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Cytochrome P450 (CYP450) enzymes are the principal catalysts of Phase I drug
metabolism and play a central role in determining drug disposition, therapeutic efficacy, and
toxicity. These heme-containing monooxygenases metabolise numerous endogenous compounds
and xenobiotics, including most clinically used drugs. Alterations in CYP450 activity through
enzyme inhibition or induction are major mechanisms underlying clinically significant drug-
drug interactions (DDIs), which can lead to therapeutic failure or adverse drug reactions. This
mechanistic review provides a comprehensive overview of the structural organisation, catalytic
cycle, and regulatory mechanisms governing CYP450-mediated drug metabolism. Particular
emphasis is placed on the major human CYP isoenzymes—CYP3A4, CYP2D6, CYP2C9, CYP2C19,
and CYP1A2—with respect to their substrate specificity, metabolic functions, and clinical
relevance. The review discusses the molecular basis of competitive, non-competitive, and
mechanism-based inhibition, as well as enzyme induction, highlighting their effects on drug
clearance, bioavailability, and systemic exposure. In addition, the influence of physiological,
pathological, genetic, epigenetic, and environmental factors on CYP450 activity is examined
to explain interindividual variability in drug response. Emerging technologies, including
pharmacogenomics, proteomics, metabolomics, physiologically based pharmacokinetic (PBPK)
modelling, and artificial intelligence (AI)-based predictive approaches, are also discussed
for their potential to improve the prediction of CYP450-mediated metabolism and DDIs. By
integrating structural, biochemical, pharmacological, clinical, and technological perspectives,
this review highlights the importance of CYP450 enzymes in optimising drug therapy, minimising
adverse drug reactions, and advancing precision medicine.
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Drug metabolism is a fundamental process
that governs the fate of therapeutic agents in the
body, influencing both their pharmacological
activity and safety profile. Within the spectrum
of enzyme systems responsible for xenobiotic
metabolism, the cytochrome P450 (CYP450)

*Corresponding author E-mail: drdeepa4370@ncp.net.in

superfamily occupies a central position as the
primary phase I metabolic machinery. Its extensive
catalytic versatility and ability to metabolise
structurally diverse substrates underscore its
significance in the regulation of drug disposition,
efficacy, and safety. These enzymes are responsible
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for the oxidative metabolism of a wide range of
structurally diverse endogenous and exogenous
compounds, including steroid hormones, fatty
acids, carcinogens, toxins, and most clinically
used drugs.'? Because of their central role in
determining drug disposition, CYP450 enzymes
are critically involved in drug—drug interactions
(DDIs), interindividual variability in therapeutic
response, and adverse drug reactions.

The clinical importance of CYP450
enzymes lies in their ability to influence the
absorption, distribution, metabolism, and
elimination of co-administered therapeutic agents,
resulting in either reduced therapeutic efficacy
or enhanced toxicity. For instance, concomitant
administration of CYP3A4 inhibitors such as
ketoconazole has the potential to significantly
enhance the circulating plasma concentrations
of co-administered therapeutic agents like
midazolam or simvastatin, resulting in exaggerated
pharmacological effects and risk of toxicity.?
Conversely, inducers such as rifampicin can lower
plasma levels of CYP3A4 substrates, rendering
therapies like oral contraceptives or protease
inhibitors less effective.*

The substrate—inhibitor—inducer
framework provides the foundation for
understanding CYP450 mediated interactions.
A drug that is metabolised by a particular CYP
isoenzyme is termed a substrate; a drug that reduces
the activity of the enzyme is an inhibitor; and a
drug that enhances its expression or activity is an
inducer. The clinical outcome of such interactions
depends on pharmacokinetic parameters such
as enzyme affinity (Km), maximum velocity
of metabolism (Vmax), and intrinsic clearance
(CLint).” These parameters are especially critical
for therapeutic agents characterised by a limited
margin between efficacy and toxicity, including
warfarin, phenytoin, and cyclosporine.

Structurally, CYP450 enzymes are heme
containing monooxygenases that catalyze the
insertion of one atom of oxygen into substrates
while reducing the other atom to water. The
human genome encodes 57 CYP genes, of which
the CYPI1, CYP2, and CYP3 families account
for the majority of drug metabolism.®” Among
these, CYP3A4, CYP2D6, CYP2C9, CYP2C19,
and CYP1A2 metabolize nearly 90% of clinically
relevant drugs.®
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Genetic polymorphisms in CYP450
genes—particularly CYP2D6, CYP2C9, and
CYP2C19—give rise to poor, intermediate,
extensive, and ultra rapid metabolizer phenotypes,
contributing to marked interindividual variability
in drug response and toxicity.’

Regulatory agencies, including the United
States Food and Drug Administration (FDA) and
the European Medicines Agency (EMA), require
the assessment of CYP450 mediated interactions
during drug development using in silico, in vitro,
and clinical pharmacokinetic approaches.'
Structural Characteristics of CYP450 Enzymes

The defining feature of CYP450 enzymes
is the heme prosthetic group embedded within
the protein’s tertiary structure. The heme moiety
contains a central iron atom that cycles between
ferric (Fe’z ) and ferrous (Fe?z ) states during
catalysis. The iron is coordinated to a conserved
cysteine thiolate ligand, which is essential for
electron transfer and oxygen activation.?

The term “P450” originates from the
characteristic absorption peak at 450/ nm observed
when the reduced enzyme binds carbon monoxide. "
CYP450 enzymes share a conserved fold composed
of & helices and a sheets arranged around the heme
group, with variability in the substrate binding
pocket accounting for substrate diversity.'?

Most CYP450 enzymes are anchored
to the endoplasmic reticulum via an N terminal
hydrophobic segment, positioning the catalytic
domain toward the cytosol and facilitating
interaction with NADPH-cytochrome P450
reductase, the primary electron donor."

Catalytic Cycle of CYP450 Enzymes

The CYP450 catalytic cycle introduces
one atom of molecular oxygen into the substrate
(RH), while the second oxygen atom is reduced to
water:

RH + 0, + NADPH + H* — ROH + H,O +
NADP*#

The cycle involves sequential substrate
binding, electron transfer, oxygen activation,
conversion to a highly reactive oxyferryl state
(Compound/ I), substrate oxidation, and product
release.'u O'v This catalytic versatility enables
CYP450 enzymes to perform hydroxylation,
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epoxidation, N and O dealkylation, and
sulfoxidation reactions.

As illustrated in Figure 2, the CYP450
catalytic cycle begins with substrate binding to
the ferric (Fe’z ) enzyme, followed by sequential
electron transfer from NADPH via cytochrome
P450 reductase. Molecular oxygen then binds to
the reduced heme iron and undergoes activation
through a second electron transfer and protonation
steps, leading to the formation of the highly
reactive oxyferryl intermediate (Compound I).
Compound I catalyses substrate oxidation through
reactions such as hydroxylation, epoxidation, N-
and O-dealkylation, and sulfoxidation, after which
the oxidised product is released, and the enzyme
returns to its resting ferric state, ready for another
catalytic cycle.'>'¢
CYP450 Substrates, Inhibitors, and Inducers

CYP450 enzymes metabolize xenobiotics
through interactions with substrates, inhibitors, and
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inducers, collectively determining pharmacokinetic
behavior and clinical outcomes. Substrate affinity is
governed by Michaelis—Menten kinetics, with Km
and Vmax values influencing metabolic capacity.>!”

Competition between substrates for the
same CYP isoform may lead to elevated plasma
concentrations and toxicity, particularly for
drugs with narrow therapeutic indices. Genetic
polymorphisms further modify these interactions,
especially for CYP2D6 and CYP2C19 substrates.’

CYP450 inhibitors reduce enzymatic
activity, leading to increased substrate exposure,
while inducers enhance enzyme expression and
accelerate drug clearance. These mechanisms
underpin many clinically significant DDIs."”
Mechanisms of CYP450 Modulation

CYP450 modulation occurs via
competitive, non competitive, or mechanism based
inhibition, as well as enzyme induction. Competitive
inhibition involves substrate competition for
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of CYP450 Enzymes
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Fig. 1. Schematic representation of the structural characteristics of cytochrome P450 (CYP450) enzymes
illustrating the heme prosthetic group with central iron atom, conserved
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the active site, while non competitive inhibition
results from allosteric binding that reduces enzyme
activity irrespective of substrate concentration.'®

Mechanism based inhibition involves
irreversible inactivation of the enzyme following
metabolic activation of the inhibitor, requiring de
novo enzyme synthesis for recovery. Induction,
conversely, increases enzyme expression, reducing
plasma drug concentrations and potentially leading
to therapeutic failure."

Understanding these mechanisms is
essential for predicting, preventing, and managing
drug—drug interactions in clinical practice.
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CYP450 Substrates, Inhibitors, Inducers, and
Clinically Relevant Drug Interactions

CYP450 enzymes metabolize xenobiotics
through interactions with substrates, inhibitors, and
inducers, collectively determining pharmacokinetic
behavior and clinical outcomes. Substrate affinity
is governed by Michaelis—Menten kinetics, with
Km and Vmax values influencing metabolic
capacity. The major human CYP450 isoenzymes,
together with their common substrates, inhibitors,
inducers, and clinically relevant pharmacogenetic
characteristics, are summarized in Table 1. Recent
advances in pharmacogenomics have further
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enhanced the understanding of genetic variability
among CYP450 enzymes, facilitating genotype-
guided therapy and individualized drug dosing to
improve therapeutic efficacy while minimizing
adverse drug reactions.?*?
Factors Influencing CYP450 Activity

In addition to enzyme inhibition and
induction, CYP450 enzyme activity is influenced
by several physiological, pathological, genetic,
and environmental factors that contribute to
interindividual variability in drug metabolism. Age
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is an important determinant, as hepatic CYP450
expression and metabolic capacity differ between
pediatric, adult, and geriatric populations. Liver
diseases, including cirrhosis and non-alcoholic
fatty liver disease, may reduce CYP450 expression,
leading to decreased drug clearance and an increased
risk of toxicity. Chronic inflammatory conditions
and infections can also suppress CYP450 activity
through cytokine-mediated downregulation,
particularly affecting CYP3A4 and CYP2CI19.
Environmental factors such as cigarette smoking,

Table 1. Major Human Cytochrome P450 Isoenzymes: Common Substrates, Inhibitors, Inducers, and Clinical
Significance®-*

CYP Common Drug Common

Isoenzyme  Substrates Inhibitors

CYP3A4 Midazolam, Ketoconazole,
Simvastatin, Itraconazole,
Cyclosporine, Clarithromycin,
Tacrolimus, Ritonavir
Nifedipine

CYP2D6 Codeine, Fluoxetine,
Tramadol, Paroxetine,
Metoprolol, Quinidine,
Tamoxifen, Bupropion
Fluoxetine

CYP2C9 Warfarin, Fluconazole,
Phenytoin, Amiodarone
Losartan,
Celecoxib

CYP2C19 Clopidogrel, Fluvoxamine,
Omeprazole, Fluconazole,
Diazepam, Ticlopidine
Voriconazole

CYP1A2 Caffeine, Ciprofloxacin,
Theophylline, Fluvoxamine
Clozapine,
Olanzapine

Common Clinical Significance /

Inducers Polymorphism

Rifampicin, Metabolises approximately
Carbamazepine, 40-50% of clinically used drugs
Phenytoin, and is the principal contributor

St. John’s Wort to CYP-mediated drug—drug
interactions. Genetic
polymorphism is relatively
limited compared with other

CYP isoenzymes.

No clinically Highly polymorphic enzyme

significant with poor, intermediate, normal,

inducer and ultrarapid metabolizer

identified phenotypes that significantly
influence therapeutic efficacy
and toxicity.

Rifampicin, CYP2C92 and CYP2C93 alleles

Phenobarbital reduce enzyme activity,
increasing susceptibility to
adverse drug reactions,
particularly warfarin-associated
bleeding.

Rifampicin Genetic polymorphisms
markedly influence clopidogrel
bioactivation and proton pump
inhibitor metabolism, supporting
genotype-guided treatment
strategies.

Cigarette Enzyme activity is influenced

smoking, by environmental factors,

Omeprazole particularly cigarette smoking,

and exhibits moderate genetic
variability with clinical
implications for several
therapeutic agents.

Abbreviations: CYP, cytochrome P450; Km, Michaelis—Menten constant; Vmax, maximum reaction velocity.
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alcohol consumption, dietary constituents, herbal
supplements, and exposure to environmental
chemicals may either induce or inhibit specific
CYP isoenzymes. For example, cigarette smoking
induces CYP1A2 activity through activation of
the aryl hydrocarbon receptor, whereas grapefruit
juice inhibits intestinal CYP3A4, thereby
increasing the systemic exposure of susceptible
drugs. Furthermore, genetic polymorphisms and
epigenetic modifications contribute to substantial
variability in enzyme expression and function,
highlighting the importance of individualized
therapy. Understanding these factors is essential for
optimizing drug dosing, minimizing adverse drug
reactions, and improving the safety and efficacy of
pharmacotherapy.”*
Emerging Technologies in CYP450 Research
Recent technological advances have
significantly improved the understanding and
prediction of CYP450-mediated drug metabolism
and drug—drug interactions. Pharmacogenomic
testing has become an essential tool in precision
medicine by enabling the identification of genetic
variants that influence CYP450 enzyme expression
and activity, thereby facilitating individualized
drug selection and dose optimization. Advances
in proteomics and metabolomics have enhanced
the quantitative analysis of CYP450 enzymes
and their metabolic pathways, providing valuable
insights into interindividual variability in drug
disposition. Furthermore, physiologically based
pharmacokinetic (PBPK) modelling has emerged as
a powerful computational approach for predicting
CYP450-mediated drug interactions by integrating
physiological, biochemical, and pharmacokinetic
parameters. More recently, artificial intelligence
(AI) and machine learning (ML) algorithms have
been increasingly applied to predict metabolic
pathways, identify potential CYP450 inhibitors or
inducers, and support drug discovery by improving
the accuracy of interaction risk assessment.
Collectively, these emerging technologies
are transforming the evaluation of CYP450-
mediated drug metabolism, facilitating safer drug
development, personalized pharmacotherapy, and
more effective clinical decision-making.?**

CONCLUSION

Cytochrome P450 enzymes form the
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backbone of phase I drug metabolism and are key
determinants of the pharmacokinetic behaviour,
efficacy, and safety of therapeutic agents. Their
ability to metabolise a wide range of structurally
diverse compounds underscores their central
role in clinical pharmacology. As emphasised
in this review, modulation of CYP450 activity
through enzyme inhibition or induction constitutes
the primary mechanistic basis of clinically
relevant drug—drug interactions, which can lead
to therapeutic failure or serious adverse effects if
not appropriately managed.

An understanding of the structural
organisation and catalytic cycle of CYP450 enzymes
provides valuable insight into how substrates,
inhibitors, and inducers influence metabolic
pathways. Mechanisms such as competitive, non-
competitive, and mechanism-based inhibition,
along with enzyme induction, significantly alter
drug clearance and systemic exposure. These
effects are particularly important in the case of
drugs possessing a limited therapeutic range,
where small changes in plasma concentration may
have major clinical consequences. Furthermore,
genetic polymorphisms in key CYP isoenzymes,
including CYP3A4, CYP2D6, CYP2C9, and
CYP2C19, contribute to marked interindividual
variability in drug response and toxicity. In addition
to genetic variation, physiological factors such
as age, hepatic disease, inflammation, lifestyle
habits, dietary constituents, herbal supplements,
and environmental exposures further influence
CYP450 activity, emphasising the complexity of
interindividual variability in drug metabolism and
the need for patient-specific therapeutic strategies.

From a clinical and regulatory standpoint,
systematic evaluation of CYP450-mediated
interactions during drug development and post-
approval use is essential for ensuring patient safety.
Advances in in vitro assays, pharmacokinetic
modelling, and pharmacogenomic approaches
have improved the prediction and management of
interaction risks. More recently, the integration of
proteomics, metabolomics, physiologically based
pharmacokinetic (PBPK) modelling, and artificial
intelligence (Al)-driven predictive tools has
enhanced the understanding of CYP450-mediated
metabolism and drug—drug interactions, supporting
more accurate risk assessment and informed drug
development. Overall, a mechanistic understanding
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of CYP450-mediated drug metabolism and
interactions together with recognition of the
diverse factors influencing enzyme activity
and the application of emerging technologies
is fundamental to rational prescribing, dose
optimisation, and the advancement of personalised
medicine, ultimately improving therapeutic
outcomes and minimising preventable adverse drug
reactions.
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