted genes can be saved in various formats such as 

TXT, CSV, XLSX, or FASTA files depending on the requirements of downstream applications 

(Figure 3). 

The resulting gene set serves as the input for Protein–Protein Interaction (PPI) analysis using 

databases such as STRING. Through network construction, researchers can investigate the 

functional relationships among pathway components, identify highly connected proteins (hub 

genes), and determine which molecules occupy central positions within the signaling network. 

Subsequently, the interaction network can be imported into Cytoscape for advanced visualization 

and topological analysis. Cytoscape enables the identification of key regulators, molecular 

clusters, and potential drug targets by applying network analysis algorithms such as degree 

centrality, betweenness centrality, and clustering methods. 

Therefore, gene extraction represents a critical intermediate step linking pathway analysis to 

network-based target identification. By transforming pathway information into an analyzable gene 

network, researchers can gain a systems-level understanding of disease mechanisms and prioritize 

candidate targets for rational drug design. 

 

Figure 3. Extraction of genes from the PI3K–Akt signaling pathway for network analysis.  
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2.6. Conclusion of KEGG Analysis 

The KEGG pathway analysis provided important insights into the biological functions and 

signaling networks associated with EGFR in Non-Small Cell Lung Cancer (NSCLC). The results 

revealed that EGFR is involved in multiple signaling pathways that regulate essential cellular 

processes, including proliferation, survival, differentiation, migration, and angiogenesis. Among 

the identified pathways were the PI3K–Akt, MAPK, Ras, and ErbB signaling pathways, all of 

which have been implicated in cancer development and progression. 

Particular attention was given to the PI3K–Akt signaling pathway (hsa04151) because of its central 

role in tumor biology. This pathway controls key cellular functions such as cell growth, 

metabolism, protein synthesis, and resistance to apoptosis. Dysregulation of the PI3K–Akt 

pathway is frequently observed in many human cancers and is often associated with aggressive 

tumor behavior and poor clinical outcomes. 

The analysis also demonstrated that EGFR occupies an upstream regulatory position within this 

signaling cascade. Activation of EGFR initiates a series of downstream molecular events that 

ultimately promote cellular proliferation and survival. Consequently, alterations affecting EGFR 

can have profound effects on multiple signaling pathways simultaneously, highlighting its 

importance as a potential therapeutic target. 

Furthermore, the KEGG pathway map identified several downstream molecules, including 

PIK3CA, AKT1, MTOR, KRAS, and STAT3, which may also contribute to disease progression 

and represent potential targets for pharmacological intervention. The identification of these 

interconnected proteins emphasizes the complexity of cellular signaling networks and the need for 

network-based approaches to better understand their functional relationships. 

Based on these findings, EGFR was selected as the primary candidate target for further 

investigation (Figure 4). To gain a deeper understanding of the interactions among pathway 

components and to identify key regulatory proteins, the genes associated with the PI3K–Akt 

signaling pathway were extracted and subjected to Protein–Protein Interaction (PPI) analysis using 

the STRING database. The resulting interaction network was subsequently analyzed in Cytoscape 

to identify hub proteins and prioritize therapeutic targets for rational drug design. 
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Figure 4. Workflow for target and pathway identification Using KEGG  
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Step 3. Protein–Protein Interaction (PPI) analysis using STRING 

3.1. Objective 

Following the identification of the PI3K–Akt signaling pathway as the most relevant pathway 

associated with EGFR in Non-Small Cell Lung Cancer (NSCLC), the next step is to investigate 

the interactions among the proteins involved in this pathway. Proteins rarely act independently; 

instead, they function within highly interconnected networks that coordinate cellular responses. 

Protein–Protein Interaction (PPI) analysis helps identify key regulatory proteins, understand 

functional relationships, and prioritize potential therapeutic targets. 

To achieve this objective, the STRING (Search Tool for the Retrieval of Interacting 

Genes/Proteins) database was used. STRING integrates experimental evidence, computational 

predictions, co-expression data, and information extracted from scientific literature to generate 

comprehensive interaction networks. 

3.2. Selection of Genes from the PI3K–Akt Pathway 

Based on the KEGG pathway analysis, several key genes involved in the PI3K–Akt signaling 

cascade were selected for network construction and subsequent Protein–Protein Interaction (PPI) 

analysis. These genes included EGFR, which functions as a receptor tyrosine kinase and initiates 

signal transduction following growth factor stimulation; PIK3CA, which encodes the catalytic 

subunit of phosphoinositide 3-kinase (PI3K); and AKT1, a central serine/threonine kinase 

responsible for transmitting intracellular survival and growth signals. Additional genes selected 

for analysis included MTOR, a major regulator of protein synthesis and cellular metabolism; 

KRAS, an important signal transduction protein involved in cell proliferation; and STAT3, a 

transcription factor that regulates the expression of genes associated with cell survival and 

inflammation. The analysis also incorporated PTEN, a tumor suppressor that negatively regulates 

PI3K–Akt signaling, and FOXO1, a transcription factor involved in apoptosis, metabolism, and 

cell cycle regulation. Together, these genes represent critical components of the PI3K–Akt 

signaling pathway and play essential roles in controlling cellular growth, proliferation, survival, 

and metabolism. Because alterations affecting these molecules have been frequently associated 

with cancer development and progression, they were selected as input for STRING analysis in 

order to investigate their functional interactions and identify potential hub proteins within the 

signaling network. 

3.3. Construction of the Protein–Protein Interaction (PPI) Network Using STRING 

To investigate the functional relationships among proteins involved in the PI3K–Akt signaling 

pathway, a Protein–Protein Interaction (PPI) network was constructed using the STRING database 

(Search Tool for the Retrieval of Interacting Genes/Proteins), available at https://string-db.org/. 

https://string-db.org/
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STRING is a widely used bioinformatics platform that integrates known and predicted protein 

interactions from multiple sources, including experimental studies, curated databases, 

computational predictions, co-expression analyses, gene neighborhood information, gene fusion 

events, and text mining of scientific literature. 

3.3.1. Accessing the STRING Database 

The STRING platform was accessed through the official website: https://string-db.org/ from the 

homepage, the option "Multiple Proteins" was selected to allow the simultaneous analysis of 

several genes. 

3.3.2. Input of Candidate Genes 

The genes identified from the KEGG PI3K–Akt signaling pathway were entered into the STRING 

search box as a list: EGFR, PIK3CA, AKT1, MTOR, KRAS, STAT3, PTEN, FOXO1. The 

organism was specified as: Homo sapiens to ensure that all interactions corresponded to human 

proteins. 

3.3.3. Network Parameters 

The following analysis parameters were applied: 

 Organism: Homo sapiens 

 Interaction sources: 

o Experimental evidence 

o Curated databases 

o Co-expression 

o Gene neighborhood 

o Gene fusion 

o Text mining 

o Protein homology 

 Minimum required interaction score: 0.400 (medium confidence) 

 Network type: Full STRING network 

 Maximum number of interactors: Default settings 

These parameters allowed the identification of biologically meaningful interactions while 

maintaining a comprehensive network structure. 

3.3.4. Generation of the PPI Network 

After submitting the gene list, STRING generated a Protein–Protein Interaction network composed 

of nodes and edges. In this network (Figure 5): 

 Nodes represent proteins encoded by the submitted genes. 

 Edges represent functional or physical associations between proteins. 

https://string-db.org/
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Unlike simple molecular binding maps, STRING interactions may reflect: 

 Direct physical binding. 

 Participation in the same biological process. 

 Co-regulation within signaling pathways. 

 Functional associations supported by experimental evidence. 

Each interaction is assigned a confidence score ranging from 0 to 1, reflecting the strength of 

evidence supporting the association. Higher confidence scores indicate stronger biological support 

and greater reliability of the predicted interaction.  

 

Figure 5. STRING-derived Protein–Protein Interaction network of genes associated with 

the PI3K–Akt signaling pathway.  
 

3.3.5. Identification of Hub Proteins 

Network analysis allows the identification of highly connected proteins known as hub proteins. 

Because hub proteins regulate multiple cellular processes, they often represent attractive 

therapeutic targets. The STRING analysis identified: EGFR, AKT1, PIK3CA, MTOR  as major 

hubs within the network. Among these proteins, EGFR exhibited the highest level of connectivity, 

confirming its central role in the regulation of downstream signaling pathways. The resulting 

network revealed extensive interactions among the selected proteins, confirming their coordinated 

involvement in the PI3K–Akt signaling pathway. These interactions demonstrate that EGFR 

occupies a central position within the signaling cascade and serves as a major upstream regulator 

of cellular proliferation, survival, and metabolism. Furthermore, proteins such as AKT1, PIK3CA, 

and MTOR displayed high connectivity, suggesting important regulatory roles within the network. 
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Such highly connected proteins are often referred to as hub proteins and frequently represent 

attractive targets for therapeutic intervention. 

3.3.6. Exporting the Network 

The generated network was exported from STRING in formats compatible with downstream 

analyses, including: 

 TSV (Tab-Separated Values) 

 CSV (Comma-Separated Values) 

 PNG (Network Image) 

 XGMML (for Cytoscape) 

The XGMML file was subsequently imported into Cytoscape for advanced network visualization 

and topological analysis. 

3.4. Conclusion of STRING Analysis 

The STRING analysis (Figure 6) revealed a highly interconnected protein network centered on 

EGFR and its downstream signaling partners. The results confirmed the biological importance of 

EGFR within the PI3K–Akt signaling pathway and identified several additional proteins that may 

contribute to disease progression. Because network topology cannot be fully evaluated using 

STRING alone, the interaction network was exported to Cytoscape for advanced visualization and 

quantitative analysis. Cytoscape was subsequently used to calculate network parameters and 

identify the most influential hub proteins within the network. 

Figure 6. Protein–Protein Interaction (PPI) network generated from genes associated with 

the PI3K–Akt signaling pathway.
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Introduction  

Structure–Activity Relationship (SAR) studies constitute a fundamental component of 

medicinal chemistry and modern drug discovery. SAR refers to the systematic investigation of 

the relationship between the chemical structure of a molecule and its biological activity. The 

primary objective of SAR analysis is to identify the structural features responsible for a 

compound’s pharmacological effects and to determine how specific chemical modifications 

influence potency, selectivity, efficacy, pharmacokinetic properties, and toxicity. 

The concept of SAR is based on the principle that biological activity depends on the ability of 

a molecule to interact with a specific biological target, such as a receptor, enzyme, ion channel, 

transporter, or nucleic acid. These interactions are governed by the physicochemical properties 

of the molecule, including its size, shape, electronic distribution, stereochemistry, 

hydrophobicity, and functional groups. Even minor structural changes can significantly alter 

the affinity of a compound for its target and consequently modify its biological response. 

SAR studies play a central role throughout the drug discovery process. Once a lead compound 

has been identified, medicinal chemists synthesize and evaluate a series of analogs in which 

selected structural elements are systematically modified. Comparison of the biological activities 

of these analogs enables the identification of structural features that enhance therapeutic activity 

or reduce undesirable effects. This iterative optimization process contributes to the development 

of safer, more potent, and more selective drug candidates. 

Advances in computational chemistry, molecular modeling, cheminformatics, and quantitative 

structure–activity relationship (QSAR) methods have considerably expanded the scope of SAR 

investigations. Today, SAR analysis is widely used to guide lead optimization, predict 

biological activity, improve pharmacokinetic behavior, and support rational drug design 

strategies. 

Consequently, understanding the relationship between molecular structure and biological 

activity is essential for the successful discovery and development of new therapeutic agents. 

SAR remains one of the most powerful approaches for transforming initial lead compounds into 

clinically effective medicines. 
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1. Definition and Importance of SAR 

Structure–Activity Relationships (SAR) describe the relationship between the chemical 

structure of a molecule and its biological activity. SAR studies aim to determine how specific 

structural features of a compound influence its interaction with a biological target and 

consequently affect its pharmacological properties. By systematically modifying different parts 

of a molecule and evaluating the resulting changes in biological activity, researchers can 

identify the structural elements that are essential for therapeutic efficacy. 

The fundamental principle of SAR is that molecules with similar chemical structures often 

exhibit similar biological activities, whereas structural modifications may lead to improvements 

or reductions in activity. Factors such as functional groups, molecular size, shape, 

stereochemistry, electronic distribution, and lipophilicity can significantly influence the binding 

affinity of a drug to its target and its overall pharmacological profile. 

SAR analysis plays a crucial role in medicinal chemistry and drug discovery. Following the 

identification of a lead compound, medicinal chemists synthesize a series of analogs containing 

controlled structural modifications. The biological evaluation of these analogs provides 

valuable information about the molecular determinants of activity and helps identify the optimal 

structural characteristics required for effective target interaction. 

The importance of SAR extends beyond the improvement of biological potency. SAR studies 

contribute to the enhancement of drug selectivity, reduction of adverse effects, optimization of 

pharmacokinetic properties, and minimization of toxicity. Through iterative cycles of design, 

synthesis, and biological testing, SAR serves as a powerful tool for transforming lead 

compounds into safe and effective therapeutic agents. 

In modern drug development, SAR analysis is frequently combined with computational 

methods, molecular modeling, and Quantitative Structure–Activity Relationship (QSAR) 

approaches to accelerate lead optimization and support rational drug design. Consequently, 

SAR represents one of the most important strategies for understanding drug–target interactions 

and guiding the development of novel medicines. 

 

 



Chapter 02 Structure-activity relationships 

 34 

2. Historical Development of SAR 

The concept of Structure–Activity Relationships (SAR) emerged from the observation that the 

biological activity of chemical compounds is closely related to their molecular structure. 

Although the formal development of SAR occurred during the twentieth century, its origins can 

be traced back to the nineteenth century when scientists first recognized that chemically related 

substances often produced similar physiological effects. 

One of the earliest contributions to SAR was made by Crum Brown and Thomas Fraser in 1868, 

who proposed that the physiological activity of a compound was linked to its chemical 

constitution. Their work established the foundation for understanding how structural 

modifications could alter biological responses. Later, John Newport Langley and Paul Ehrlich 

advanced the concept of selective drug action by proposing that drugs interact with specific 

cellular components, an idea that ultimately led to the receptor theory of drug action. 

A major milestone in SAR development occurred in the late nineteenth century with the work 

of Emil Fischer, who introduced the lock-and-key model in 1894. Fischer proposed that 

biological activity depends on the structural complementarity between a molecule and its 

biological target. This concept provided a theoretical basis for understanding molecular 

recognition and remains a cornerstone of modern medicinal chemistry. 

During the first half of the twentieth century, advances in organic chemistry enabled the 

systematic synthesis of chemical analogs and facilitated the experimental study of structure–

activity relationships. Researchers began modifying functional groups, ring systems, and side 

chains to investigate their effects on biological activity. These studies demonstrated that small 

structural changes could produce significant differences in potency, selectivity, and toxicity. 

A major breakthrough occurred in 1964 when Corwin Hansch introduced the concept of 

Quantitative Structure–Activity Relationships (QSAR). Hansch developed mathematical 

models that correlated biological activity with physicochemical properties such as lipophilicity, 

electronic effects, and steric factors. QSAR transformed SAR from a qualitative observational 

approach into a quantitative scientific discipline capable of predicting biological activity. 

The rapid development of molecular biology, structural biology, and computational chemistry 

during the late twentieth and early twenty-first centuries further expanded SAR applications. 
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The determination of three-dimensional protein structures by X-ray crystallography and nuclear 

magnetic resonance (NMR) spectroscopy provided detailed information about drug–target 

interactions. In parallel, computer-aided drug design (CADD), molecular docking, 

pharmacophore modeling, and artificial intelligence enabled researchers to analyze SAR data 

more efficiently and optimize lead compounds with greater precision. 

Today, SAR is an essential component of rational drug design and modern pharmaceutical 

research. By integrating experimental and computational approaches, SAR studies continue to 

play a central role in the discovery, optimization, and development of new therapeutic agents 

for a wide range of diseases. 

3. Molecular Basis of Drug–Target Interactions 

The therapeutic activity of a drug depends on its ability to interact selectively with a biological 

target. Drug–target interactions constitute the molecular foundation of pharmacological 

responses and determine the efficacy, selectivity, and safety of therapeutic agents. Biological 

targets include receptors, enzymes, ion channels, transporters, and nucleic acids, all of which 

possess specific structural features capable of recognizing and binding drug molecules. 

The formation of a drug–target complex is governed by molecular recognition processes that 

involve complementary geometric, electronic, and physicochemical properties. The strength 

and specificity of these interactions depend on various non-covalent and, in some cases, 

covalent forces that stabilize the binding of the ligand to its target. Understanding these 

molecular interactions is essential for rational drug design because they directly influence 

binding affinity, biological activity, and therapeutic outcomes. 

3.1. Types of Chemical Bonds and Interactions 

Drug–target binding is mediated by a variety of chemical interactions that differ in strength, 

reversibility, and biological significance. Most therapeutic agents interact with their targets 

through reversible non-covalent forces, although some drugs form irreversible covalent bonds. 

Covalent bonds: are the strongest type of interaction and involve the sharing of electron pairs 

between atoms. Covalent inhibitors, such as aspirin and certain kinase inhibitors, permanently 

modify their targets and often produce prolonged pharmacological effects. 
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Hydrogen bonds: occur when a hydrogen atom covalently bound to an electronegative atom 

interacts with another electronegative atom. These interactions play a critical role in molecular 

recognition and contribute significantly to binding specificity. 

Ionic interactions: result from electrostatic attraction between oppositely charged groups. 

Because of their relatively high strength, ionic interactions contribute substantially to ligand 

binding and stabilization of drug–target complexes. 

Van der Waals interactions: arise from transient fluctuations in electron distribution that 

generate weak attractive forces between molecules. Although individually weak, numerous van 

der Waals interactions collectively contribute significantly to binding affinity. 

Hydrophobic interactions: occur when nonpolar regions of a drug associate with hydrophobic 

regions of a target protein. These interactions are particularly important in protein binding 

pockets and frequently represent major determinants of ligand affinity. 

The combined contribution of these interactions determines the overall stability and specificity 

of the drug–target complex. 

3.2. Pharmacophore Concept 

The pharmacophore represents the essential set of steric and electronic features required for 

optimal interaction between a biologically active molecule and its target. It describes the 

minimum structural characteristics necessary to produce a specific pharmacological effect, 

regardless of the overall molecular framework. 

A pharmacophore may include hydrogen bond donors, hydrogen bond acceptors, aromatic 

rings, hydrophobic regions, positively charged groups, negatively charged groups, or other 

structural elements involved in target recognition. Molecules possessing different chemical 

structures may exhibit similar biological activities if they share the same pharmacophoric 

features arranged in a comparable three-dimensional configuration. 

Identification of pharmacophores is a fundamental step in modern drug discovery. 

Pharmacophore models facilitate virtual screening, lead optimization, scaffold hopping, and the 

design of novel compounds with improved biological properties. Consequently, the 
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pharmacophore concept serves as an important bridge between molecular structure and 

biological activity in SAR studies. 

3.3. Drug–Receptor Recognition 

Drug–receptor recognition is the process through which a ligand selectively binds to a receptor 

and initiates or inhibits a biological response. This recognition depends on structural 

complementarity between the ligand and the receptor binding site. Several models have been 

proposed to explain drug–receptor interactions. The classical lock-and-key model, introduced 

by Emil Fischer, suggests that a ligand fits precisely into a receptor binding site, similar to a 

key fitting into a lock. Although useful for illustrating specificity, this model does not fully 

account for molecular flexibility. 

The induced-fit model, proposed by Daniel Koshland, suggests that both the ligand and receptor 

undergo conformational changes during binding, resulting in a more favorable interaction. This 

model better reflects the dynamic nature of biological macromolecules. More recent concepts 

emphasize the importance of conformational selection, whereby receptors exist in multiple 

conformations and ligands preferentially bind to the most favorable state. Regardless of the 

model considered, successful drug–receptor recognition depends on the formation of a stable 

complex through multiple complementary interactions. The strength of ligand binding is 

commonly expressed as affinity, while the ability of a ligand to activate a receptor and produce 

a biological response is referred to as efficacy. Together, affinity and efficacy determine the 

pharmacological profile of a drug and represent key parameters in medicinal chemistry and 

rational drug design. 

4. Structural Factors Influencing Biological Activity 

The biological activity of a drug is strongly influenced by its chemical structure. Even minor 

modifications in molecular architecture can significantly alter the interaction of a compound 

with its biological target, affecting its potency, selectivity, pharmacokinetic properties, and 

safety profile. Understanding the structural factors that govern biological activity is therefore 

essential for rational drug design and lead optimization. Among the most important 

determinants of biological activity are functional groups, electronic effects, and steric effects. 

These factors influence molecular recognition, binding affinity, chemical reactivity, membrane 

permeability, and metabolic stability. By systematically modifying these structural features, 
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medicinal chemists can establish Structure–Activity Relationships (SAR) and optimize drug 

candidates for therapeutic use. 

4.1. Functional Groups 

Functional groups are specific arrangements of atoms within a molecule that determine its 

chemical properties and reactivity. They play a crucial role in drug–target interactions because 

they directly participate in molecular recognition and binding processes. Common functional 

groups found in pharmaceutical compounds include hydroxyl (-OH), amino (-NH₂), carboxyl 

(-COOH), amide (-CONH₂), ether (-O-), ester (-COOR), ketone (>C=O), and aromatic rings. 

These groups influence the ability of a molecule to form hydrogen bonds, ionic interactions, 

and hydrophobic contacts with its biological target. The introduction, removal, or modification 

of a functional group can profoundly affect biological activity. For example, the addition of a 

hydroxyl group may increase water solubility and hydrogen-bonding capacity, whereas the 

incorporation of hydrophobic groups may enhance membrane permeability and receptor 

affinity. Similarly, converting an ester into an amide can improve metabolic stability and 

prolong drug action. Functional groups therefore represent key structural elements that 

determine both the pharmacological and physicochemical properties of therapeutic agents 

(Table 1). Functional groups affect a drug’s lipophilicity, polarity, electronic properties, and 

binding affinity. 

Table 1: Common functional groups and their effect on the drug activity 

Functional Group Effect on Drug Activity Example 

Hydroxyl (-OH) Increases hydrophilicity, forms hyd

rogen bonds 

Morphine (interacts with opioid rec

eptors) 

Amine (-NH2) Can enhance water solubility, affect

s pKa 

Epinephrine (binds to adrenergic re

ceptors) 

Carboxyl (-COOH) Improves acidic character, aids enz

yme interaction 

Aspirin (inhibits COX enzymes) 

Halogens (F, Cl, Br, I) Increases lipophilicity, enhances m

etabolic stability 

Fluoxetine (antidepressant, increase

d brain penetration) 

Methyl (-CH3) Can block metabolism, increase rec

eptor selectivity 

Methamphetamine (more potent tha

n amphetamine) 
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4.2. Electronic Effects 

Electronic effects refer to the influence of electron distribution within a molecule on its 

chemical behavior and biological activity. Variations in electron density can affect molecular 

reactivity, binding affinity, acidity, basicity, and intermolecular interactions. 

Two major electronic effects are commonly considered in medicinal chemistry: 

a. Inductive Effect 

The inductive effect results from the attraction or donation of electrons through sigma bonds. 

Electron-withdrawing groups, such as fluorine, chlorine, nitro (-NO₂), and cyano (-CN), reduce 

electron density, whereas electron-donating groups, such as methyl (-CH₃) and methoxy (-

OCH₃), increase electron density. 

b. Resonance Effect 

The resonance effect involves electron delocalization through conjugated systems and aromatic 

rings. Resonance can stabilize charged intermediates, modify molecular polarity, and influence 

receptor binding. 

Electronic effects are particularly important because they can alter the strength of drug–target 

interactions. For example, electron-withdrawing substituents may enhance binding affinity by 

strengthening hydrogen bonds, while electron-donating groups may improve interactions with 

electron-deficient receptor regions. These effects are frequently exploited during lead 

optimization to improve potency and selectivity. 

4.3. Steric Effects 

Steric effects arise from the size, shape, and spatial arrangement of atoms within a molecule. 

Because biological targets possess three-dimensional binding sites, the geometric compatibility 

between a drug and its target is a critical determinant of biological activity. 

Bulky substituents may either enhance or reduce activity depending on their position within the 

molecule. In some cases, larger groups improve target interactions by occupying hydrophobic 

pockets and increasing binding affinity. In other situations, excessive steric bulk can hinder 

binding by preventing proper accommodation within the receptor site. 
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Steric effects also influence molecular flexibility, conformational stability, and selectivity. The 

introduction of rigid ring systems, branched chains, or stereochemical centers can alter the 

three-dimensional orientation of pharmacophoric groups and consequently modify biological 

activity. 

Stereochemistry represents a particularly important aspect of steric effects. Enantiomers often 

exhibit different pharmacological properties because biological targets are inherently chiral. 

One enantiomer may possess high affinity and therapeutic activity, whereas the other may be 

less active or even produce adverse effects. Therefore, careful control of steric properties is 

essential during drug optimization to maximize efficacy while minimizing unwanted 

interactions and toxicity. 

5. Optimization of Lead Compounds 

Lead optimization is a critical stage in the drug discovery process that aims to transform a 

biologically active lead compound into a candidate suitable for preclinical development. 

Although lead compounds often exhibit promising activity against a therapeutic target, they 

frequently possess limitations related to potency, selectivity, pharmacokinetic properties, 

toxicity, or metabolic stability. Consequently, systematic structural modifications are 

performed to improve their overall pharmacological profile. 

The optimization process relies heavily on Structure–Activity Relationship (SAR) studies, 

which enable researchers to identify structural features responsible for biological activity and 

determine how chemical modifications affect drug performance. Through iterative cycles of 

design, synthesis, and biological evaluation, medicinal chemists seek to maximize therapeutic 

efficacy while minimizing adverse effects. 

5.1. Bioisosterism 

Bioisosterism is one of the most important strategies used in medicinal chemistry to optimize 

lead compounds. Bioisosteres are atoms, groups, or molecular fragments that possess similar 

physicochemical properties and produce comparable biological effects when substituted within 

a molecule. 

The primary objective of bioisosteric replacement is to improve pharmacological properties 

without significantly altering biological activity. Such modifications can enhance potency, 
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increase selectivity, improve metabolic stability, reduce toxicity, and optimize pharmacokinetic 

behavior. Bioisosteres are generally classified into two categories: 

5.1.1. Classical Bioisosteres 

Classical bioisosteres possess similar size, valence, and electronic properties. Examples 

include: 

 Hydrogen (H) ↔ Fluorine (F) 

 Hydroxyl (-OH) ↔ Amino (-NH₂) 

 Oxygen (O) ↔ Sulfur (S) 

5.1.2. Non-Classical Bioisosteres 

Non-classical bioisosteres may differ structurally but retain similar biological functions. 

Examples include: 

 Carboxylic acid (-COOH) ↔ Tetrazole ring 

 Amide ↔ Sulfonamide 

 Phenyl ring ↔ Heteroaromatic ring 

Bioisosteric substitutions have been widely employed in the development of numerous 

therapeutic agents and remain a powerful tool for lead optimization. 

5.2. Chemical Modification Strategies 

Chemical modification involves the systematic alteration of molecular structures to improve 

the properties of lead compounds. Various strategies are employed depending on the desired 

objective and the information obtained from SAR studies. 

5.2.1. Functional Group Modification 

The introduction, removal, or replacement of functional groups can influence binding affinity, 

solubility, and metabolic stability. For example, adding hydroxyl groups may improve aqueous 

solubility, whereas introducing hydrophobic substituents can enhance receptor binding. 
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5.2.2. Chain Extension and Chain Shortening 

Modifying the length of carbon chains can alter molecular flexibility and optimize interactions 

with biological targets. Appropriate chain length is often essential for achieving optimal 

activity. 

5.2.3. Ring Modification 

The introduction, removal, expansion, contraction, or fusion of ring systems may influence 

molecular rigidity, conformational stability, and target recognition. Aromatic and heterocyclic 

rings are frequently modified during lead optimization. 

5.2.4. Rigidification 

Restricting molecular flexibility through the incorporation of cyclic structures can reduce 

entropy loss during binding and increase receptor affinity. 

5.2.5. Molecular Simplification 

Complex molecules may be simplified while retaining essential pharmacophoric features. This 

approach can facilitate synthesis and improve pharmacokinetic properties. 

5.2.6. Scaffold Hopping 

Scaffold hopping involves replacing the central molecular framework while preserving key 

pharmacophoric elements. This strategy can generate novel compounds with improved 

biological properties and reduced intellectual property constraints. 

These modification strategies provide medicinal chemists with multiple approaches for 

improving lead compounds and identifying superior drug candidates. 

5.3. Improving Potency, Selectivity, and Safety 

The ultimate goal of lead optimization is to develop compounds with an optimal balance of 

potency, selectivity, and safety. 
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5.3.1. Improving Potency 

Potency refers to the amount of drug required to produce a specific biological effect. Increased 

potency is generally achieved by strengthening drug–target interactions through optimization 

of hydrogen bonding, hydrophobic contacts, electrostatic interactions, and molecular 

complementarity. Structural modifications that improve binding affinity often result in lower 

effective doses and enhanced therapeutic efficacy. 

5.3.2. Improving Selectivity 

Selectivity describes the ability of a drug to interact preferentially with its intended target while 

minimizing interactions with other biological molecules. High selectivity reduces the likelihood 

of adverse effects and improves the therapeutic index. 

Strategies for improving selectivity include optimizing steric complementarity, exploiting 

unique structural features of the target, and introducing substituents that favor specific 

molecular interactions. 

5.3.3. Improving Safety 

Safety optimization aims to minimize toxicity and undesirable side effects while maintaining 

therapeutic activity. This objective may be achieved through: 

 Reduction of off-target interactions. 

 Elimination of toxic functional groups. 

 Improvement of metabolic stability. 

 Reduction of reactive metabolite formation. 

 Optimization of pharmacokinetic properties. 

Modern lead optimization also incorporates ADMET considerations (Absorption, Distribution, 

Metabolism, Excretion, and Toxicity) early in the drug discovery process to increase the 

probability of clinical success. 

Through the combined application of bioisosterism, chemical modification strategies, and 

SAR-guided optimization, medicinal chemists can transform promising lead compounds into 

safe, selective, and highly effective therapeutic agents suitable for further pharmaceutical 

development. 
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6. Quantitative Structure–Activity Relationships (QSAR) 

Quantitative Structure–Activity Relationship (QSAR) is a computational approach used to 

establish mathematical relationships between the chemical structure of compounds and their 

biological activities. While classical Structure–Activity Relationship (SAR) studies 

qualitatively evaluate the effect of structural modifications on biological activity, QSAR 

provides a quantitative framework that allows researchers to predict the activity of new 

compounds before their synthesis and experimental testing. 

The fundamental assumption of QSAR is that the biological activity of a molecule is determined 

by its physicochemical and structural properties. By converting molecular characteristics into 

numerical parameters known as descriptors, statistical and mathematical models can be 

developed to correlate molecular structure with biological response. These models facilitate the 

identification of structural features responsible for activity and support the rational design of 

more potent and selective drug candidates. 

QSAR has become an essential tool in modern medicinal chemistry because it reduces the time, 

cost, and experimental effort required during lead optimization. Combined with advances in 

cheminformatics, machine learning, and molecular modeling, QSAR plays an increasingly 

important role in contemporary drug discovery programs. 

6.1. Basic Principles of QSAR 

The development of QSAR models is based on the premise that structurally similar molecules 

tend to exhibit similar biological activities. Consequently, measurable molecular properties can 

be used to predict the biological behavior of compounds. 

A typical QSAR study involves several steps: 

1. Selection of a series of compounds with known biological activities. 

2. Calculation of molecular descriptors representing structural and physicochemical 

properties. 

3. Statistical analysis to identify correlations between descriptors and biological activity. 

4. Construction of a predictive mathematical model. 

5. Validation of the model using independent datasets. 

6. Prediction of the activity of newly designed compounds. 
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The general QSAR equation can be represented as: 

Biological Activity = f (Molecular Descriptors) 

where biological activity may be expressed as IC₅₀, EC₅₀, Ki, pIC₅₀, or other pharmacological 

parameters, and the molecular descriptors characterize various structural properties of the 

compounds. The quality of a QSAR model depends on the reliability of experimental data, the 

relevance of selected descriptors, and the statistical methods used for model development and 

validation. 

6.2. Molecular Descriptors 

Molecular descriptors are numerical values that quantitatively describe specific structural, 

physicochemical, geometric, or electronic properties of a molecule. They constitute the 

foundation of QSAR analysis because they transform chemical structures into mathematical 

variables suitable for statistical modeling. Molecular descriptors can be classified into several 

categories: 

6.2.1. Physicochemical Descriptors 

These descriptors describe the physicochemical behavior of molecules and include: 

 Molecular weight (MW) 

 LogP (octanol/water partition coefficient) 

 Topological polar surface area (TPSA) 

 Solubility 

 Hydrogen bond donors (HBD) 

 Hydrogen bond acceptors (HBA) 

6.2.2. Electronic Descriptors 

Electronic descriptors characterize electron distribution within molecules and include: 

 Partial atomic charges 

 Dipole moment 

 Polarizability 

 HOMO and LUMO energies 
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6.2.3. Steric Descriptors 

Steric descriptors describe molecular size and shape, including: 

 Molecular volume 

 Surface area 

 Molecular refractivity 

 Steric parameters 

6.2.4. Topological Descriptors 

Topological descriptors are derived from molecular connectivity and include: 

 Connectivity indices 

 Wiener index 

 Kier–Hall indices 

6.2.5. Three-Dimensional Descriptors 

These descriptors capture spatial features of molecules and are frequently used in advanced 

QSAR approaches: 

 Molecular shape descriptors 

 Pharmacophore descriptors 

 Molecular field descriptors 

The selection of appropriate descriptors is a crucial step because only relevant descriptors 

contribute meaningfully to the prediction of biological activity. 

6.3. Applications in Drug Discovery 

QSAR has become one of the most widely used computational techniques in pharmaceutical 

research and drug development. Its ability to predict biological activity from molecular 

structure makes it a valuable tool throughout the drug discovery process. 

One of the principal applications of QSAR is lead optimization, where predictive models help 

identify structural modifications likely to improve potency and selectivity. By evaluating virtual 
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compounds before synthesis, researchers can prioritize the most promising candidates and 

reduce experimental costs. 

QSAR is also extensively used in virtual screening, allowing large chemical libraries to be 

rapidly evaluated and ranked according to their predicted biological activities. This approach 

significantly accelerates the identification of novel lead compounds. 

Another important application is the prediction of ADMET properties (Absorption, 

Distribution, Metabolism, Excretion, and Toxicity). QSAR models can estimate 

pharmacokinetic behavior and potential toxicity, enabling early identification of unfavorable 

compounds and reducing late-stage failures. 

In addition, QSAR contributes to: 

 Identification of pharmacophoric features. 

 Prediction of receptor binding affinity. 

 Assessment of environmental and chemical toxicity. 

 Optimization of drug-likeness properties. 

 Support of rational drug design strategies. 

Recent advances in artificial intelligence, machine learning, and big data analytics have further 

expanded the capabilities of QSAR. Modern predictive models can analyze large datasets and 

identify complex relationships between molecular structure and biological activity, providing 

valuable guidance for the development of safer and more effective therapeutic agents. 

Consequently, QSAR represents a powerful bridge between chemistry, biology, and 

computational science and remains an indispensable component of modern drug discovery and 

medicinal chemistry. 

7. Applications of SAR in Drug Design 

Structure–Activity Relationship (SAR) studies constitute one of the most powerful approaches 

in rational drug design. By systematically correlating chemical structure with biological 

activity, SAR enables researchers to identify the molecular features responsible for therapeutic 

effects and optimize lead compounds accordingly. The knowledge obtained from SAR 
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investigations guides the modification of chemical structures to improve potency, selectivity, 

pharmacokinetic properties, and safety while reducing undesirable effects. 

In modern drug discovery, SAR is applied throughout the lead optimization process. Medicinal 

chemists design and synthesize series of structurally related analogs, evaluate their biological 

activities, and analyze how specific molecular modifications influence pharmacological 

responses. This iterative approach facilitates the identification of pharmacophores, optimization 

of drug–target interactions, and development of compounds with improved therapeutic profiles. 

SAR has contributed significantly to the discovery of numerous successful drugs, including 

kinase inhibitors, antibiotics, antiviral agents, and cardiovascular drugs. One of the most 

illustrative examples of SAR-guided drug development is the evolution of Epidermal Growth 

Factor Receptor (EGFR) inhibitors used in cancer therapy. 

7.1. Workflow of a Simple QSAR Study Using Free Software 

This workflow illustrates the main steps involved in developing a basic Quantitative Structure–

Activity Relationship (QSAR) model using freely available software and publicly accessible 

databases. The objective is to establish mathematical relationships between molecular 

descriptors and biological activity in order to predict the properties of new compounds and 

support lead optimization. 

Step 1. Data Collection 

The first step consists of selecting a set of compounds with known biological activities against 

a specific therapeutic target. Chemical structures and experimental activity data (e.g., IC₅₀, 

EC₅₀, or Ki values) can be obtained from public databases such as PubChem. The molecular 

structures are downloaded in Structure Data File (SDF) format for further analysis. 

Step 2. Descriptor Calculation 

The downloaded SDF file is imported into PaDEL-Descriptor, a free software package capable 

of calculating a large number of molecular descriptors. These descriptors quantitatively 

describe physicochemical, topological, steric, and electronic properties of molecules. 

Commonly used descriptors include molecular weight (MW), lipophilicity (LogP), topological 

polar surface area (TPSA), hydrogen bond donors (HBD), and hydrogen bond acceptors (HBA). 

The calculated descriptors are exported as a CSV file. 
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Step 3. Data Organization 

The descriptor dataset is imported into Excel or another spreadsheet software. Biological 

activity values are added to the dataset, and activity measurements are often converted into 

logarithmic values such as pIC₅₀ to improve statistical analysis. At this stage, the dataset is 

checked for consistency and completeness before model development. 

Step 4. Exploratory Analysis 

Relationships between molecular descriptors and biological activity are explored using scatter 

plots and correlation analysis. The objective is to identify descriptors that significantly 

influence biological activity. Correlation coefficients (R² values) help determine the strength of 

the relationship between each descriptor and the biological response. 

Step 5. Model Building 

A QSAR model is constructed using statistical methods such as linear regression. The selected 

molecular descriptors are used as independent variables, while biological activity serves as the 

dependent variable. The resulting mathematical equation describes the relationship between 

molecular properties and biological activity. Model performance is evaluated using statistical 

parameters such as R², adjusted R², and standard error. 

Step 6. Prediction and Application 

Once validated, the QSAR model can be used to predict the activity of newly designed 

compounds. By calculating the molecular descriptors of a candidate molecule and applying the 

QSAR equation, its expected biological activity can be estimated prior to synthesis and 

experimental testing. This approach helps prioritize promising compounds and reduces the time 

and cost associated with drug discovery. 

7.2. Conclusion of QSAR study 

QSAR modeling provides a powerful computational approach for understanding the 

relationship between molecular structure and biological activity. By combining freely available 

tools such as PubChem, PaDEL-Descriptor, and Excel, researchers can develop predictive 

models that support lead optimization and rational drug design in an efficient and cost-effective 

manner (Figure 6). 
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Figure 6. Workflow of a sample QSAR study using free software  
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Introduction  

Rational drug design (RDD) and drug screening strategies represent two distinct yet 

complementary approaches in the early phases of drug discovery. Rational drug design is a 

knowledge-driven process that relies on understanding the molecular biology and structural 

features of a disease target, such as an enzyme or receptor. In RDD, compounds are deliberately 

designed or optimized to interact with the target's active site using information from structural 

biology, molecular modeling, or known pharmacophores. Approaches like Structure-Based 

Drug Design (SBDD) and Ligand-Based Drug Design (LBDD) fall under this category. The 

goal is to design molecules with high specificity and potency based on the 3D structure or 

known ligands of the target. In contrast, drug screening strategies are empirical and involve the 

systematic testing of large chemical libraries to identify "hits" that show desired biological 

activity. High-throughput screening (HTS) is a common method, where thousands to millions 

of compounds are tested in automated assays without prior knowledge of their mechanism of 

action. Hits from screening may then undergo optimization through SAR studies or 

computational modeling. While screening can uncover unexpected active compounds, it is more 

resource-intensive and may yield molecules with poor drug-like properties that require 

extensive refinement. 

The key difference lies in the starting point and strategy: RDD is hypothesis-driven and target-

based, relying on prior knowledge to design candidates, whereas drug screening is data-driven 

and discovery-oriented, aiming to identify active compounds from broad chemical space with 

minimal prior assumptions. Modern drug discovery often combines both—using screening to 

identify hits and then applying rational design principles to optimize them into viable leads. 

1. Rational Drug Design 

1.1. Definition and Objectives 

Rational Drug Design (RDD) is a scientific approach that uses knowledge of biological targets, 

disease mechanisms, and molecular interactions to design and optimize therapeutic agents. 

Unlike traditional drug discovery methods, which often relied on empirical observations and 

random screening, rational drug design aims to develop compounds based on a detailed 

understanding of the molecular basis of disease and drug action. 
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The fundamental principle of rational drug design is that the structure and function of a 

biological target can be exploited to create molecules capable of interacting selectively and 

effectively with that target. Biological targets may include receptors, enzymes, ion channels, 

transporters, or nucleic acids involved in disease processes. Advances in molecular biology, 

structural biology, computational chemistry, and bioinformatics have significantly enhanced 

the ability of researchers to identify and characterize these targets. 

The main objectives of rational drug design are: 

 To identify molecules with high affinity for a specific biological target. 

 To improve drug potency and therapeutic efficacy. 

 To enhance target selectivity and reduce off-target effects. 

 To optimize pharmacokinetic properties such as absorption, distribution, metabolism, 

and excretion. 

 To minimize toxicity and adverse reactions. 

 To accelerate the drug discovery process while reducing development costs. 

Rational drug design has become a cornerstone of modern pharmaceutical research because it 

enables a more efficient and targeted approach to drug discovery. By integrating experimental 

and computational methods, researchers can design compounds with improved therapeutic 

potential before synthesis and biological testing. 

1.2. Evolution from Traditional to Rational Drug Discovery 

Historically, many drugs were discovered through observation, natural product screening, or 

trial-and-error experimentation. Traditional drug discovery often involved testing large 

numbers of compounds for biological activity without detailed knowledge of the underlying 

molecular mechanisms. Although this approach led to the discovery of numerous important 

medicines, it was generally time-consuming, costly, and associated with high failure rates. 

The development of molecular biology and biochemistry during the twentieth century 

transformed the drug discovery process. The identification of disease-associated proteins and 

signaling pathways provided opportunities to develop drugs directed against specific molecular 

targets. The determination of protein structures by X-ray crystallography and nuclear magnetic 

resonance (NMR) spectroscopy further enhanced understanding of drug–target interactions. 
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The emergence of genomics, proteomics, and bioinformatics accelerated target identification 

and validation. Simultaneously, advances in computational chemistry enabled researchers to 

simulate molecular interactions and predict the behavior of potential drug candidates. These 

developments gave rise to rational drug design, where compounds are intentionally designed 

based on structural and functional knowledge of biological targets. 

Today, rational drug discovery integrates experimental biology, computational modeling, 

artificial intelligence, and high-throughput technologies. This multidisciplinary approach has 

contributed to the development of numerous targeted therapies, including kinase inhibitors, 

monoclonal antibodies, and precision medicines used in cancer, infectious diseases, and other 

therapeutic areas. 

2. Computer-Aided Drug Design (CADD) 

Computer-Aided Drug Design (CADD) refers to the use of computational methods and 

software tools to facilitate the discovery, optimization, and evaluation of drug candidates. 

CADD has become an essential component of modern pharmaceutical research because it 

allows researchers to analyze molecular interactions, predict biological activity, and prioritize 

compounds before experimental testing. The integration of computational approaches into drug 

discovery significantly reduces the time, cost, and resources required for lead identification and 

optimization. CADD can be broadly divided into two complementary approaches: Structure-

Based Drug Design (SBDD) and Ligand-Based Drug Design (LBDD). 

2.1. Structure-Based Drug Design (SBDD) 

Structure-Based Drug Design relies on the three-dimensional structure of a biological target. 

The target structure may be obtained from experimental techniques such as X-ray 

crystallography, cryo-electron microscopy (cryo-EM), nuclear magnetic resonance (NMR) 

spectroscopy, or computational prediction methods such as AlphaFold. 

In SBDD, the binding site of the target protein is analyzed to identify key amino acid residues 

involved in ligand recognition. Computational techniques are then used to design or screen 

molecules capable of fitting into the binding pocket and forming favorable interactions. 
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Common SBDD techniques include: 

 Molecular docking 

 Virtual screening 

 Binding affinity prediction 

 Molecular dynamics simulations 

The major advantage of SBDD is its ability to provide detailed information about drug–target 

interactions at the atomic level. This information facilitates the rational optimization of lead 

compounds and improves the likelihood of developing highly selective drugs. Examples of 

successful drugs developed using structure-based approaches include HIV protease inhibitors, 

kinase inhibitors, and several targeted anticancer agents. 

2.2. Ligand-Based Drug Design (LBDD) 

Ligand-Based Drug Design is applied when the three-dimensional structure of the biological 

target is unavailable or poorly characterized. Instead of relying on target information, LBDD 

uses knowledge derived from compounds known to interact with the target. The underlying 

assumption of LBDD is that molecules with similar structures tend to exhibit similar biological 

activities. By analyzing the structural and physicochemical characteristics of active compounds, 

researchers can identify common features responsible for biological activity and use this 

information to design new molecules. 

Common LBDD methods include: 

 Structure–Activity Relationship (SAR) analysis 

 Quantitative Structure–Activity Relationship (QSAR) modeling 

 Pharmacophore modeling 

 Similarity searching 

LBDD is particularly useful for lead optimization and virtual screening of large chemical 

libraries. It enables the identification of new compounds with desired biological properties even 

when structural information about the target is limited.  

Both SBDD and LBDD play complementary roles in modern drug discovery. While SBDD 

exploits structural information about the target, LBDD leverages knowledge obtained from 
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active ligands. Together, these approaches constitute the foundation of Computer-Aided Drug 

Design and significantly contribute to the development of innovative therapeutic agents. 

3. Molecular Modeling Techniques 

Molecular modeling comprises a set of computational methods used to represent, visualize, and 

predict the behavior of biological molecules and their interactions. These techniques have 

become indispensable tools in modern drug discovery because they provide detailed 

information about drug–target interactions, facilitate lead optimization, and reduce the cost and 

time associated with experimental studies. By simulating molecular systems at different levels 

of complexity, molecular modeling helps researchers understand the structural basis of 

biological activity and supports the rational design of new therapeutic agents. 

Among the most widely used molecular modeling approaches in pharmaceutical research are 

molecular docking, pharmacophore modeling, and molecular dynamics simulation. 

3.1. Molecular Docking 

Molecular docking is a computational technique used to predict how a small molecule (ligand) 

binds to a biological target such as a receptor or enzyme. The primary objective of docking is 

to identify the preferred binding orientation of a ligand within the target's active site and 

estimate the strength of the interaction. 

The docking process begins with the preparation of the target protein and ligand structures. The 

software then explores multiple ligand conformations and orientations within the binding 

pocket. Each predicted pose is evaluated using scoring functions that estimate binding affinity 

based on intermolecular interactions such as hydrogen bonds, hydrophobic contacts, 

electrostatic interactions, and van der Waals forces. 

Docking studies provide valuable information regarding: 

 Binding mode of the ligand. 

 Key amino acid residues involved in recognition. 

 Binding affinity and interaction energy. 

 Structure–activity relationships. 

 Prioritization of compounds for experimental testing. 
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Because of its speed and efficiency, molecular docking is extensively used in virtual screening, 

lead optimization, and structure-based drug design. Commonly used docking software includes 

AutoDock Vina, AutoDock, GOLD, and Glide. 

3.2. Pharmacophore Modeling 

Pharmacophore modeling is a computational approach used to identify the essential structural 

features required for biological activity. A pharmacophore represents the three-dimensional 

arrangement of molecular features necessary for optimal interaction between a ligand and its 

biological target. Typical pharmacophoric features include: Hydrogen bond donors, Hydrogen 

bond acceptors, hydrophobic regions, Aromatic rings, positively charged groups, negatively 

charged groups. 

Pharmacophore models can be generated from a series of active compounds (ligand-based 

pharmacophore) or directly from the structure of a protein–ligand complex (structure-based 

pharmacophore). Once established, the pharmacophore serves as a template for screening 

chemical libraries and identifying novel compounds that possess the required characteristics for 

biological activity. 

Pharmacophore modeling plays an important role in: 

 Lead discovery. 

 Virtual screening. 

 Scaffold hopping. 

 Lead optimization. 

 Identification of key molecular determinants of activity. 

Because it focuses on essential interaction features rather than complete molecular structures, 

pharmacophore modeling enables the discovery of structurally diverse compounds with similar 

biological effects. 

3.3. Molecular Dynamics Simulation 

Molecular Dynamics (MD) simulation is a computational technique used to study the 

movement and behavior of atoms and molecules over time. Unlike molecular docking, which 

provides a static representation of a protein–ligand complex, MD simulations generate a 
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dynamic view of molecular interactions under conditions that more closely resemble the 

biological environment. MD simulations are based on Newtonian mechanics and use 

mathematical force fields to calculate the forces acting on atoms. By repeatedly calculating 

atomic positions over time, researchers can observe conformational changes, molecular 

flexibility, and interaction stability. 

Molecular dynamics simulations are commonly used to investigate: 

 Stability of protein–ligand complexes. 

 Conformational changes in proteins. 

 Flexibility of binding sites. 

 Mechanisms of ligand binding and dissociation. 

 Long-term molecular interactions. 

Several parameters are typically analyzed during MD simulations, including Root Mean Square 

Deviation (RMSD), Root Mean Square Fluctuation (RMSF), radius of gyration, hydrogen bond 

formation, and interaction energies. Widely used MD software packages include GROMACS, 

AMBER, NAMD, and CHARMM. These tools allow researchers to validate docking results, 

improve understanding of molecular behavior, and refine lead compounds during drug 

development. 

Together, molecular docking, pharmacophore modeling, and molecular dynamics simulations 

constitute the core computational techniques of modern molecular modeling and provide 

powerful support for rational drug design and lead optimization. 

4. Drug Screening Strategies 

Drug screening is a critical step in the drug discovery process aimed at identifying biologically 

active compounds capable of interacting with a specific therapeutic target. Modern screening 

approaches combine experimental and computational methods to efficiently evaluate large 

numbers of molecules and prioritize the most promising candidates for further development. 

The compounds identified during screening are subsequently subjected to validation and 

optimization procedures to generate lead compounds suitable for preclinical studies. 

The two principal screening approaches used in contemporary drug discovery are High-

Throughput Screening (HTS) and Virtual Screening (VS). These complementary strategies 



Chapter 03. Rational drug design / drug screening strategies: Modeling and concept of new ligands 

 59 

have significantly accelerated the identification of novel therapeutic agents while reducing 

development costs and timelines. 

4.1. High-Throughput Screening (HTS) 

High-Throughput Screening (HTS) is an automated experimental technique that enables the 

rapid testing of thousands to millions of compounds against a biological target. HTS relies on 

robotics, miniaturized assays, automated liquid handling systems, and advanced data analysis 

software to evaluate biological activity on a large scale. 

The HTS workflow generally includes: 

1. Selection of a biological target. 

2. Development of a suitable screening assay. 

3. Preparation of compound libraries. 

4. Automated testing of compounds. 

5. Data acquisition and analysis. 

6. Identification of active compounds (hits). 

HTS assays may be biochemical, cell-based, or phenotypic, depending on the objectives of the 

study. The approach has been widely employed in pharmaceutical research to identify 

inhibitors, activators, and modulators of various biological targets. 

The major advantages of HTS include: 

 Rapid evaluation of large chemical libraries. 

 Identification of novel chemical scaffolds. 

 Generation of extensive biological datasets. 

 Increased probability of discovering active compounds. 

However, HTS is associated with several limitations, including high operational costs, the need 

for specialized equipment, and the occurrence of false-positive or false-negative results. 

Consequently, active compounds identified through HTS require further validation before being 

considered potential drug candidates. 
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4.2. Virtual Screening 

Virtual Screening (VS) is a computational strategy used to identify promising compounds from 

large chemical libraries without the need for immediate experimental testing. By applying 

molecular modeling techniques and computational algorithms, virtual screening can rapidly 

prioritize compounds with a high probability of biological activity. 

Virtual screening can be classified into two major categories: 

4.2.1. Structure-Based Virtual Screening 

Structure-based virtual screening utilizes the three-dimensional structure of a biological target. 

Candidate molecules are computationally docked into the target binding site, and their 

interactions are evaluated using scoring functions. Compounds with favorable binding energies 

and interaction profiles are selected for further investigation. 

4.2.2. Ligand-Based Virtual Screening 

Ligand-based virtual screening relies on information derived from known active compounds. 

Techniques such as pharmacophore modeling, molecular similarity analysis, and QSAR models 

are used to identify compounds that share structural and physicochemical characteristics 

associated with biological activity. 

Compared with HTS, virtual screening offers several advantages: 

 Lower cost. 

 Reduced experimental workload. 

 Rapid evaluation of millions of compounds. 

 Efficient prioritization of candidates. 

As a result, virtual screening has become an essential component of modern Computer-Aided 

Drug Design (CADD) and is frequently used before experimental screening to enrich compound 

libraries with potentially active molecules. 
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4.3. Hit Identification and Lead Selection 

The primary objective of screening is to identify compounds exhibiting measurable activity 

against a biological target. These initial active molecules are known as hits. However, not all 

hits possess the characteristics required for drug development, and additional evaluation is 

necessary to determine their suitability for further optimization. 

4.3.1. Hit Identification 

Following HTS or virtual screening, candidate compounds undergo confirmation studies to 

verify their biological activity. Hit validation typically includes: 

 Reproducibility testing. 

 Secondary screening assays. 

 Selectivity evaluation. 

 Preliminary toxicity assessment. 

 Confirmation of target engagement. 

Only compounds that consistently demonstrate significant and reproducible activity are 

retained for further investigation. 

4.3.2. Lead Selection 

Validated hits are subsequently evaluated according to multiple criteria, including: 

 Potency. 

 Selectivity. 

 Drug-likeness. 

 Solubility. 

 Pharmacokinetic properties. 

 Safety profile. 

Compounds exhibiting the most favorable characteristics are designated as lead compounds. 

These molecules serve as starting points for medicinal chemistry optimization, where SAR, 

QSAR, molecular docking, and other computational approaches are employed to improve their 

pharmacological properties. 
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Lead selection represents a critical transition between screening and lead optimization. The 

quality of selected leads strongly influences the likelihood of success during subsequent stages 

of drug discovery and development. 

In modern pharmaceutical research, the integration of HTS, virtual screening, and rigorous hit-

to-lead strategies provides an efficient framework for identifying innovative therapeutic 

candidates and accelerating the development of new medicines. 

5. Design of New Ligands 

The design of new ligands is a central objective of modern drug discovery. Following the 

identification of a biological target and the discovery of active compounds, medicinal chemists 

seek to develop molecules with improved therapeutic properties. This process involves the 

systematic modification of lead compounds to enhance potency, selectivity, pharmacokinetic 

behavior, and safety while minimizing adverse effects. 

Advances in medicinal chemistry, molecular modeling, and computational drug design have 

significantly improved the ability to generate novel ligands with optimized biological activity. 

Among the most important strategies used for ligand design are lead optimization, scaffold 

hopping, and de novo drug design. 

5.1. Lead Optimization 

Lead optimization is the process of transforming an initial lead compound into a candidate 

suitable for preclinical development. Although lead compounds exhibit measurable biological 

activity, they often possess limitations such as insufficient potency, poor selectivity, low 

bioavailability, rapid metabolism, or undesirable toxicity. 

The objective of lead optimization is to improve these properties through systematic structural 

modifications guided by Structure–Activity Relationship (SAR) studies and computational 

modeling. 

Common optimization strategies include: 

 Modification of functional groups. 

 Bioisosteric replacement. 
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 Introduction of hydrophobic or hydrophilic substituents. 

 Ring expansion or contraction. 

 Adjustment of molecular flexibility. 

 Improvement of metabolic stability. 

Throughout this iterative process, newly synthesized analogs are evaluated experimentally and 

computationally to determine the impact of structural changes on biological activity. 

Successful lead optimization aims to achieve: 

 Increased potency. 

 Enhanced target selectivity. 

 Improved pharmacokinetic properties. 

 Reduced toxicity. 

 Better therapeutic efficacy. 

Lead optimization represents one of the most critical stages in drug discovery because it directly 

influences the probability of success during preclinical and clinical development. 

5.2. Scaffold Hopping 

Scaffold hopping is a medicinal chemistry strategy that involves replacing the central molecular 

framework, or scaffold, of a biologically active compound while preserving the key 

pharmacophoric features responsible for activity. 

The rationale behind scaffold hopping is that different molecular frameworks can maintain 

similar interactions with a biological target if the essential pharmacophoric elements remain 

appropriately positioned in three-dimensional space. 

This approach offers several advantages: 

 Discovery of structurally novel compounds. 

 Improvement of biological activity. 

 Enhancement of selectivity. 

 Reduction of toxicity. 

 Improvement of intellectual property opportunities. 

 Circumvention of resistance mechanisms. 
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Scaffold hopping is frequently supported by computational methods such as pharmacophore 

modeling, molecular docking, and similarity searching. These techniques help identify 

alternative scaffolds capable of reproducing the desired biological interactions. 

The strategy has contributed to the development of numerous therapeutic agents by enabling 

researchers to explore new regions of chemical space while maintaining pharmacological 

activity. 

5.3. De Novo Drug Design 

De novo drug design is an advanced computational approach that generates entirely new 

molecular structures specifically designed to interact with a biological target. Unlike traditional 

approaches that modify existing compounds, de novo design constructs novel molecules from 

basic chemical fragments or atoms within the target binding site. 

The process generally involves: 

1. Identification of the target structure. 

2. Characterization of the binding pocket. 

3. Generation of molecular fragments. 

4. Assembly of fragments into candidate ligands. 

5. Evaluation of binding affinity and drug-like properties. 

6. Selection and optimization of promising molecules. 

De novo drug design can be performed using either structure-based or ligand-based approaches. 

Modern software platforms employ molecular docking, artificial intelligence, machine 

learning, and generative algorithms to create compounds with desired biological and 

physicochemical characteristics. 

Major advantages of de novo design include: 

 Exploration of unexplored chemical space. 

 Generation of highly innovative compounds. 

 Optimization of target-specific interactions. 

 Acceleration of lead discovery. 
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However, candidate molecules generated computationally must still undergo synthesis, 

experimental validation, and optimization before they can be considered viable drug candidates. 

The integration of lead optimization, scaffold hopping, and de novo drug design provides a 

powerful framework for the creation of novel therapeutic agents and represents a cornerstone 

of contemporary rational drug discovery. 

6. Practical Application Using Free Software 

Computational tools have become indispensable in modern drug discovery because they enable 

researchers to analyze drug–target interactions, predict biological activity, and optimize lead 

compounds before experimental validation. Several powerful software packages are freely 

available and can be used for educational and research purposes. Among the most popular are 

AutoDock Vina for molecular docking and PyMOL for molecular visualization. 

This practical application illustrates a typical Computer-Aided Drug Design (CADD) workflow 

using freely accessible tools. As an example, the Epidermal Growth Factor Receptor (EGFR), 

an important therapeutic target in cancer, is used to demonstrate the process of molecular 

docking and ligand analysis. 

6.1. Molecular Docking with AutoDock Vina 

AutoDock Vina is an open-source molecular docking software widely used to predict the 

binding orientation and affinity of small molecules toward biological targets. The software 

employs efficient search algorithms and scoring functions to identify favorable ligand 

conformations within a protein binding site. To illustrate the application of molecular docking 

and visualization tools, EGFR is selected as a therapeutic target because of its central role in 

Non-Small Cell Lung Cancer (NSCLC). 

Step 1. Protein Structure Retrieval 

The three-dimensional structure of EGFR is downloaded from the Protein Data Bank (PDB): 

https://www.rcsb.org, (PDB ID: 1M17) (Figure 7). 

https://www.rcsb.org/
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Figure 7. Three-dimensional crystal structure of the EGFR kinase domain (PDB ID: 

1M17). retrieved from the Protein Data Bank and used as the receptor model for 

molecular docking and structure-based drug design analyses. 

Step 2. Ligand Retrieval 

The structure of a known EGFR inhibitor (e.g., Gefitinib) is downloaded from PubChem: 

https://pubchem.ncbi.nlm.nih.gov (Figure 8). 

 
Figure 8. Structure of the Geftinib retrieved from the Pubchem databank. 

The ligand structure is saved in SDF format and converted into PDB format using Open Babel. 

https://pubchem.ncbi.nlm.nih.gov/
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Step 3. Preparation of Protein and Ligand 

Using AutoDock Tools: 

 Water molecules are removed. 

 Hydrogen atoms are added. 

 Gasteiger charges are assigned. 

 Protein and ligand structures are saved in PDBQT format. 

Step 4. Grid Box Definition 

A grid box is positioned around the ATP-binding site of EGFR to define the docking search 

space (Figure 9). 

 

Figure 9. Definition of the grid box in AutoDock. 

 Step 5. Docking Simulation 

AutoDock Vina is executed using the prepared protein and ligand files. More negative binding 

energies indicate stronger predicted interactions between the ligand and the target protein. 
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Gefitinib was docked into the ATP-binding site of the EGFR kinase domain, and the docking 

results revealed a favorable binding mode. 

The best docking pose showed a binding affinity of −9.2 kcal/mol, indicating a strong and 

thermodynamically favorable interaction between Gefitinib and EGFR. The ligand was 

positioned deeply within the ATP-binding pocket and formed several stabilizing interactions 

with key amino acid residues involved in kinase activity. Notably, interactions with Met793, 

Thr790, Leu792, and Asp855 contributed to the stability of the ligand–receptor complex 

through hydrogen bonding and hydrophobic contacts. Furthermore, the obtained RMSD values 

(RMSD l.b. = 1.54 Å and RMSD u.b. = 2.31 Å) suggest a reliable and stable docking 

conformation. The binding orientation observed is consistent with previously reported 

crystallographic and experimental studies of EGFR tyrosine kinase inhibitors, supporting the 

validity of the docking protocol. Overall, the docking analysis demonstrates: 

 Favorable binding affinity between Gefitinib and EGFR.  

 Stable interactions within the kinase domain, involving critical active-site residues.  

 Binding orientation consistent with experimental observations, supporting the 

inhibitory mechanism of Gefitinib against EGFR signaling.  

These findings suggest that Gefitinib effectively occupies the ATP-binding pocket of EGFR, 

thereby potentially preventing ATP binding and inhibiting receptor phosphorylation and 

downstream oncogenic signaling pathways (Figure 10). 

 

Figure 10. Predicted Binding Mode of Gefitinib in the EGFR ATP-Binding Pocket 

Obtained by AutoDock Vina 
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Step 6. Visualization with PyMOL 

Visualization with PyMOL shows interactions between Gefitinib and critical amino acid 

residues located in the ATP-binding pocket. These interactions include: 

 Hydrogen bonding interactions. 

 Hydrophobic contacts. 

 Stabilizing aromatic interactions. 

Conclusion  

The docking study demonstrates how computational methods can predict the molecular basis 

of drug action and guide lead optimization. Structural modifications can subsequently be 

introduced to improve binding affinity, selectivity, and pharmacokinetic properties. This 

practical example illustrates the integration of molecular docking and visualization tools in 

rational drug design and highlights the value of free software for modern pharmaceutical 

research (Figure 11). 

 

Figure 11.   Molecular docking workflow using  free software (AutoDock Vina and Pymol)
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1. Overview of Drug Development 

Drug development is a complex, multidisciplinary, and highly regulated process aimed at 

transforming a promising chemical or biological compound into a safe and effective therapeutic 

product. The process involves a series of scientific, technical, and regulatory activities designed 

to evaluate the efficacy, safety, quality, and clinical usefulness of a potential medicine before it 

can be approved for human use. 

The development of a new drug typically requires several years of research and substantial 

financial investment. Only a small proportion of compounds initially identified during the 

discovery phase successfully reach the market, highlighting the importance of rigorous 

evaluation throughout the development process. 

Drug development begins with the identification of a therapeutic target and the discovery of 

lead compounds. These candidates then undergo preclinical testing to assess their 

pharmacological and toxicological properties. Compounds demonstrating acceptable efficacy 

and safety profiles proceed to clinical trials in humans. Following successful clinical evaluation 

and regulatory review, a medicine may receive marketing authorization and enter routine 

clinical practice. Continuous monitoring of safety and effectiveness is maintained after approval 

through post-marketing surveillance programs. 

Understanding the various stages of drug development is essential for appreciating how 

scientific discoveries are translated into therapeutic interventions that improve patient health 

and quality of life. 

1.1. Objectives and Stages of Drug Development 

The primary objective of drug development is to produce medicines that are effective, safe, and 

of high quality. Throughout the development process, researchers seek to identify compounds 

capable of treating, preventing, or diagnosing diseases while minimizing adverse effects and 

ensuring an acceptable benefit–risk balance. The major objectives of drug development include: 

 Identification of biologically active compounds. 

 Demonstration of therapeutic efficacy. 

 Evaluation of safety and toxicity. 
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 Optimization of pharmacokinetic properties. 

 Compliance with regulatory requirements. 

 Achievement of marketing authorization. 

Drug development generally progresses through the following stages: 

1.1.1. Drug Discovery 

Drug discovery is the first and one of the most important stages in the development of a new 

medicine. The goal of this phase is to identify a biological target involved in a disease and 

discover a chemical compound that can interact with that target to produce a therapeutic effect. 

This process often takes several years and involves collaboration among biologists, chemists, 

pharmacologists, and computational scientists. It involves many steps (Figure 12):  

a. Identification of Therapeutic Targets 

A therapeutic target is usually a biological molecule, such as a protein, enzyme, receptor, gene, 

or signaling pathway, that plays a key role in the development or progression of a disease. 

Researchers study disease mechanisms to identify targets whose modulation could prevent, 

reduce, or cure the disease. Advances in genomics, proteomics, and bioinformatics have greatly 

improved the ability to discover potential targets. 

b. Validation of Target Relevance 

Once a target is identified, scientists must confirm that it is truly involved in the disease process 

and that modifying its activity will produce a beneficial therapeutic outcome. Target validation 

may involve laboratory experiments using cell cultures, animal models, gene-editing 

technologies (such as CRISPR), or molecular biology techniques. Successful validation reduces 

the risk of failure in later stages of drug development. 

c. Hit Identification and Screening 

After validating a target, researchers search for molecules that can interact with it. These 

molecules, called "hits," are identified through various screening approaches. High-throughput 

screening (HTS) allows thousands or even millions of compounds to be tested rapidly against 

the target. Computational methods such as virtual screening and molecular docking can also 
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predict which compounds are most likely to bind effectively to the target, reducing time and 

cost. 

d. Lead Discovery and Optimization 

Promising hit compounds are further evaluated to identify "lead compounds." Lead compounds 

demonstrate adequate biological activity and serve as starting points for drug development. 

Through medicinal chemistry, researchers modify the chemical structure of leads to improve 

their potency, selectivity, safety, stability, and pharmacokinetic properties (absorption, 

distribution, metabolism, and excretion). This iterative process is known as lead optimization 

and aims to produce a candidate suitable for preclinical testing. 

 Technologies Used in Drug Discovery 

Several advanced technologies support the drug discovery process, including: 

 Computational methods: Artificial intelligence, molecular modeling, virtual screening, 

and bioinformatics help predict drug-target interactions and optimize compounds. 

 Molecular biology techniques: Gene sequencing, recombinant DNA technology, and 

gene editing aid in target identification and validation. 

 Medicinal chemistry: Chemical synthesis and structural modification improve drug 

characteristics. 

 High-throughput screening (HTS): Automated systems rapidly test large libraries of 

compounds against biological targets. 

 Outcome of Drug Discovery 

The ultimate outcome of the drug discovery phase is the selection of a drug candidate with 

sufficient efficacy, selectivity, and safety to enter preclinical development. Only a small 

fraction of the compounds initially screened successfully reach this stage, highlighting the 

complexity and challenges of modern drug discovery. 
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Figure 12. Stages involved in the Drug development  

1.1.2. Preclinical Development 

Preclinical studies are conducted before human exposure and aim to evaluate: 

 Pharmacological activity. 

 Mechanisms of action. 

 Pharmacokinetics. 

 Toxicological properties. 

Experiments are performed using in vitro systems and animal models to determine whether a 

candidate compound is sufficiently safe to enter clinical trials. 

1.1.3. Clinical Development 

Clinical trials are conducted in human volunteers and patients and are divided into: 

 Phase I: Safety and tolerability. 

 Phase II: Preliminary efficacy and dose selection. 

 Phase III: Confirmation of efficacy and safety in large populations. 
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1.1.4. Regulatory Approval 

Following successful clinical development, a comprehensive dossier is submitted to regulatory 

agencies such as the European Medicines Agency (EMA) for scientific evaluation and 

marketing authorization. 

1.1.5. Post-Marketing Surveillance 

After approval, Phase IV studies and pharmacovigilance programs monitor long-term safety, 

effectiveness, and rare adverse reactions in real-world clinical settings. 

The drug development pathway therefore represents a continuous process extending from 

laboratory research to post-marketing monitoring, ensuring that approved medicines meet the 

highest standards of efficacy, safety, and quality. 

2. Preclinical Development 

Preclinical development represents the transitional phase between drug discovery and clinical 

testing in humans. The objective of this stage is to generate sufficient evidence regarding the 

efficacy, pharmacological properties, and safety of a candidate drug before it can be 

administered to human subjects. 

Preclinical studies are performed under standardized conditions and must comply with Good 

Laboratory Practice (GLP) guidelines. These investigations involve both in vitro and in vivo 

experimental models and provide critical information regarding the biological activity, 

pharmacokinetic behavior, and toxicological profile of the compound. 

The results obtained during preclinical development form the basis of regulatory submissions 

requesting authorization to initiate clinical trials. Only compounds demonstrating acceptable 

efficacy and safety profiles are allowed to progress to human studies. 

2.1. Pharmacological Studies 

Pharmacological studies are conducted to characterize the biological activity and mechanism 

of action of a candidate drug. These investigations seek to determine whether the compound 

effectively interacts with its intended target and produces the desired therapeutic effect. 
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The main objectives of pharmacological studies include: 

 Confirmation of target engagement. 

 Evaluation of biological activity. 

 Determination of dose–response relationships. 

 Assessment of selectivity. 

 Investigation of mechanisms of action. 

Pharmacological evaluation generally includes: 

2.1.1. In Vitro Studies 

These experiments are performed using isolated cells, tissues, enzymes, or molecular systems. 

Examples include: 

 Receptor binding assays. 

 Enzyme inhibition studies. 

 Cell viability assays. 

 Signal transduction analyses. 

2.1.2. In Vivo Studies 

Animal models are used to evaluate: 

 Therapeutic efficacy. 

 Pharmacodynamic effects. 

 Disease progression. 

 Dose optimization. 

These studies provide essential information regarding the potential clinical usefulness of the 

candidate drug. 

2.2. Toxicological Evaluation 

Toxicological studies are performed to identify potential adverse effects and establish the safety 

profile of a drug candidate. The objective is to determine the risks associated with exposure and 

define safe dosage ranges for clinical trials. Major toxicological investigations include: 
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2.2.1. Acute Toxicity 

Acute toxicity studies evaluate adverse effects following a single administration or short-term 

exposure to the drug. Parameters assessed include: 

 Clinical signs of toxicity. 

 Mortality. 

 Target organ effects. 

2.2.2. Repeated-Dose Toxicity 

These studies investigate the consequences of repeated administration over days, weeks, or 

months and help identify cumulative toxic effects. 

2.2.3. Genotoxicity 

Genotoxicity testing determines whether a compound can damage genetic material and 

potentially induce mutations. 

Common tests include: 

 Ames test. 

 Chromosomal aberration assays. 

 Micronucleus test. 

2.2.4. Carcinogenicity 

Long-term studies assess the potential of a compound to induce tumor formation. 

2.2.5. Reproductive and Developmental Toxicity 

These investigations evaluate possible effects on fertility, embryonic development, pregnancy, 

and offspring development. 

2.2.6. Safety Pharmacology 

Safety pharmacology studies examine the effects of a drug on vital physiological systems, 

particularly: 
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 Cardiovascular system. 

 Respiratory system. 

 Central nervous system. 

The results of toxicological evaluations are used to establish the No Observed Adverse Effect 

Level (NOAEL), estimate safe starting doses for clinical trials, and support regulatory approval 

for human testing. 

Together, pharmacological and toxicological studies provide the scientific foundation 

necessary for the safe transition of a candidate drug from laboratory research to clinical 

development. 

3. Clinical Development 

Clinical development is the stage of drug development during which a candidate medicine is 

evaluated in human subjects. The primary objective is to confirm the safety, efficacy, and 

optimal use of the drug under clinical conditions. Clinical trials are conducted according to 

Good Clinical Practice (GCP) guidelines and must comply with national and international 

regulatory requirements. 

Clinical development is generally divided into three major phases before marketing 

authorization: Phase I, Phase II, and Phase III. Each phase has specific objectives and 

contributes essential information regarding the benefit–risk profile of the candidate drug. 

3.1. Phase I Trials 

Phase I clinical trials represent the first administration of a new drug to humans. These studies 

are primarily designed to evaluate safety, tolerability, pharmacokinetics, and 

pharmacodynamics. 

Phase I trials typically involve: 

 20 to 100 healthy volunteers. 

 Occasionally patients, particularly in oncology and severe diseases. 

 Short study durations. 

 Careful dose escalation protocols. 
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The main objectives are to: 

 Assess safety and tolerability. 

 Identify adverse effects. 

 Determine pharmacokinetic parameters. 

 Evaluate pharmacodynamic responses. 

 Establish the maximum tolerated dose (MTD). 

Key pharmacokinetic parameters investigated include: 

 Absorption. 

 Distribution. 

 Metabolism. 

 Excretion. 

 Half-life. 

 Maximum plasma concentration (Cmax). 

 Area under the curve (AUC). 

Successful completion of Phase I studies demonstrates that the drug can be administered safely 

and supports progression to efficacy studies in patients. 

3.2. Phase II Trials 

Phase II trials are conducted in patients suffering from the target disease. These studies aim to 

evaluate preliminary efficacy while continuing safety assessments. 

Phase II studies generally involve: 

 100 to 300 patients. 

 Controlled clinical settings. 

 Multiple dosage regimens. 

The primary objectives are to: 

 Demonstrate therapeutic efficacy. 

 Determine the optimal dose. 
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 Characterize dose–response relationships. 

 Continue safety evaluation. 

 Identify common adverse reactions. 

Phase II trials are frequently subdivided into: 

3.2.1. Phase IIa 

Proof-of-concept studies designed to demonstrate biological and clinical activity. 

3.2.2. Phase IIb 

Dose-finding studies intended to identify the most effective and safest dosage regimen for Phase 

III trials. 

The results obtained during Phase II play a crucial role in determining whether a candidate drug 

possesses sufficient therapeutic potential to justify large-scale clinical evaluation. 

3.3. Phase III Trials 

Phase III trials are large-scale studies conducted to confirm the efficacy and safety of a 

candidate medicine in a broader patient population. 

These trials typically include: 

 Several hundred to several thousand patients. 

 Multiple clinical centers. 

 Different geographical regions. 

 Randomized and controlled study designs. 

The main objectives are to: 

 Confirm therapeutic efficacy. 

 Compare the new treatment with placebo or standard therapy. 

 Detect less common adverse effects. 

 Evaluate benefit–risk balance. 

 Generate data required for marketing authorization. 
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Phase III studies provide the pivotal evidence used by regulatory authorities when evaluating 

applications for drug approval. Because these trials involve large and diverse patient 

populations, they offer a more comprehensive assessment of clinical effectiveness and safety. 

Following successful completion of Phase III studies, pharmaceutical companies submit a 

marketing authorization application to regulatory agencies such as the European Medicines 

Agency (EMA). 

4. Post-Marketing Surveillance 

Although extensive clinical studies are conducted before drug approval, some adverse effects 

may only become apparent after widespread use in the general population. Consequently, 

continuous monitoring is necessary following marketing authorization. 

Post-marketing surveillance aims to evaluate the long-term safety and effectiveness of 

medicines under real-world conditions and to identify rare or delayed adverse reactions that 

may not have been detected during pre-approval clinical trials. 

4.1. Phase IV Studies 

Phase IV studies are conducted after a drug has received marketing authorization and become 

available for clinical use. These studies provide additional information regarding safety, 

effectiveness, and optimal utilization in routine medical practice. 

The objectives of Phase IV studies include: 

 Monitoring long-term safety. 

 Detecting rare adverse events. 

 Evaluating effectiveness in large populations. 

 Investigating special patient groups. 

 Assessing drug interactions. 

 Studying quality-of-life outcomes. 

Unlike earlier clinical phases, Phase IV studies involve highly heterogeneous patient 

populations and reflect real-world clinical conditions. The information obtained contributes to 

the continuous improvement of therapeutic strategies and patient care. 
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4.2. Pharmacovigilance 

Pharmacovigilance is the science and activities related to the detection, assessment, 

understanding, and prevention of adverse effects associated with medicinal products. 

The principal objectives of pharmacovigilance are: 

 Identification of new safety signals. 

 Evaluation of adverse drug reactions (ADRs). 

 Prevention of medication-related risks. 

 Improvement of patient safety. 

 Continuous assessment of the benefit–risk balance. 

Pharmacovigilance activities rely on several sources of information, including: 

4.2.1. Spontaneous Reporting Systems 

Healthcare professionals and patients report suspected adverse drug reactions to national 

pharmacovigilance centers. 

4.2.2. Observational Studies 

Cohort studies, case-control studies, and registries provide additional safety information under 

real-world conditions. 

4.2.3. Periodic Safety Reports 

Pharmaceutical companies regularly submit safety updates to regulatory agencies. 

4.2.4. Risk Management Plans 

Manufacturers implement strategies designed to monitor and minimize identified risks 

associated with medicinal products. 

In Europe, pharmacovigilance activities are coordinated by the European Medicines Agency 

(EMA) in collaboration with national regulatory authorities. These systems ensure continuous 
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monitoring of medicines throughout their entire life cycle and contribute significantly to patient 

safety. 

Clinical development and post-marketing surveillance therefore represent complementary 

stages in the evaluation of therapeutic agents, ensuring that approved medicines remain both 

effective and safe throughout their use in clinical practice. 

5. French and European Regulatory Framework 

The development, authorization, and monitoring of medicinal products in Europe are governed 

by a comprehensive regulatory framework designed to ensure that medicines are safe, effective, 

and of high quality. Regulatory agencies play a central role throughout the drug development 

process by evaluating scientific evidence, granting marketing authorizations, and continuously 

monitoring the benefit–risk balance of approved products. 

Within the European Union, the regulatory system is coordinated by the European Medicines 

Agency (EMA) in collaboration with national competent authorities such as the French National 

Agency for Medicines and Health Products Safety (ANSM). These organizations ensure that 

pharmaceutical products comply with scientific, ethical, and legal standards before reaching 

patients. 

5.1. ANSM 

The Agence Nationale de Sécurité du Médicament et des Produits de Santé (ANSM) is the 

French regulatory authority responsible for the evaluation, supervision, and monitoring of 

medicinal products and health-related products in France. 

Created in 2012, ANSM operates under the authority of the French Ministry of Health and 

contributes to the protection of public health through scientific assessment and risk management 

activities. 

The principal missions of ANSM include: 

 Evaluation of medicinal products before authorization. 

 Authorization of clinical trials conducted in France. 

 Monitoring of drug safety and quality. 
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 Pharmacovigilance and risk assessment. 

 Inspection of pharmaceutical manufacturing facilities. 

 Regulation of medical devices and health products. 

 Management of drug shortages and public health alerts. 

ANSM collaborates closely with European institutions and participates in scientific committees 

coordinated by the EMA. Through these activities, ANSM contributes to the harmonization of 

pharmaceutical regulation across Europe while addressing national public health priorities. 

5.2. EMA 

The European Medicines Agency (EMA) is the central regulatory agency responsible for the 

scientific evaluation, supervision, and safety monitoring of medicines within the European 

Union. 

Established in 1995 and headquartered in Amsterdam, the EMA coordinates the work of 

regulatory authorities from EU member states to ensure consistent evaluation standards across 

Europe. 

The major responsibilities of the EMA include: 

 Scientific evaluation of medicines for human and veterinary use. 

 Coordination of the centralized marketing authorization procedure. 

 Monitoring of drug safety through pharmacovigilance systems. 

 Scientific advice during drug development. 

 Assessment of advanced therapy medicinal products. 

 Publication of regulatory guidelines and recommendations. 

Several scientific committees operate within the EMA, including: 

5.2.1. Committee for Medicinal Products for Human Use (CHMP) 

Responsible for evaluating marketing authorization applications and issuing scientific opinions 

on medicines intended for human use. 
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5.2.2. Pharmacovigilance Risk Assessment Committee (PRAC) 

Responsible for monitoring drug safety and evaluating adverse event reports. 

5.2.3. Committee for Advanced Therapies (CAT) 

Specialized in the evaluation of gene therapies, cell therapies, and tissue-engineered products. 

The EMA plays a crucial role in facilitating access to innovative therapies while ensuring that 

approved medicines meet rigorous standards of quality, safety, and efficacy. 

5.3. Marketing Authorization Procedures 

Before a medicinal product can be marketed in Europe, it must obtain a Marketing 

Authorization (MA) demonstrating that its benefits outweigh its risks. Several regulatory 

pathways are available depending on the characteristics of the product and the intended market. 

5.3.1. Centralized Procedure 

The centralized procedure is coordinated by the EMA and results in a single marketing 

authorization valid throughout all European Union member states. 

This procedure is mandatory for: 

 Biotechnology-derived medicines. 

 Gene therapies. 

 Cell therapies. 

 Orphan drugs. 

 Many innovative medicines. 

The process involves: 

1. Submission of a marketing authorization application to the EMA. 

2. Scientific evaluation by the CHMP. 

3. Adoption of a scientific opinion. 

4. Final decision by the European Commission. 

5. Granting of a European-wide marketing authorization. 
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5.3.2. Decentralized Procedure (DCP) 

The decentralized procedure is used when a medicine has not yet received authorization in any 

EU member state. 

A reference member state performs the initial scientific evaluation, and other participating 

member states review and recognize the assessment. 

5.3.3. Mutual Recognition Procedure (MRP) 

The mutual recognition procedure applies when a medicine has already obtained authorization 

in one EU member state. 

Other member states may subsequently recognize the existing authorization based on the 

original scientific assessment. 

5.3.4. National Procedure 

This procedure is used when marketing authorization is requested in a single country only. In 

France, such applications are evaluated by ANSM. 

5.3.5. Marketing Authorization Dossier 

The application dossier generally includes: 

 Quality documentation (pharmaceutical development and manufacturing). 

 Preclinical study reports. 

 Clinical trial data. 

 Risk management plans. 

 Pharmacovigilance information. 

Regulatory authorities evaluate these data to determine whether the medicine satisfies the 

required standards of quality, safety, and efficacy. 
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Introduction  

Experimental models are biological systems used to investigate physiological and pathological 

processes, evaluate therapeutic interventions, and predict the efficacy and safety of drug 

candidates. They constitute a fundamental component of biomedical research and play a critical 

role throughout the drug development process. 

Experimental models provide controlled environments in which researchers can study disease 

mechanisms, identify therapeutic targets, and assess the biological effects of new compounds 

before their administration to humans. These models help bridge the gap between basic 

scientific discoveries and clinical applications, thereby facilitating the translation of laboratory 

findings into effective medical treatments. 

The importance of experimental models in medical research includes: 

 Understanding disease mechanisms. 

 Identifying and validating therapeutic targets. 

 Evaluating drug efficacy. 

 Assessing toxicity and safety. 

 Investigating pharmacokinetic and pharmacodynamic properties. 

 Supporting regulatory approval processes. 

Experimental models can be classified into three major categories: 

 In vitro models. 

 In vivo models. 

 In silico models. 

Each category provides complementary information and contributes to different stages of drug 

discovery and development. 

1. In Vitro Models 

In vitro models are experimental systems performed outside a living organism under controlled 

laboratory conditions. These models typically involve isolated cells, tissues, or biological 

molecules maintained in artificial environments designed to mimic physiological conditions. 
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In vitro approaches are widely used because they allow precise control of experimental 

variables, facilitate mechanistic investigations, and reduce the need for animal experimentation. 

They are often employed during the early stages of drug development to evaluate biological 

activity, toxicity, and mechanisms of action. 

The main advantages of in vitro models include: 

 Rapid experimentation. 

 Reduced cost. 

 High reproducibility. 

 Ethical benefits through reduction of animal use. 

 Suitability for high-throughput screening. 

Among the most commonly used in vitro systems are cell cultures and three-dimensional tissue 

models. 

1.1. Cell Cultures 

Cell culture is one of the most widely used experimental techniques in biomedical research. It 

involves the growth and maintenance of cells under controlled laboratory conditions using 

specialized culture media that provide nutrients, growth factors, and appropriate environmental 

conditions. 

Cell cultures enable researchers to investigate cellular physiology, molecular signaling 

pathways, drug responses, and toxicological effects. 

1.1.1. Types of Cell Cultures 

a. Primary Cell Cultures 

Primary cultures are established directly from tissues obtained from animals or humans. These 

cells closely resemble their physiological counterparts and provide highly relevant biological 

information. However, they generally exhibit limited proliferation capacity and relatively short 

lifespans. 
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b. Continuous Cell Lines 

Cell lines are immortalized cells capable of prolonged growth in culture. Examples include: 

 HeLa cells (cervical cancer). 

 HEK293 cells (human embryonic kidney). 

 MCF-7 cells (breast cancer). 

 A549 cells (lung cancer). 

These models are extensively used in drug screening, molecular biology, and cancer research 

because of their ease of maintenance and reproducibility. 

1.1.2. Applications of Cell Cultures 

Cell culture systems are used for: 

 Drug screening. 

 Cytotoxicity testing. 

 Gene expression analysis. 

 Signal transduction studies. 

 Evaluation of therapeutic targets. 

 Mechanistic studies of disease. 

Despite their utility, conventional cell cultures often fail to reproduce the complexity of living 

tissues and therefore may not accurately predict clinical responses. 

1.2. Three-Dimensional Models and Organoids 

To overcome the limitations of traditional two-dimensional cell cultures, researchers have 

developed three-dimensional (3D) models that more closely mimic the structural and functional 

characteristics of living tissues. 

Three-dimensional cultures allow cells to grow in all directions and establish physiological 

cell–cell and cell–matrix interactions. Consequently, these models provide a more realistic 

representation of tissue architecture and biological behavior. 
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1.2.1. Three-Dimensional Cell Culture Models 

Several approaches are used to generate 3D cultures, including: 

 Spheroids. 

 Scaffold-based systems. 

 Hydrogel matrices. 

 Bioprinted tissues. 

Compared with conventional monolayer cultures, 3D models better reproduce: 

 Cellular heterogeneity. 

 Nutrient gradients. 

 Oxygen diffusion. 

 Drug penetration. 

 Tissue-specific functions. 

1.2.2. Organoids 

Organoids are highly organized three-dimensional structures derived from stem cells or 

progenitor cells that self-organize into miniature versions of organs. These structures reproduce 

many of the cellular, molecular, and functional characteristics of native tissues. Examples 

include: 

 Brain organoids. 

 Liver organoids. 

 Intestinal organoids. 

 Kidney organoids. 

 Tumor organoids. 

1.2.3. Applications of Organoids 

Organoid technology has revolutionized biomedical research and is increasingly used for: 

 Disease modeling. 

 Personalized medicine. 

 Drug screening. 
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 Toxicity testing. 

 Regenerative medicine research. 

 Cancer biology studies. 

Because organoids more accurately replicate human physiology than conventional cell cultures, 

they offer significant potential for improving the predictive value of preclinical research and 

reducing reliance on animal experimentation. 

The development of three-dimensional models and organoids represents a major advancement 

in experimental medicine and provides powerful tools for studying human diseases and 

evaluating novel therapeutic strategies. 

2. In Vivo Models 

In vivo models refer to experimental studies conducted in living organisms to investigate 

biological processes, disease mechanisms, and the effects of therapeutic interventions under 

physiological conditions. Unlike in vitro systems, which focus on isolated cells or tissues, in 

vivo models allow researchers to evaluate the complex interactions that occur among organs, 

tissues, and biological systems within the whole organism. 

In vivo experimentation plays a crucial role in biomedical research and drug development 

because it provides information that cannot be obtained from cell-based models alone. These 

studies help assess drug efficacy, pharmacokinetics, pharmacodynamics, toxicity, and overall 

safety before clinical trials in humans. 

Animal models remain an essential component of preclinical research despite the increasing 

development of alternative methods such as organoids, organ-on-a-chip technologies, and 

computational modeling. Regulatory authorities generally require in vivo data to demonstrate 

the safety and potential therapeutic benefit of new drug candidates before human testing. 

2.1. Animal Models in Biomedical Research 

Animal models are living organisms used to study normal biological functions, disease 

pathogenesis, and therapeutic interventions. They provide valuable insights into physiological 

and pathological processes that closely resemble those occurring in humans. 
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The selection of an appropriate animal model depends on the research objective, disease 

characteristics, and the similarity of the model to the human condition under investigation. 

2.1.1. Commonly Used Animal Models 

2.1.1.1. Rodents 

Rodents are the most frequently used animals in biomedical research. Examples include: Mice 

(Mus musculus) and Rats (Rattus norvegicus) 

Their popularity is due to: 

 Small size. 

 Low maintenance costs. 

 Rapid reproduction. 

 Availability of genetically modified strains. 

 Extensive biological characterization. 

Rodent models are widely employed in cancer research, neuroscience, immunology, 

cardiovascular diseases, and pharmacological studies. 

2.1.1.2. Rabbits 

Rabbits are frequently used in: 

 Ophthalmology research. 

 Immunology studies. 

 Toxicological evaluations. 

 Cardiovascular investigations. 

2.1.1.3. Zebrafish 

Zebrafish (Danio rerio) have emerged as valuable models for: 

 Developmental biology. 

 Genetic studies. 

 Toxicology. 

 Drug screening. 
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Their transparent embryos facilitate direct observation of developmental processes. 

2.1.1.4. Large Animal Models 

Large animals such as dogs, pigs, and non-human primates may be used when physiological 

similarities to humans are particularly important. These models are often employed in: 

 Cardiovascular research. 

 Surgical studies. 

 Medical device evaluation. 

 Translational medicine. 

2.1.2. Types of Animal Disease Models 

Animal models can be classified according to the method used to reproduce the disease: 

2.1.2.1. Induced Models 

Disease is artificially produced using chemicals, surgical procedures, infectious agents, or 

environmental factors. 

2.1.2.2. Genetic Models 

Genetic modifications are introduced to mimic human genetic disorders. Examples include: 

 Knockout mice. 

 Transgenic mice. 

 Humanized animal models. 

2.1.2.3. Spontaneous Models 

Certain animal species naturally develop diseases that resemble human conditions. 

2.1.3. Ethical Considerations 

Animal experimentation is governed by strict ethical principles designed to ensure animal 

welfare. The internationally recognized 3Rs principle includes: 

 Replacement: Use alternative methods whenever possible. 
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 Reduction: Minimize the number of animals used. 

 Refinement: Improve procedures to reduce pain and distress. 

Compliance with ethical regulations is mandatory in all biomedical research involving animals. 

2.2. Applications in Drug Development 

Animal models play a central role throughout the preclinical development of medicinal 

products. They provide critical information regarding the efficacy, safety, pharmacokinetics, 

and pharmacodynamics of candidate drugs before human exposure. 

2.2.1. Evaluation of Therapeutic Efficacy 

Animal disease models allow researchers to determine whether a drug produces the desired 

therapeutic effect. Examples include: 

 Tumor regression in cancer models. 

 Reduction of inflammation in arthritis models. 

 Improvement of neurological symptoms in neurodegenerative disease models. 

2.2.2. Pharmacokinetic Studies 

In vivo experiments are used to characterize: Absorption, Distribution, Metabolism, Excretion 

(ADME). These studies help establish dosing regimens and predict drug behavior in humans. 

2.2.3. Pharmacodynamic Studies 

Animal models are used to evaluate: 

 Mechanism of action. 

 Dose–response relationships. 

 Duration of drug effects. 

 Target engagement. 

2.2.4. Toxicological Evaluation 

Safety assessment represents one of the most important applications of animal experimentation. 
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Toxicological studies investigate: 

 Acute toxicity. 

 Repeated-dose toxicity. 

 Organ toxicity. 

 Reproductive toxicity. 

 Carcinogenicity. 

 Safety pharmacology. 

The resulting data are essential for determining safe starting doses in clinical trials. 

2.2.5. Translational Research 

Animal models serve as a bridge between laboratory discoveries and clinical applications. By 

reproducing key aspects of human diseases, they facilitate the translation of preclinical findings 

into therapeutic strategies that can be evaluated in patients. 

2.2.6. Limitations of Animal Models 

Despite their value, animal models have limitations: 

 Physiological differences between animals and humans. 

 Incomplete reproduction of human diseases. 

 Ethical concerns. 

 High costs for certain models. 

Consequently, modern drug development increasingly combines animal studies with advanced 

in vitro systems, organoids, organ-on-a-chip technologies, and computational approaches to 

improve predictive accuracy. 

In summary, animal models remain indispensable tools in biomedical research and 

pharmaceutical development. They provide essential information regarding drug efficacy and 

safety and continue to play a critical role in the successful translation of scientific discoveries 

into clinical therapies. 
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3. Alternative and Emerging Models 

Recent advances in biomedical research have led to the development of innovative experimental 

models that complement or partially replace traditional in vitro and in vivo approaches. These 

alternative models aim to improve the prediction of human biological responses while reducing 

the limitations associated with conventional experimental systems. 

Among the most promising technologies are in silico models and organ-on-a-chip systems. 

These approaches integrate computational sciences, engineering, and biology to provide more 

accurate, efficient, and ethically acceptable tools for drug discovery and development. 

Alternative models are increasingly used to: 

 Predict drug efficacy and safety. 

 Reduce animal experimentation. 

 Accelerate drug development. 

 Improve translational research. 

 Support personalized medicine. 

As these technologies continue to evolve, they are becoming essential components of modern 

pharmaceutical research. 

3.1. In Silico Models 

In silico models refer to computational approaches used to simulate biological processes, 

predict drug behavior, and analyze complex biomedical datasets. The term in silico describes 

experiments and analyses performed using computer-based technologies rather than laboratory-

based (in vitro) or animal-based (in vivo) methods. With the rapid development of 

computational biology, bioinformatics, artificial intelligence, and molecular modeling, in silico 

approaches have become essential tools throughout the drug discovery and development 

process. 

3.1.1. Major Types of In Silico Models 

Several categories of computational models are commonly employed in pharmaceutical 

research. 
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a. Molecular Modeling 

Molecular modeling encompasses a collection of computational techniques used to investigate 

the interactions between drug candidates and their biological targets at the atomic and molecular 

levels. These approaches provide valuable information regarding binding affinity, molecular 

recognition, and structural stability. Common molecular modeling techniques include 

molecular docking, molecular dynamics simulations, pharmacophore modeling, and virtual 

screening. Together, these methods facilitate the identification, optimization, and prioritization 

of potential drug candidates before experimental testing. 

b. Quantitative Structure–Activity Relationship (QSAR) Models 

QSAR models establish mathematical relationships between the physicochemical properties of 

chemical compounds and their biological activities. By analyzing molecular descriptors and 

biological responses, QSAR models enable the prediction of biological activity, toxicity, and 

pharmacological properties of new compounds. These models are extensively used for lead 

optimization, virtual screening, and early-stage toxicity assessment, thereby reducing the need 

for costly experimental studies. 

c. Bioinformatics Approaches 

Bioinformatics integrates computational methods with biological data analysis to investigate 

complex biological systems. Modern bioinformatics tools are capable of processing large 

datasets generated through genomics, transcriptomics, proteomics, and metabolomics studies. 

Applications include gene expression profiling, pathway enrichment analysis, protein–protein 

interaction network construction, and biomarker discovery. These analyses contribute 

significantly to target identification and the understanding of disease mechanisms. 

d. Artificial Intelligence and Machine Learning 

Artificial intelligence (AI) and machine learning (ML) have revolutionized modern drug 

discovery by enabling the analysis of massive datasets and the identification of hidden patterns 

that may not be detectable using conventional statistical methods. AI-based approaches are 

increasingly employed for drug target identification, drug repurposing, prediction of biological 

activity, ADMET property estimation, and de novo drug design. These technologies have 
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accelerated the discovery of novel therapeutic candidates and improved decision-making 

throughout the pharmaceutical development pipeline. 

3.1.2. Applications in Drug Development 

In silico methods are applied at multiple stages of drug development. They support the 

identification and validation of therapeutic targets, facilitate hit discovery through virtual 

screening strategies, assist in lead optimization by predicting structure–activity relationships, 

and enable early toxicity prediction. Furthermore, computational models are increasingly used 

to support clinical trial design by simulating treatment responses and identifying optimal patient 

populations. 

3.1.3. Advantages and Inconvenience  

The growing popularity of in silico approaches is largely attributable to their numerous 

advantages. These methods allow rapid analysis of large volumes of biological and chemical 

data, significantly reduce experimental costs, and provide high-throughput screening 

capabilities. They also contribute to the reduction of animal use in biomedical research and 

enable the exploration of vast chemical spaces that would be impossible to evaluate 

experimentally. 

Despite these advantages, in silico models possess certain limitations. Their predictive 

performance depends heavily on the quality and completeness of available data. Computational 

predictions must ultimately be validated through experimental studies, and current models are 

often unable to fully capture the complexity of biological systems and disease processes. 

Consequently, in silico methods should be considered complementary tools that support, rather 

than replace, laboratory and clinical investigations. 

Overall, in silico approaches have become indispensable components of modern 

pharmaceutical research and are now integrated into virtually every stage of the drug discovery 

and development process, contributing to faster, more efficient, and more cost-effective 

therapeutic innovation. 
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3.2. Organ-on-a-Chip Technologies 

Organ-on-a-chip technology represents a major innovation in biomedical research, combining 

advances in microengineering, cell biology, biomaterials science, and tissue engineering to 

recreate key physiological functions of human organs on miniaturized platforms. These 

microphysiological systems are designed to mimic the structural, mechanical, and functional 

characteristics of living tissues, providing a more realistic representation of human biology than 

conventional cell culture models. 

Organ-on-a-chip devices are typically composed of microfluidic chambers containing living 

human cells cultured within a three-dimensional environment. Continuous fluid flow through 

microchannels reproduces essential physiological conditions such as blood circulation, nutrient 

delivery, waste removal, and mechanical forces. By recreating the cellular microenvironment 

found in vivo, these systems provide valuable tools for studying human physiology, disease 

mechanisms, and drug responses. 

3.2.1. Principle of Organ-on-a-Chip Systems 

The fundamental objective of organ-on-a-chip technology is to reproduce the microarchitecture 

and dynamic behavior of human organs within a controlled laboratory setting. A typical device 

consists of interconnected microfluidic channels fabricated from biocompatible materials and 

populated with specialized human cells. These cells are cultured on extracellular matrix 

components that support tissue organization and cellular differentiation. 

The continuous circulation of culture medium through the microchannels generates 

physiological shear stress and mechanical stimulation, allowing cells to behave more similarly 

to those found in living tissues. In some systems, additional mechanical forces such as cyclic 

stretching, compression, or electrical stimulation are incorporated to replicate organ-specific 

functions. Together, these elements create a microenvironment that closely resembles the 

physiological conditions present in the human body. 

3.2.2. Types of Organ-on-a-Chip Models 

Several organ-specific platforms have been developed to model the functions of major human 

organs and tissues. 
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a. Lung-on-a-Chip 

The lung-on-a-chip model reproduces the alveolar–capillary interface responsible for gas 

exchange in the respiratory system. By incorporating epithelial and endothelial cells exposed 

to cyclic mechanical stretching that mimics breathing movements, these devices enable the 

investigation of respiratory physiology and pathology. They are widely used to study 

respiratory diseases, pulmonary drug toxicity, inflammation, and host–pathogen interactions. 

b. Liver-on-a-Chip 

The liver is the primary organ responsible for drug metabolism and detoxification. Liver-on-a-

chip systems contain hepatocytes and supporting cell types organized within a microfluidic 

environment that reproduces hepatic architecture and blood flow. These models are particularly 

valuable for investigating drug metabolism, evaluating hepatotoxicity, studying liver diseases, 

and predicting pharmacokinetic behavior. 

c. Heart-on-a-Chip 

Heart-on-a-chip platforms integrate cardiac muscle cells capable of spontaneous contraction 

and electrical activity. These systems reproduce important aspects of cardiac physiology and 

are increasingly employed to evaluate drug-induced cardiotoxicity, arrhythmogenic potential, 

and cardiac function. They also provide useful models for studying cardiovascular diseases and 

testing novel therapeutic interventions. 

d. Kidney-on-a-Chip 

Kidney-on-a-chip devices replicate essential renal functions, including filtration, reabsorption, 

secretion, and drug transport. These models are used to investigate nephrotoxicity, renal 

physiology, and the mechanisms governing drug elimination. They provide valuable 

information regarding kidney-specific adverse effects that may not be detected in conventional 

cell culture systems. 

e. Brain-on-a-Chip 

Brain-on-a-chip technologies aim to recreate the complex cellular interactions present within 

the central nervous system. Some models specifically focus on reproducing the blood–brain 

barrier, a highly selective interface that regulates the transport of molecules into the brain. These 



Chapter 05 Experimental models in research applied to medicine 

 102 

platforms are applied in studies of neurodegenerative diseases, neuroinflammation, drug 

permeability, and neuropharmacology. 

3.2.3. Multi-Organ Chips 

While individual organ models provide valuable information, human physiology depends on 

the coordinated interaction of multiple organs. To address this complexity, researchers have 

developed multi-organ chip systems in which several organ models are interconnected through 

microfluidic networks. These advanced platforms allow the simulation of organ-to-organ 

communication, systemic drug distribution, metabolism, and toxicity. 

Such integrated systems are commonly referred to as Body-on-a-Chip or Human-on-a-Chip 

platforms. By reproducing physiological interactions among different tissues, they offer a more 

comprehensive representation of whole-body responses and have the potential to reduce 

reliance on animal experimentation. 

3.2.4. Applications in Drug Development 

Organ-on-a-chip technologies are increasingly recognized as powerful tools in modern drug 

discovery and development. They provide physiologically relevant platforms for drug 

screening, enabling researchers to evaluate efficacy and safety under conditions that closely 

resemble human biology. These systems are also extensively used for toxicity testing, allowing 

early detection of organ-specific adverse effects that may not be apparent in traditional 

experimental models. 

In addition, organ-on-a-chip devices facilitate disease modeling by recreating pathological 

conditions in a controlled environment, thereby improving the understanding of disease 

mechanisms and therapeutic responses. Their ability to incorporate patient-derived cells further 

supports the development of personalized medicine approaches, where treatments can be 

evaluated according to individual patient characteristics. 

Furthermore, these platforms contribute to pharmacokinetic and pharmacodynamic 

investigations by simulating drug absorption, distribution, metabolism, and elimination 

processes. As technological advances continue, organ-on-a-chip systems are expected to play 

an increasingly important role in reducing drug development costs, improving predictive 

accuracy, and accelerating the translation of laboratory discoveries into clinical applications. 
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Overall, organ-on-a-chip technology represents a transformative approach in biomedical 

research, bridging the gap between conventional in vitro models and human physiology while 

providing new opportunities for safer, more efficient, and more personalized drug development. 

4. Applications in Drug Discovery and Development 

Experimental models constitute an essential component of the drug discovery and development 

process. Throughout the development pipeline, researchers use a combination of in vitro, in 

vivo, and in silico approaches to evaluate the biological activity, efficacy, safety, and 

pharmacological properties of candidate compounds. These models provide critical information 

that supports decision-making during lead optimization, preclinical development, and clinical 

translation. 

The primary objectives of experimental studies in drug development are to demonstrate 

therapeutic efficacy and establish an acceptable safety profile before human administration. 

Together, efficacy and safety evaluations determine whether a drug candidate possesses 

sufficient potential to progress through the development pipeline. 

4.1. Efficacy Studies 

Efficacy studies constitute a fundamental component of preclinical drug development and are 

designed to determine whether a candidate drug produces the intended therapeutic effect against 

a specific disease or biological target. These investigations provide essential evidence that a 

compound possesses meaningful biological activity and has the potential to generate clinical 

benefits in patients. Efficacy evaluation is conducted throughout the drug discovery process, 

beginning with early laboratory screening and continuing through advanced preclinical studies. 

4.1.1. Objectives of Efficacy Studies 

The primary objective of efficacy studies is to demonstrate that a drug candidate can effectively 

modulate its intended target and produce a beneficial therapeutic response. These investigations 

help confirm biological activity, validate therapeutic targets, establish dose–response 

relationships, and evaluate overall treatment effectiveness. In addition, efficacy studies 

contribute to the optimization of dosage regimens by identifying the dose range that provides 

maximal therapeutic benefit while minimizing adverse effects. The information generated 
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during efficacy testing is essential for selecting the most promising drug candidates for further 

development. 

4.1.2. In Vitro Efficacy Studies 

In vitro efficacy studies are typically performed during the early stages of drug discovery and 

rely on cell-based or biochemical models to evaluate biological activity under controlled 

laboratory conditions. These experiments provide rapid and cost-effective methods for 

screening large numbers of compounds before advancing to animal studies. 

Various experimental approaches are employed depending on the therapeutic area and 

mechanism of action being investigated. Anticancer activity assays are commonly used to 

evaluate the ability of compounds to inhibit tumor cell growth, induce apoptosis, or interfere 

with cell cycle progression. Antimicrobial susceptibility tests assess the effectiveness of 

candidate drugs against bacterial, fungal, or viral pathogens. Enzyme inhibition studies 

determine whether a compound can modulate the activity of disease-associated enzymes, while 

receptor activation or inhibition assays evaluate interactions with specific cellular receptors 

involved in signal transduction pathways. 

Because these models allow high-throughput screening and rapid data generation, they play a 

critical role in identifying promising lead compounds and eliminating inactive or poorly 

performing candidates at an early stage of development. 

4.1.3. In Vivo Efficacy Studies 

Although in vitro studies provide valuable information, they cannot fully reproduce the 

complexity of living organisms. Consequently, in vivo efficacy studies are conducted in animal 

models to evaluate therapeutic effects under physiological conditions. These models allow 

researchers to assess drug distribution, metabolism, pharmacokinetics, and interactions among 

multiple biological systems. 

The choice of animal model depends on the disease being investigated. In oncology research, 

tumor-bearing animal models are frequently used to evaluate the ability of candidate drugs to 

inhibit tumor growth or reduce tumor burden. Inflammatory diseases may be studied using 

models of arthritis or experimentally induced inflammation to assess anti-inflammatory 

activity. Neurodegenerative disease models are employed to investigate improvements in 
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neurological function, whereas diabetic models are used to evaluate blood glucose regulation 

and metabolic control. 

These studies provide important evidence regarding the translation of biological activity 

observed in vitro into meaningful therapeutic effects in living organisms. They also contribute 

to dose selection and treatment optimization before clinical testing. 

4.1.4. Translational Significance 

The ultimate goal of efficacy studies is to establish sufficient evidence that a candidate drug 

may provide therapeutic benefit in humans. Positive results obtained during preclinical testing 

increase confidence in the likelihood of clinical success and support progression to human trials. 

By demonstrating both biological relevance and therapeutic effectiveness, efficacy studies form 

a critical bridge between basic research and clinical development. 

4.2. Toxicity and Safety Evaluation 

The evaluation of toxicity and safety is one of the most critical aspects of drug development. 

While therapeutic efficacy is essential, a drug cannot be approved for clinical use if it produces 

unacceptable adverse effects. Consequently, extensive toxicological investigations are 

performed to identify potential hazards, characterize adverse reactions, and establish safe 

exposure levels before a compound is administered to humans. 

Safety assessment is conducted throughout preclinical development and plays a central role in 

determining whether a candidate drug can progress to clinical trials. The information generated 

from toxicological studies supports regulatory submissions and contributes to the protection of 

future clinical trial participants. 

4.2.1. Objectives of Toxicity Evaluation 

The primary objectives of toxicity studies are to identify adverse effects associated with drug 

exposure, determine the organs or systems most susceptible to toxicity, establish safe dosage 

ranges, and evaluate the overall risk–benefit profile of a candidate drug. These studies provide 

critical information for selecting appropriate doses in clinical trials and minimizing risks to 

human participants. 
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4.2.2. Types of Toxicity Studies 

4.2.2.1. Acute Toxicity 

Acute toxicity studies evaluate the effects of a single administration or short-term exposure to 

a drug candidate. These investigations are designed to identify immediate toxic effects and 

estimate the dose capable of producing severe adverse reactions. Parameters commonly 

assessed include mortality, clinical signs of toxicity, behavioral alterations, body weight 

changes, and evidence of organ damage. Acute toxicity testing provides preliminary 

information regarding the safety profile of a compound and guides subsequent toxicological 

investigations. 

4.2.2.2. Repeated-Dose Toxicity 

Repeated-dose toxicity studies assess the effects of repeated drug administration over days, 

weeks, or months. These studies are essential for identifying cumulative toxicity and evaluating 

the consequences of long-term exposure. Researchers monitor clinical observations, 

hematological and biochemical parameters, organ weights, and histopathological changes to 

detect potential target-organ toxicity. 

4.2.2.3. Genotoxicity 

Genotoxicity studies investigate whether a compound can damage genetic material and induce 

mutations that may contribute to cancer development or hereditary defects. Several 

standardized assays are used for this purpose, including the Ames test, micronucleus assay, and 

chromosomal aberration tests. Positive findings may indicate a need for additional investigation 

before clinical development can proceed. 

4.2.2.4. Reproductive and Developmental Toxicity 

These studies evaluate the potential effects of drug exposure on reproductive function and 

developmental processes. Investigations typically assess fertility, embryonic development, 

pregnancy outcomes, fetal growth, and postnatal development. Such studies are particularly 

important for medications intended for use in women of reproductive age. 
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4.2.2.5. Safety Pharmacology 

Safety pharmacology focuses on evaluating the effects of candidate drugs on vital physiological 

systems that are essential for survival. Particular attention is given to the cardiovascular, 

respiratory, and central nervous systems. These studies aim to identify unintended 

pharmacological effects that could pose significant risks to patients, such as cardiac 

arrhythmias, respiratory depression, or neurological dysfunction. 

4.2.3. Role of Emerging Models in Safety Assessment 

Recent technological advances have introduced innovative approaches that complement 

traditional toxicological testing. Human-derived organoids, organ-on-a-chip platforms, 

artificial intelligence tools, and computational toxicity prediction models provide additional 

methods for assessing safety while reducing reliance on animal experimentation. These 

technologies offer more physiologically relevant models of human biology and contribute to 

improved prediction of human toxicological responses. 

Computational approaches can rapidly screen large numbers of compounds for potential toxic 

effects, whereas organoid and organ-on-a-chip systems allow the investigation of organ-

specific toxicity under conditions that closely resemble human physiology. Together, these 

emerging technologies enhance the accuracy and efficiency of modern safety assessment 

strategies. 

4.2.4. Importance in Drug Development 

Toxicity and safety evaluations play a decisive role in determining whether a candidate drug 

can proceed to clinical testing and ultimately receive regulatory approval. Comprehensive 

safety assessment helps identify potential risks early in development, supports informed 

decision-making, and protects patients from harmful adverse effects. By ensuring that only 

compounds with acceptable safety profiles advance through the development pipeline, 

toxicological studies contribute significantly to the creation of safer and more effective 

therapeutic agents. Overall, efficacy and safety studies represent complementary pillars of 

preclinical drug development. While efficacy investigations demonstrate therapeutic potential, 

toxicity assessments ensure that these benefits can be achieved without unacceptable risks, 

thereby supporting the successful translation of promising drug candidates into safe and 

effective medicines.
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1. Introduction to Pharmacokinetics and Pharmacodynamics 

Pharmacokinetics (PK) and pharmacodynamics (PD) are two fundamental disciplines in 

pharmacology that provide a comprehensive understanding of drug behavior and therapeutic 

effects. Together, they describe the relationship between drug administration, drug 

concentration within the body, and the resulting biological response. 

Pharmacokinetics focuses on the processes that determine the fate of a drug after administration, 

including its absorption, distribution, metabolism, and excretion. In contrast, 

pharmacodynamics examines the biochemical and physiological effects produced by the drug 

and the mechanisms through which these effects occur. 

The integration of PK and PD is essential in both experimental and clinical research because it 

helps optimize drug dosing, maximize therapeutic efficacy, minimize toxicity, and improve 

patient outcomes. Consequently, PK and PD studies constitute a critical component of modern 

drug discovery, preclinical evaluation, and clinical development. 

1.1. Definitions and Importance 

Pharmacokinetics (PK) and pharmacodynamics (PD) are two fundamental disciplines of 

pharmacology that provide a comprehensive understanding of drug behavior and effects within 

the body. Together, they form the scientific foundation of modern drug development, 

therapeutic optimization, and personalized medicine. 

1.1.1. Pharmacokinetics 

Pharmacokinetics is the branch of pharmacology that studies the time course of drug absorption, 

distribution, metabolism, and excretion (ADME) within the body. It describes how the 

organism influences the fate of a drug following its administration. In other words, 

pharmacokinetics investigates the processes that determine the concentration of a drug in 

biological fluids and tissues over time. 

The primary objective of pharmacokinetic studies is to characterize the rate and extent of drug 

absorption, evaluate its distribution throughout various organs and tissues, investigate the 

metabolic transformations it undergoes, and determine the mechanisms responsible for its 
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elimination from the body. These processes collectively influence the duration and intensity of 

drug action and are essential for establishing appropriate dosing regimens. 

Pharmacokinetics is often summarized by the expression: “What the body does to the drug.” 

1.1.2. Pharmacodynamics 

Pharmacodynamics is the study of the biochemical, physiological, and therapeutic effects 

produced by drugs, as well as the mechanisms responsible for these effects. It describes how a 

drug interacts with its biological targets and how these interactions translate into measurable 

responses within the organism. 

Pharmacodynamic investigations focus on drug–receptor interactions, mechanisms of action, 

dose–response relationships, therapeutic efficacy, and adverse effects. Through these studies, 

researchers can determine the magnitude of a drug's effects, its potency, efficacy, and the 

concentration required to achieve a desired therapeutic response. 

Pharmacodynamics is commonly summarized by the expression: “What the drug does to the 

body.” 

1.1.3. Importance of Pharmacokinetics and Pharmacodynamics 

A thorough understanding of pharmacokinetics and pharmacodynamics is essential for the 

rational development and clinical use of medicines. These disciplines provide the scientific 

basis for selecting appropriate drug doses, optimizing therapeutic regimens, predicting efficacy 

and toxicity, and adapting treatments to individual patient characteristics. 

By integrating information on drug exposure and biological response, PK and PD studies help 

maximize therapeutic benefits while minimizing adverse effects. Consequently, they play a 

central role throughout the entire drug development process, from early discovery and 

preclinical evaluation to clinical trials and post-marketing surveillance. 

1.2. Role in Drug Development 

Pharmacokinetic and pharmacodynamic evaluations are performed throughout all stages of 

drug development to characterize the behavior, efficacy, and safety of drug candidates. These 
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investigations provide critical information that guides decision-making and supports the 

progression of compounds from laboratory research to clinical application. 

1.2.1. During Drug Discovery 

During the drug discovery phase, PK and PD studies contribute to the identification and 

selection of promising lead compounds. Early pharmacological investigations help researchers 

identify molecules with favorable biological activity, predict therapeutic potential, and optimize 

chemical structures to improve efficacy and pharmacokinetic properties. These studies facilitate 

the prioritization of candidates that are most likely to succeed during subsequent stages of 

development. 

1.2.2. During Preclinical Development 

During preclinical development, in vitro systems and animal models are used to investigate the 

pharmacokinetic and pharmacodynamic properties of candidate drugs. Researchers evaluate 

drug absorption, bioavailability, tissue distribution, metabolic pathways, elimination 

mechanisms, pharmacological activity, and dose–response relationships. 

These studies are essential for establishing safe and effective dosage ranges before human 

exposure. They also provide valuable information regarding potential toxicity and contribute to 

the design of first-in-human clinical trials. 

1.2.3. During Clinical Development 

Pharmacokinetic and pharmacodynamic investigations continue throughout clinical 

development and play a crucial role in the design and interpretation of clinical trials. These 

studies are used to determine optimal dosing regimens, assess variability among patients, 

evaluate therapeutic efficacy and safety, and support regulatory approval. 

Clinical PK and PD data help establish the relationship between drug exposure and therapeutic 

outcomes, enabling the development of evidence-based dosing recommendations for future 

clinical use. 

 



Chapter 06 Pharmacokinetics and pharmacodynamics in experimental and clinical research 

Evaluation of the PK/PD relationship 

 112 

1.2.4. During Post-Marketing Surveillance 

The importance of pharmacokinetics and pharmacodynamics extends beyond regulatory 

approval. Following commercialization, PK and PD data continue to be collected through post-

marketing surveillance programs. These investigations help identify rare adverse effects, 

optimize treatment recommendations, evaluate drug interactions, and improve patient 

management under real-world conditions. 

Consequently, pharmacokinetic and pharmacodynamic studies represent indispensable tools for 

the successful development, regulatory evaluation, and clinical use of therapeutic agents. Their 

integration throughout the drug development process contributes significantly to the creation 

of safer, more effective, and more personalized medicines. 

2. Pharmacokinetics (PK) 

Pharmacokinetics describes the movement of drugs through the body following administration. 

It quantitatively characterizes how a drug is absorbed, distributed, metabolized, and eliminated 

over time. These processes determine the concentration of the drug at its site of action and 

consequently influence therapeutic efficacy and safety. 

The study of pharmacokinetics provides essential information for selecting dosage regimens, 

predicting drug interactions, and understanding interindividual variability in drug responses. 

2.1. ADME Processes 

The fate of a drug within the body is commonly described by four major pharmacokinetic 

processes collectively known as ADME: Absorption, Distribution, Metabolism, and Excretion. 

2.1.1. Absorption 

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

circulation. The extent and rate of absorption depend on several factors, including: 

 Route of administration. 

 Drug formulation. 

 Lipid solubility. 
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 Molecular size. 

 Blood flow. 

 Gastrointestinal conditions. 

The fraction of an administered dose that reaches systemic circulation unchanged is referred to 

as bioavailability (F). 

2.1.2. Distribution 

Distribution describes the reversible transfer of a drug between the bloodstream and body 

tissues. Factors influencing distribution include: 

 Tissue perfusion. 

 Plasma protein binding. 

 Lipophilicity. 

 Membrane permeability. 

 Tissue affinity. 

After entering the circulation, drugs may accumulate in specific organs such as the liver, 

kidneys, lungs, adipose tissue, or brain. 

2.1.3. Metabolism 

Metabolism, also known as biotransformation, refers to the chemical modification of drugs by 

enzymes. The liver is the principal site of drug metabolism, although other tissues may also 

contribute. Drug metabolism generally occurs in two phases: 

2.1.3.1. Phase I Reactions 

These reactions involve: 

 Oxidation. 

 Reduction. 

 Hydrolysis. 

The cytochrome P450 enzyme system plays a major role in Phase I metabolism. 
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2.1.3.2. Phase II Reactions 

These reactions involve conjugation with endogenous molecules such as: 

 Glucuronic acid. 

 Sulfate. 

 Glutathione. 

 Acetate. 

Phase II reactions generally increase water solubility and facilitate drug elimination. 

2.1.4. Excretion 

Excretion refers to the removal of drugs and their metabolites from the body. Major routes of 

elimination include: 

 Renal excretion (urine). 

 Biliary excretion (feces). 

 Pulmonary excretion. 

 Sweat. 

 Saliva. 

Efficient elimination is essential for preventing drug accumulation and toxicity. 

2.2. Major Pharmacokinetic Parameters 

Several quantitative parameters are used to describe drug disposition and guide dosage 

selection. 

2.2.1. Bioavailability (F) 

Bioavailability represents the fraction of an administered dose that reaches systemic circulation 

unchanged. For intravenous administration: 

F = 100% For oral administration: F is often lower because of incomplete absorption and first-

pass metabolism. 
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2.2.2. Maximum Plasma Concentration (Cmax) 

Cmax is the highest concentration achieved by a drug in plasma following administration. 

It provides information regarding: 

 Rate of absorption. 

 Potential therapeutic effects. 

 Risk of toxicity. 

2.2.3. Time to Maximum Concentration (Tmax) 

Tmax corresponds to the time required to reach Cmax. It reflects the speed of drug absorption. 

2.2.4. Area Under the Curve (AUC) 

The AUC represents total drug exposure over time. It is commonly used to compare: 

 Bioavailability. 

 Drug formulations. 

 Pharmacokinetic profiles. 

2.2.5. Elimination Half-Life (t½) 

The elimination half-life is the time required for plasma drug concentration to decrease by 50%. 

Half-life influences: 

 Dosing frequency. 

 Duration of action. 

 Drug accumulation. 

2.2.6. Clearance (CL) 

Clearance represents the volume of plasma completely cleared of drug per unit time. It reflects 

the efficiency of drug elimination by the body. 
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2.2.7. Volume of Distribution (Vd) 

The volume of distribution is a theoretical parameter describing the extent of drug distribution 

into tissues. A large Vd indicates extensive tissue distribution, whereas a small Vd suggests 

confinement primarily to the bloodstream. 

Together, these pharmacokinetic parameters provide a quantitative framework for 

understanding drug disposition and form the basis for rational dosage regimen design in 

experimental and clinical research. 

3. Pharmacodynamics (PD) 

Pharmacodynamics (PD) is the branch of pharmacology that studies the biochemical and 

physiological effects produced by drugs and the mechanisms through which these effects occur. 

While pharmacokinetics describes the movement of a drug within the body, pharmacodynamics 

focuses on the relationship between drug concentration at the site of action and the resulting 

biological response. 

The pharmacodynamic profile of a drug depends on its interaction with biological targets such 

as receptors, enzymes, ion channels, transporters, and nucleic acids. These interactions 

ultimately determine the therapeutic efficacy, duration of action, and potential adverse effects 

of the drug. 

Understanding pharmacodynamics is essential for optimizing drug therapy, predicting clinical 

responses, and designing effective therapeutic strategies. 

3.1. Mechanisms of Drug Action 

Drugs exert their effects by interacting with specific molecular targets involved in physiological 

and pathological processes. These interactions may activate, inhibit, or modulate biological 

functions. 

3.1.1. Receptor-Mediated Actions 

Many drugs act by binding to cellular receptors. 

Depending on their effects, drugs may be classified as: 
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3.1.1.1. Agonists 

Agonists bind to receptors and activate them, producing a biological response similar to that of 

endogenous ligands.  

Examples: Salbutamol acting on β₂-adrenergic receptors and Morphine acting on opioid 

receptors. 

3.1.1.2. Antagonists 

Antagonists bind to receptors without activating them and block the effects of endogenous 

mediators or agonist drugs. Examples: Propranolol and Atropine. 

3.1.2. Enzyme Inhibition 

Certain drugs act by inhibiting enzymes involved in physiological pathways. 

Examples: Aspirin inhibits cyclooxygenase (COX); Statins inhibit HMG-CoA reductase and 

ACE inhibitors block angiotensin-converting enzyme. 

3.1.3. Ion Channel Modulation 

Some drugs alter the activity of ion channels and thereby influence cellular excitability. 

Examples: Local anesthetics block sodium channels and Calcium channel blockers inhibit 

calcium influx. 

3.1.4. Transporter Inhibition 

Drugs may inhibit membrane transport proteins responsible for the movement of endogenous 

molecules. 

Examples: Selective serotonin reuptake inhibitors (SSRIs) and Sodium-glucose cotransporter 

(SGLT2) inhibitors. 

3.1.5. Effects on Nucleic Acids 

Certain therapeutic agents directly target DNA or RNA. 
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Examples: Anticancer drugs ; Antiviral agents and Gene therapy products. 

3.1.6. Therapeutic and Adverse Effects 

The ultimate consequence of drug–target interactions is the generation of biological effects that 

may be beneficial or harmful to the organism. When a drug binds to its intended molecular 

target, it produces pharmacological responses that contribute to the treatment, prevention, or 

management of disease. These beneficial outcomes are referred to as therapeutic effects and 

constitute the primary objective of drug therapy. 

However, drug action is not always limited to the desired therapeutic response. Many drugs can 

also interact with unintended targets or affect physiological pathways beyond those involved in 

the disease process. Such interactions may result in adverse effects, which are unwanted and 

potentially harmful responses occurring at therapeutic doses. Adverse effects can range from 

mild and transient symptoms, such as nausea or headache, to severe reactions that require 

discontinuation of treatment. 

In addition, when drug concentrations exceed the therapeutic range, excessive pharmacological 

activity may occur, leading to toxic effects. Toxicity can result from overdose, drug 

accumulation, metabolic abnormalities, or interactions with other medications. Severe toxicity 

may cause significant organ damage, life-threatening complications, or even death. 

The overall therapeutic value of a medicine depends on the balance between its beneficial 

effects and its potential risks. This balance is commonly referred to as the benefit–risk ratio. An 

ideal drug produces substantial therapeutic benefits while causing minimal adverse effects and 

toxicity. Consequently, understanding the relationship between efficacy, safety, and toxicity is 

essential for optimizing drug therapy, establishing appropriate dosing regimens, and ensuring 

patient safety. 

3.2. Dose–Response Relationships 

The dose–response relationship is one of the fundamental principles of pharmacodynamics and 

describes the association between the amount of a drug administered and the magnitude of the 

biological effect produced. As drug concentration increases, the intensity of the 

pharmacological response generally changes in a predictable manner until a maximum effect is 
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reached. Understanding this relationship is essential for determining optimal therapeutic doses, 

maximizing efficacy, and minimizing toxicity. 

Dose–response studies provide valuable information regarding the potency, efficacy, and safety 

of drugs. They are widely used during drug development to establish appropriate dosage 

regimens and to compare the pharmacological properties of different therapeutic agents. 

3.2.1. Graded Dose–Response Curves 

A graded dose–response curve illustrates the progressive change in the intensity of a biological 

response as drug concentration or dose increases. The response is measured on a continuous 

scale and is typically represented graphically by plotting drug concentration against the 

magnitude of the observed effect. 

Two important pharmacodynamic parameters can be derived from graded dose–response 

curves. The first is Emax, which represents the maximum effect that can be achieved by a drug, 

regardless of any further increase in dose. Emax reflects the intrinsic efficacy of the drug and 

indicates its ability to produce a biological response once all available targets have been 

activated. 

The second parameter is EC50, defined as the concentration of a drug required to produce 50% 

of its maximum effect. EC50 is commonly used as a measure of drug potency. A lower EC50 

value indicates that a smaller concentration of the drug is needed to achieve a given effect, 

suggesting greater potency. 

3.2.1.1. Potency 

Potency refers to the amount or concentration of a drug required to produce a specified 

biological effect. Highly potent drugs achieve therapeutic responses at lower concentrations 

than less potent drugs. Potency is therefore related to the position of the dose–response curve 

along the concentration axis. However, potency does not necessarily reflect the maximum effect 

that a drug can produce. 
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3.2.1.2. Efficacy 

Efficacy refers to the maximum biological response that a drug can produce, regardless of the 

dose administered. It reflects the ability of a drug to generate a therapeutic effect once it has 

interacted with its target. Two drugs may differ significantly in efficacy even if one is more 

potent than the other. Consequently, efficacy is often considered more important than potency 

when evaluating the clinical usefulness of a medicine. 

3.2.1.3. Therapeutic Window 

The therapeutic window represents the range of drug concentrations that produces the desired 

therapeutic effect without causing unacceptable toxicity. Within this concentration range, the 

benefits of treatment outweigh the associated risks. Drugs with a wide therapeutic window are 

generally safer because there is a greater margin between effective and toxic concentrations. In 

contrast, drugs with a narrow therapeutic window require careful dose adjustment and 

therapeutic monitoring to avoid adverse effects and toxicity. 

3.2.1.4. Quantal Dose–Response Relationships 

Unlike graded responses, which measure the intensity of an effect, quantal dose–response 

relationships describe all-or-none outcomes observed within a population. Each individual 

either exhibits the specified response or does not. These analyses are particularly useful for 

evaluating therapeutic success, adverse reactions, and toxicity at the population level. 

Examples of quantal responses include the presence or absence of therapeutic benefit, the 

occurrence of adverse effects, and outcomes such as survival or mortality. Quantal dose–

response studies allow the determination of several important parameters, including the 

Effective Dose 50 (ED50), which corresponds to the dose producing the desired effect in 50% 

of the population; the Toxic Dose 50 (TD50), which causes toxic effects in 50% of individuals; 

and the Lethal Dose 50 (LD50), which results in death in 50% of the tested population. 

Overall, dose–response relationships provide a quantitative framework for understanding drug 

action and are fundamental for establishing safe and effective dosage regimens during drug 

discovery, preclinical evaluation, and clinical development. 

 



Chapter 06 Pharmacokinetics and pharmacodynamics in experimental and clinical research 

Evaluation of the PK/PD relationship 

 121 

 

4. Evaluation of the PK/PD Relationship 

The integration of pharmacokinetics (PK) and pharmacodynamics (PD) forms the foundation 

of PK/PD analysis, a scientific approach that links drug exposure to the resulting biological 

response. While pharmacokinetics describes the absorption, distribution, metabolism, and 

elimination of a drug, pharmacodynamics characterizes the therapeutic and toxic effects 

produced by the drug at its site of action. The combination of these two disciplines provides a 

comprehensive understanding of how drug concentrations influence pharmacological responses 

over time. 

PK/PD relationships are essential for predicting therapeutic efficacy, minimizing toxicity, and 

optimizing dosage regimens. By integrating information on drug concentration profiles with 

biological effects, researchers can establish quantitative models that describe the relationship 

between exposure and response. Consequently, PK/PD analysis has become a key component 

of modern drug development and plays an important role in both preclinical and clinical 

research. 

4.1. PK/PD Modeling Concepts 

PK/PD models are mathematical tools used to describe the relationship between drug 

concentrations and biological effects. The fundamental principle underlying these models can 

be summarized as: Dose → Concentration → Effect. 

In this framework, pharmacokinetics determines the concentration of the drug achieved in 

biological fluids and tissues, whereas pharmacodynamics determines the magnitude of the 

biological response resulting from that exposure. By combining these two components, PK/PD 

models provide a quantitative description of drug action and facilitate the prediction of 

therapeutic outcomes. 

4.1.1. Direct Response Models 

In direct response models, the observed pharmacological effect is directly related to the 

concentration of the drug in plasma or at the site of action. As drug concentration increases, the 

biological response changes almost immediately, with little or no delay between exposure and 
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effect. These models are commonly applied when the mechanism of action is rapid and the 

effect closely follows concentration changes. Examples include many cardiovascular drugs and 

certain analgesics that produce immediate pharmacological responses following administration. 

4.1.2. Indirect Response Models 

Not all drugs produce immediate effects. Some therapeutic agents act by modifying 

physiological processes that require time before a measurable response becomes apparent. In 

such cases, indirect response models are used. These models account for delays between drug 

exposure and observed effects and are particularly useful for drugs that influence the synthesis, 

degradation, or regulation of endogenous mediators. Examples include corticosteroids, growth 

factors, and certain immunomodulatory agents whose effects may appear several hours or even 

days after administration. 

4.1.3. Exposure–Response Relationships 

Exposure–response analysis investigates the relationship between drug exposure and 

therapeutic or toxic outcomes. Drug exposure is commonly characterized using 

pharmacokinetic parameters such as the maximum plasma concentration (Cmax), the area under 

the concentration–time curve (AUC), and trough concentrations measured before the next dose. 

By correlating these parameters with clinical responses, researchers can identify the level of 

exposure required to achieve optimal efficacy while minimizing adverse effects. Exposure–

response analyses are extensively used during clinical development to support dose selection 

and therapeutic recommendations. 

4.1.4. PK/PD Indices 

Several quantitative indices are commonly used to characterize PK/PD relationships, 

particularly in antimicrobial therapy. These indices combine pharmacokinetic exposure 

parameters with measures of microbial susceptibility and are valuable predictors of treatment 

success. 

The Cmax/MIC ratio represents the relationship between the peak drug concentration and the 

minimum inhibitory concentration (MIC) of a microorganism. This index is particularly 

important for concentration-dependent antibiotics, where higher peak concentrations result in 

greater antimicrobial activity. 
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The AUC/MIC ratio relates overall drug exposure to the MIC and is frequently used to 

evaluate the efficacy of antibiotics such as fluoroquinolones and vancomycin. Higher 

AUC/MIC values are generally associated with improved therapeutic outcomes. 

The T > MIC parameter corresponds to the percentage of time during which drug 

concentrations remain above the MIC. This index is especially important for time-dependent 

antimicrobial agents such as β-lactam antibiotics, whose efficacy depends on maintaining drug 

concentrations above the MIC for an adequate duration. 

Through these quantitative approaches, PK/PD modeling provides a powerful framework for 

predicting treatment outcomes and optimizing therapeutic regimens. 

4.2. Applications in Dose Optimization 

One of the principal objectives of PK/PD analysis is the optimization of drug dosing strategies. 

By understanding how drug exposure influences therapeutic and toxic responses, researchers 

and clinicians can design treatment regimens that maximize efficacy while minimizing adverse 

effects. 

4.2.1. Dose Selection during Drug Development 

During drug development, PK/PD models play a crucial role in selecting appropriate doses for 

clinical evaluation. These models assist researchers in determining initial doses for first-in-

human studies, identifying optimal therapeutic doses, and designing dose-escalation strategies. 

Such analyses improve the probability of clinical success while reducing the risk of toxicity and 

treatment failure. 

4.2.2. Individualization of Therapy 

Drug response often varies considerably among patients due to differences in age, body weight, 

renal function, hepatic function, genetic factors, and concomitant diseases. PK/PD approaches 

support personalized medicine by enabling clinicians to adapt dosing regimens according to 

individual patient characteristics. This individualized strategy helps improve therapeutic 

efficacy while minimizing the risk of adverse effects. 
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4.2.3. Optimization of Antimicrobial Therapy 

PK/PD modeling is extensively used in antimicrobial research and clinical infectious disease 

management. These analyses help determine optimal dosing intervals, maximize bacterial 

eradication, and reduce the emergence of antimicrobial resistance. By integrating exposure–

response relationships with microbiological data, clinicians can select antibiotic regimens that 

achieve the most favorable therapeutic outcomes. 

4.2.4. Oncology Applications 

In oncology, PK/PD analyses are widely employed to optimize the use of targeted therapies, 

cytotoxic agents, and immunotherapies. Cancer treatments often possess narrow therapeutic 

windows, making dose optimization particularly important. PK/PD models help maximize 

antitumor activity while minimizing treatment-related toxicity, thereby improving patient 

outcomes and quality of life. 

4.2.5. Regulatory Applications 

Regulatory authorities increasingly require PK/PD evidence to support drug approval and 

labeling decisions. PK/PD analyses contribute to dose justification, treatment 

recommendations, benefit–risk assessment, and the evaluation of therapeutic equivalence. As a 

result, PK/PD evaluation has become an integral component of modern pharmaceutical 

development and regulatory science. 

5. Applications in Experimental and Clinical Research 

Pharmacokinetic (PK) and pharmacodynamic (PD) principles are applied throughout the entire 

drug development process, from early laboratory investigations to routine clinical practice. The 

integration of PK and PD data allows researchers and clinicians to understand how drugs behave 

within the body, predict therapeutic outcomes, optimize dosage regimens, and minimize 

adverse effects. By linking drug exposure to biological response, PK/PD studies provide critical 

information for decision-making during preclinical development, clinical trials, regulatory 

evaluation, and post-marketing surveillance. Consequently, these approaches contribute 

significantly to the development of safer, more effective, and more personalized therapeutic 

strategies. 
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5.1. Preclinical PK/PD Studies 

Preclinical PK/PD studies are conducted before the administration of a drug to humans and 

represent a crucial stage in drug development. These investigations aim to characterize the 

relationship between drug exposure and biological response using in vitro systems and animal 

models. The information obtained during this phase helps researchers understand how a 

candidate drug behaves in biological systems and provides the scientific basis for subsequent 

clinical evaluation. 

The principal objectives of preclinical PK/PD studies include the evaluation of drug efficacy, 

characterization of pharmacokinetic behavior, establishment of dose–response relationships, 

identification of optimal dosing regimens, prediction of clinical performance, and assessment 

of safety margins. Through these investigations, researchers can determine whether a drug 

candidate possesses the necessary characteristics to advance toward human clinical trials. 

Preclinical pharmacokinetic studies focus on the fundamental processes of drug absorption, 

distribution, metabolism, and excretion. These investigations provide quantitative information 

regarding how the drug enters the body, distributes into tissues, undergoes biotransformation, 

and is ultimately eliminated. As a result, key pharmacokinetic parameters such as 

bioavailability (F), clearance (CL), volume of distribution (Vd), elimination half-life (t½), and 

area under the concentration–time curve (AUC) can be determined. These parameters are 

essential for understanding drug disposition and designing appropriate dosing strategies. 

In parallel, pharmacodynamic studies evaluate the biological effects produced by the drug. 

These investigations examine the mechanism of action, target engagement, biomarker 

responses, therapeutic efficacy, and potential toxicological effects. Depending on the 

therapeutic area, pharmacodynamic endpoints may include tumor growth inhibition in cancer 

models, reduction of inflammatory markers in inflammatory diseases, or antimicrobial activity 

against infectious pathogens. Such studies provide direct evidence that the drug is capable of 

producing the intended biological response. 

The integration of pharmacokinetic and pharmacodynamic data represents one of the most 

valuable aspects of preclinical research. By combining information on drug concentrations with 

observed biological effects, researchers can determine the concentration required to achieve 

therapeutic activity, the duration of effective drug exposure, and the quantitative relationship 



Chapter 06 Pharmacokinetics and pharmacodynamics in experimental and clinical research 

Evaluation of the PK/PD relationship 

 126 

between dose and response. These analyses support the selection of appropriate doses for first-

in-human clinical trials and contribute to the identification of the most promising drug 

candidates. 

From a translational perspective, preclinical PK/PD studies provide the scientific bridge 

between experimental research and clinical development. They reduce uncertainty during early 

clinical trials, facilitate rational dose selection, and increase the probability of therapeutic 

success in humans. 

5.2. Clinical Applications 

Following successful preclinical evaluation, PK/PD principles continue to play a central role 

throughout clinical development and routine medical practice. Clinical PK/PD studies provide 

essential information regarding the relationship between drug exposure and therapeutic 

outcomes in patients and support evidence-based treatment decisions. 

One of the most important clinical applications of PK/PD analysis is dose selection during 

clinical trials. Throughout Phase I, II, and III studies, PK/PD investigations are used to 

determine optimal dosing regimens, identify effective dose ranges, establish treatment 

schedules, and evaluate dose–response relationships. The knowledge generated during these 

studies contributes directly to the dosage recommendations included in the final product 

labeling and prescribing information. 

Another important application is therapeutic drug monitoring (TDM). Certain medications 

exhibit substantial interindividual variability or possess narrow therapeutic windows, making 

careful monitoring necessary to ensure safe and effective treatment. Examples include 

vancomycin, aminoglycosides, cyclosporine, and tacrolimus. Measurement of drug 

concentrations in biological fluids allows clinicians to maintain exposure within the therapeutic 

range while minimizing the risk of toxicity or treatment failure. 

PK/PD principles also play a central role in personalized medicine. Drug response can vary 

considerably among patients due to differences in age, body weight, renal function, hepatic 

function, genetic polymorphisms, and associated diseases. By incorporating these patient-

specific factors into PK/PD analyses, clinicians can individualize treatment regimens and 

optimize therapeutic outcomes while reducing the incidence of adverse reactions. 
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In infectious disease management, PK/PD approaches are extensively used to optimize 

antimicrobial therapy. These analyses support the determination of antibiotic dosing schedules, 

contribute to the prevention of antimicrobial resistance, and maximize bacterial eradication. 

Important PK/PD indices such as Cmax/MIC, AUC/MIC, and T > MIC are routinely employed 

to guide antimicrobial treatment strategies and improve clinical efficacy. 

In oncology, PK/PD studies have become indispensable for the optimization of targeted 

therapies, cytotoxic agents, and immunotherapies. These analyses assist clinicians in 

individualizing chemotherapy regimens, evaluating treatment-response biomarkers, and 

minimizing treatment-related toxicity. By balancing efficacy and safety, PK/PD approaches 

contribute significantly to improved outcomes for cancer patients. 

Finally, PK/PD data play a crucial role in regulatory and clinical decision-making. Regulatory 

agencies increasingly require PK/PD evidence to support dose recommendations, labeling 

information, benefit–risk assessments, and the approval of new therapeutic agents. Likewise, 

clinicians rely on PK/PD information to guide treatment decisions, optimize patient 

management, and ensure the safe and effective use of medicines. 

Overall, the application of pharmacokinetic and pharmacodynamic principles in both 

experimental and clinical research is fundamental to modern drug development and therapeutic 

practice. Through the integration of drug exposure and biological response data, PK/PD 

approaches contribute substantially to the development of safer, more effective, and more 

personalized treatment strategies. 
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