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Abstract

Bioisosterism is a crucial strategy in modern drug design that involves the replacement of one functional group with another possessing similar physical and
chemical properties to enhance drug efficacy, reduce toxicity, and improve pharmacokinetic properties. This approach has been instrumental in the
development of novel drugs with better target selectivity and improved pharmacodynamics. The present review highlights the fundamental principles of
bioisosterism, its applications in medicinal chemistry, and its role in addressing drug design challenges. Additionally, we discuss recent advancements,
computational approaches, and future perspectives of bioisosterism in pharmaceutical research.
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sophisticated non-classical bioisosteres that mimic biological

1. Introduction . .
functions rather than structural features.* One of the primary

Drug discovery and development involve a complex and
iterative process that requires the optimization of lead
compounds to enhance efficacy, reduce side effects, and
improve overall therapeutic outcomes. One of the most
effective strategies used in medicinal chemistry to achieve
these goals is bioisosterism, which involves the systematic
replacement of atoms, functional groups, or molecular
fragments with structurally similar substitutes to modify
biological activity.! Bioisosterism allows for the fine-tuning
of pharmacokinetic and pharmacodynamic properties while
maintaining or even enhancing the desired therapeutic effects
of a drug candidate.? The concept of bioisosterism dates back
to the early 20th century when medicinal chemists observed
that certain functional groups could be interchanged without
significantly altering biological activity. The term bioisostere
was first introduced by Friedman in 1951 to describe
functional groups or molecular entities that exhibit similar
physicochemical properties and biological effects.® Since
then, the field has evolved considerably, expanding from
simple classical bioisosteric replacements to more

motivations for using bioisosterism in drug design is to
overcome limitations associated with existing drugs. Many
lead compounds suffer from poor solubility, rapid
metabolism, low bioavailability, or undesired toxicity. By
replacing problematic functional groups with bioisosteric
alternatives, medicinal chemists can address these challenges
without compromising drug activity. For instance, the
substitution of carboxyl (-COOH) groups with tetrazole (-
C(NH)(NH)N) in angiotensin receptor blockers (ARBS)
improves metabolic stability and enhances binding affinity to
the target enzyme.®

Bioisosteric modifications play a crucial role in different
aspects of drug design, including:

1. Enhancing Target Affinity and Selectivity: Bioisosteric
replacements can be used to improve the binding
interactions of a drug with its target protein, thereby
increasing potency and reducing off-target effects. For
example, replacing a phenyl ring with a bioisosteric
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heterocycle like pyridine can modulate electronic
properties and hydrogen bonding interactions.

2. Improving Pharmacokinetics: Many drug candidates fail
in clinical trials due to poor pharmacokinetic properties.
By introducing bioisosteric changes, the solubility,
permeability, and metabolic stability of a drug can be
optimized to ensure better absorption and prolonged
half-life.

3. Reducing Toxicity: Certain functional groups are
associated with toxicity risks. For example, replacing an
aniline (-NH2) moiety with a pyridyl (-C5H4N) group
can mitigate hepatotoxicity while retaining drug
activity.®

4. Overcoming Drug Resistance: Microbial and cancer
drug resistance is a significant challenge in modern
medicine. Bioisosteric modifications have been
employed to design new antibiotics and anticancer
agents that evade resistance mechanisms.
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Figure 1: Drug design bioisosterism in dovelopment
classification

The classification of bioisosteres has been refined over
the years, and today they are broadly divided into classical
and non-classical bioisosteres. Classical bioisosteres involve
groups that have nearly identical steric and electronic
properties, such as the replacement of hydrogen (H) with
deuterium (D) to alter metabolic stability. In contrast, non-
classical bioisosteres do not necessarily share structural
similarity but retain functional equivalence in biological
systems. Examples include replacing amide (-CONH-)
groups with sulfonamide (-SO2NH-) moieties to alter
metabolic properties while maintaining activity.” With the
advent of computational drug design and artificial
intelligence, bioisosterism has become even more precise.
Modern computational tools, such as molecular docking,
QSAR modeling, and machine learning algorithms, allow
researchers to predict and evaluate the impact of bioisosteric
replacements before synthesis.® This integration of
computational methods has accelerated drug discovery and
reduced the cost associated with traditional trial-and-error
approaches.® In conclusion, bioisosterism is a fundamental
strategy in medicinal chemistry that continues to play a
pivotal role in modern drug design. By replacing problematic

functional groups with optimized bioisosteres, researchers
can enhance drug efficacy, minimize toxicity, and overcome
pharmacokinetic challenges. The continuous advancement in
computational and synthetic methodologies will further
expand the application of bioisosteric principles in
developing next-generation therapeutics.*®

2. Concept and Types of Bioisosterism

Bioisosteres are classified into two main categories: classical
and non-classical bioisosteres.

2.1. Classical bioisosteres

Classical bioisosteres involve the substitution of atoms or
groups with similar electronic and steric properties.*
Examples include:

1. Hydrogen (H) replacement with deuterium (D) to
influence metabolic stability.

2. Hydroxyl (-OH) replaced by thiol (-SH) or amine (-
NH2) for altered hydrogen bonding properties.

3. Carboxyl (-COOH) substituted with tetrazole (-
C(NH)(NH)N) to enhance stability.*?

2.2. Non-classical bioisosteres

Non-classical bioisosteres do not follow the strict steric and
electronic similarities of classical bioisosteres but mimic the
biological function of the original group. Examples include:

1. Phenyl ring replacements with bioisosteric heterocycles
like thiophene or pyridine.*®

2. Sulfonamide (-SO2NH2) substituting for carboxyl (-
COOH) in some antihypertensive drugs.

3. Isosteric replacement of oxygen with sulfur or nitrogen
to alter metabolic stability.'4
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Figure 2: Classical and non-classical bioisosteres

2.3. Classical and non-classical bioisosterism

Bioisosterism is a fundamental strategy in drug design that
involves replacing a functional group in a molecule with
another that maintains similar biological properties while
potentially improving efficacy, reducing toxicity, or
enhancing pharmacokinetic characteristics. Bioisosteres are
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classified into classical and non-classical categories, as
illustrated Figure 2.

2.4. Classical bioisosteres

Classical bioisosteres are structurally and electronically
similar groups that adhere to the original bioisosteric
principles established by Grimm and Erlenmeyer. These
groups typically have similar valency, size, and electronic
configurations, allowing them to replace each other without
significantly altering the molecular function Examples
include:

1. Hydrogen (H) vs. Fluorine (F) — The small size of
fluorine makes it a suitable hydrogen bioisostere, often
used to enhance metabolic stability.

2. Hydroxyl (-OH) vs. Amine (-NH2) — Both groups form
hydrogen bonds, allowing interconversion in
biologically active molecules.

3. Carboxyl (-COOH) vs. Tetrazole (-C(N3)N=NH) —
Tetrazoles are more lipophilic and improve membrane
permeability while retaining acidic properties, as seen in
angiotensin receptor blockers (ARBS) like losartan.

2.5. Non-classical bioisosteres

Non-classical bioisosteres do not strictly follow classical
valency rules but retain similar pharmacological activity
through electronic and steric similarity. These substitutions
often lead to significant improvements in drug properties,
including receptor binding, selectivity, and metabolic
stability Common examples include:

1. Phenyl (-C6H5) vs. Pyridine (-C5H4N) - Pyridine
introduces nitrogen, modulating electron density and
solubility while maintaining hydrophobicity.

2. Sulfonamide (-SO2NH2) vs. Urea (-NHCONH2) — Used
to modify polarity and reduce enzymatic degradation in
antibiotics and diuretics.

3. Ketone (-CO-) vs. Sulfone (-SO2-) — This replacement
improves metabolic stability and alters binding
interactions in enzyme inhibitors.

3. Current Applications of Bioisosterism in Drug
Design

3.1. Improving drug efficacy and potency

Fluorine substitution is widely used to enhance metabolic
stability and receptor binding affinity. A notable example is
fluorinated steroids, which exhibit higher potency due to
increased receptor selectivity.141S

Statins, such as atorvastatin, utilize bioisosteric
modifications to optimize HMG-CoA reductase inhibition
and improve cholesterol-lowering effects.

3.2. Enhancing pharmacokinetics and metabolic stability

Bioisosteric replacement of hydrogen with deuterium has led
to the development of deuterated drugs such as
deutetrabenazine, which exhibits improved pharmacokinetics

and a longer half-life.*® The replacement of carboxylic acid
with tetrazole rings in angiotensin receptor blockers (ARBs)
like losartan improves bioavailability and stability.

3.3. Reducing toxicity and off-target effects

Bioisosteric modifications have been applied in NSAIDs
(non-steroidal  anti-inflammatory  drugs) to reduce
gastrointestinal side effects. For example, replacing a
carboxyl group with a bioisosteric amide reduces irritation
while maintaining anti-inflammatory activity.*’

Aspirin derivatives with modified ester groups exhibit
improved safety profiles by reducing hydrolysis in the
gastrointestinal tract.

3.4. Drug resistance management in antimicrobial and
anticancer agents

In antibiotic design, bioisosteric modifications are used to
combat resistance by altering target binding without affecting
efficacy. Fluoroquinolones, for instance, use fluorine
substitution to enhance bacterial DNA gyrase inhibition.*

In oncology, modifications in kinase inhibitors, such as
replacing purine rings with bioisosteric heterocycles, help
evade resistance mechanisms while retaining efficacy.'

3.5. Challenges in bioisosteric drug design

Despite its bioisosterism faces several

challenges:

advantages,

1. Complexity in Predicting Biological Activity — While
some bioisosteric replacements improve drug properties,
others may lead to unexpected interactions or loss of
function.

2. Metabolic and Toxicological Issues - Some
modifications alter metabolic pathways, leading to
undesirable metabolites or toxicity.*

3. Regulatory and Manufacturing Constraints — New
bioisosteric drug candidates must undergo extensive
testing to ensure safety and efficacy, increasing
development costs and time.

4. Future Perspectives

Advancements in computational chemistry and Al-driven
drug design are expected to enhance the predictive power of
bioisosteric replacements. Additionally, structure-based drug
design (SBDD) and quantum mechanics simulations are
being integrated to refine molecular modifications for
optimized pharmacological profiles.t’-20

5. Conclusion

Bioisosterism remains a powerful strategy in modern drug
design, contributing to improved efficacy, safety, and
pharmacokinetic properties. However, challenges such as
predicting biological outcomes and ensuring regulatory
compliance require continuous research and technological
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innovations. With the integration of computational models
and advanced screening methods, bioisosteric modifications
will continue to shape the future of drug discovery.
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