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Cytochrome P450 2B6 (CYP2B6) plays a significant role in the metabolism of various
drugs, yet its regulation and clinical relevance are often underappreciated. Numerous substrates
of CYP2B6 have been identified to date, and these findings may contribute to potential drug-
drug interactions in patients. Extensive research has been conducted to assess how drugs
affect the activity of CYP2B6 and, consequently, impact therapy effectiveness in patients.
These investigations are crucial for establishing safe drug dosages for patients. The objective
of this review is to offer insights into the drug-drug interactions associated with CYP2B6
and to provide an overview of its impact on drug administration in patients. This review
systematically explores CYP2B6 transcriptional control, polymorphism-dependent activity,
and drug-drug interaction (DDI) potential. We emphasize the influence of nuclear receptors,
including CAR, PXR, HNF38, and oestrogen receptor on CYP2B6 gene expression, as well as
the consequences of allelic variants such as *6, *16, and *18 on drug metabolism. Using a
PRISMA-guided literature search, we synthesized 96 original studies addressing modulators of
CYP2B6 and their clinical implications. Our findings demonstrate that regulatory mechanisms
and genetic diversity significantly shape interindividual differences in CYP2B6-mediated drug
metabolism. Clinically important substrates like efavirenz, cyclophosphamide, artemisinin, and
tamoxifen exhibit interaction profiles shaped by both enzyme induction and inhibition. This
review evaluates CYP2B6-mediated interactions through the lens of nuclear receptor-driven
transcriptional control and polymorphism-associated enzyme variability.
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Cytochrome P450 enzymes are essential in
xenobiotic metabolism, with CYP2B6 contributing
to the clearance of ~8% of clinically used drugs
despite its low hepatic abundance. The enzyme is
responsible for metabolizing a structurally diverse
range of compounds including antiretrovirals,
antimalarials, antidepressants, and anticancer
agents. However, CYP2B6 activity exhibits high

interindividual variability, largely attributed to both
genetic polymorphisms and regulation by nuclear
receptors.!

Antiretroviral, antimalarial, antineoplastic,
anticonvulsant and steroids are some of the groups
that have been identified metabolised by CYP2B6.
When treating specific diseases, simultaneous
administration of drugs with varying actions may
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be utilized to achieve synergistic effects. However,
some of these drugs may induce or inhibit the
concentration of cytochrome P450 enzymes such
as CYP2B6, thereby impacting their ability to
metabolize the drugs. Consequently, it is imperative
to thoroughly evaluate this issue to ensure the safe
administration of doses and drug combinations to
patients.>

While previous reviews, such as Hedrich
et al., have described CYP2B6 substrates and
drug-drug interactions, mechanistic insights into its
transcriptional regulation and the combined effect
of nuclear receptor activation and genetic variants
remain underexplored.

CYP2B6 is characterized by high genetic
variability, impacting transcriptional regulation,
catalytic activity, splicing, and protein expression.
there are 38 CYP2B6 allele variants, each with
distinct functional effects ranging from no function
to normal, decreased, or increased CYP2B6
activity. Notably, CYP2B6*1, considered the
wild type allele, demonstrates normal CYP2B6
function, a characteristic shared with *2, *5, and
*17 alleles.**

The review goes beyond conventional
focus on CAR and PXR by incorporating
emerging regulators like HNF3a and oestrogen
receptors, thus offering a deeper understanding
of the transcriptional complexity of CYP2B6.
Additionally, it uniquely emphasizes the clinical
relevance of polymorphic variants such as *6,
*16, and *18, linking them to specific drug
interactions and therapeutic outcomes. This
integrative approach, combining transcriptional
regulation, pharmacogenetics, and drug interaction
data, provides a valuable resource for advancing
personalized pharmacotherapy.

This review aims to (1) delineate CYP2B6
regulation via nuclear receptors, (2) evaluate the
clinical significance of its polymorphisms, and (3)
systematically catalogue CYP2B6 inducers and
inhibitors relevant to clinical DDI risk. By doing
so, we provide an updated, mechanistic perspective
on the implications of CYP2B6 modulation in
personalized pharmacotherapy. We aim for this
review to serve as a valuable resource for further
research and aid in determining appropriate drug
dosages metabolized by CYP2B6 in the treatment
of various diseases.
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MATERIALS AND METHODS

A systematic literature search was
conducted using two electronic databases: Scopus
and Web of Science (WoS). The search strategy
included the following keywords: “Cytochrome
P450 2B6” AND “drug interaction”. The search
was completed without date restrictions and
included studies available in English, yielding 109
records after initial retrieval. No duplicate records
or ineligible entries were identified by automation
tools or manual screening at the initial stage.

All 109 records were screened for
relevance based on titles and abstracts. No records
were excluded at this stage. Subsequently, all
records were sought for full-text retrieval, and none
were reported as not retrievable.

The 109 full-text articles were assessed
for eligibility based on predefined inclusion and
exclusion criteria. Articles were excluded if they
were review papers (n = 12) or non-research notes
(n = 1). Following the eligibility assessment, a
total of 96 original research articles were deemed
suitable and included in the final review.

This selection process followed the
PRISMA 2020 guidelines and is illustrated in the
PRISMA flow diagram (Figure 1).

RESULTS

Overview of Included Studies

Using PRISMA -compliant methodology,
96 original articles were included. These studies
encompassed in vitro enzyme assays, human
hepatocyte models, clinical pharmacokinetic data,
and genotyping analyses. The majority explored
CYP2B6 modulation by therapeutic agents, while
a subset investigated genetic variation and its
metabolic implications.
Transcriptional Regulation of CYP2B6

The transcriptional regulation of CYP2B6
exhibits inter- and intra-individual variability across
the human population.” Numerous transcription
factors, including the constitutive androstane
receptor (CAR), ¢7 pregnane X receptor (PXR),
48 and other nuclear receptors, ™' have been
identified as controlling CYP2B6 expression.

However, these receptors alone do not
account for the complete regulation, as studies
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show their overexpression does not induce
CYP2B6 in non-hepatic cells. Additional nuclear
receptors such as hepatocyte nuclear factor 3a
(HNF34), glucocorticoid receptor, and oestrogen
receptor have been identified to contribute to
CYP2B6 gene expression.
Polymorphisms and Allelic Variants
Thirty-eight CYP2B6 allelic variants have
been identified to date, with *6, /6, and 18 being
the most clinically relevant. CYP2B66 is associated
with reduced clearance of efavirenz and elevated
plasma concentrations.”*** Conversely, its role
in cyclophosphamide bioactivation is enhanced,
potentially increasing therapeutic toxicity.'”
CYP2B6*18, prevalent in African populations,
encodes a nonfunctional enzyme, while *16 also
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exhibits reduced activity. Co-occurrence of *16 and
*18 significantly elevates the risk of adverse drug
reactions due to impaired metabolism.*!%!°
Clinical Significance of CYP2B6 Polymorphisms

CYP2B6 polymorphisms significantly
affect enzyme activity and drug metabolism. The
CYP2B66 variant, found in 15-60% of populations,
is linked to reduced efavirenz metabolism,
increasing the risk of adverse CNS effects and drug
resistance.'> Conversely, CYP2B6*6 may enhance
the bioactivation of cyclophosphamide. Other
clinically relevant variants include CYP2B6*18,
which lacks enzymatic activity and is common
among African populations, and CYP2B6*16, also
associated with reduced function. Co-occurrence
of these alleles can lead to elevated drug levels and
toxicity.

ldentification of new studies via databases and registers

Records identified from:
Databases (n =2)

Records removed before screening:
Duplicate records (n=0)

Identification

Records marked as ineligible by automation
tools (n=10)
Records removed for ather reasons (n =0)

Records screened Records excluded
(n=109) in=0)
2 Reports sought for retrieval Reports not retrieved
g (n=109) in =0
Reports assessed for eligibility HEPG.”Q Siuded;
(n = 109) Review (n = 12)
R Mote (n=1)

Mew studies included in review
(n=96)

Included

Fig. 1. PRISMA flow diagram
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Substrate Spectrum of CYP2B6

CYP2B6 metabolizes structurally diverse
substrates, including:
* Antiretrovirals (efavirenz, nevirapine)
* Antineoplastics (cyclophosphamide, tamoxifen)
* Antimalarials (artemisinin)
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* Antidepressants (bupropion, selegiline)
* Anesthetics (propofol)
Inducers and Inhibitors of CYP2B6

Several drugs can modulate CYP2B6
activity either through induction or inhibition.
Enzyme induction generally results in increased

Table 1. CYP2B6 clinically important substrates

Pharmacological class Drugs Major metabolic References
pathways

Benzodiazepines Diazepam Demethylation 20,21
Clotiazepam Hydroxylation

MAO inhibitors Selegiline Demethylation 22,23

Antidepressant Bupropion Hydroxylation 24,25

Antiretroviral Nevirapine Hydroxylation 26,16,27-29
Efavirenz Hydroxylation

Anticancer Tamoxifen Hydroxylation 30,31,32,33,34
Cyclophosphamide Hydroxylation
Ifosfamide Hydroxylation

Antimalarial Artemisinin Hydroxylation 35,36

Opioids Pethidine Demethylation 3738
Methadone Demethylation

Anesthetics Propofol Hydroxylation 39,40
Ropivacaine Hydroxylation

Antiepilepsy Mephobarbital Demethylation 41

Steroids Testosterone Hydroxylation 42

Table 2. CYP2B6 inducers and inhibitors

Inducer Inhibitor
Efavirenz Thiotepa
Nevirapine Tamoxifen
Cyclophosphamide Crizotinib
Artemisinin Tamoxifen
Carbamazepine Selegiline
Phenytoin Sertraline
Phenobarbital Clopidogrel
Clotrimazole Ticlopidine
Rifampin Itraconazole
Troglitazone Voriconazole
Dexamethasone Orphenadrine
Estradiol Desmethylazelastine
Amlodipine
Barnidipine
Colchicine
Amiodarone
Furafylline

Ethynylestradiol

drug metabolism, reducing plasma levels and
potentially decreasing efficacy. Conversely,
inhibition may increase plasma concentrations,
enhancing toxicity risks. Drugs such as efavirenz
and cyclophosphamide are both substrates and
inducers of CYP2B6. Thiotepa and tamoxifen
act as irreversible inhibitors, while sertraline,
selegiline, and ticlopidine function as potent
reversible or mechanism-based inhibitors.
Drug-Induced Modulation

Numerous drugs serve as inducers (e.g.,
phenobarbital, rifampin, artemisinin) or inhibitors
(e.g., thiotepa, tamoxifen, ticlopidine) of CYP2B6.
Induction often occurs via PXR or CAR activation,
leading to enhanced clearance of co-administered
CYP2B6 substrates. In contrast, mechanism-based
inhibition, such as that exerted by thiotepa or
sertraline, may reduce metabolic capacity and raise
toxicity risks.**
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DISCUSSION

CYP2B6 transcriptional regulation

The regulatory mechanisms of CYP2B6
expression are governed by an intricate network
of nuclear receptors, transcriptional co-factors,
and hepatocyte-enriched elements. Among
these, the constitutive androstane receptor
(CAR) and pregnane X receptor (PXR) are
primary mediators, responding to a wide array
of xenobiotics.”**¢ However, co-regulation with
HNF34, glucocorticoid receptor, and oestrogen
receptor contributes to the dynamic and tissue-
specific regulation of CYP2B6 expression.”!!!?
Activation of these receptors by certain drugs
can lead to altered CYP2B6 expression, thereby
contributing to variability in drug response and
potential drug-drug interactions. Understanding
these regulatory mechanisms is essential for
predicting such interactions. This complexity may
explain variability in CYP2B6 induction across
individuals and contexts.

Although the principal transcription
factors implicated in the regulation of CYP2B6
are the CAR and PXR receptors. It’s noted that
these receptors alone cannot fully account for
CYP2B6 transcription regulation. While they
moderately induce target genes such as CYP2Cs,
overexpression of these receptors fails to induce
CYP2B6 expression in non-hepatic cell lines.*’
Recent studies have indicated the involvement of
other nuclear receptors in CYP2B6 expression,
contributing to inter- and intra-individual variation.
Nuclear receptors like hepatocyte nuclear factor
34 can endogenously induce CYP2B6 expression,
further adding to this variation.

Constitutive androstane receptor (CAR) and
Pregnane X receptor (PXR)

Constitutive androstane receptor (CAR)
and Pregnane X receptor (PXR) are predominantly
expressed in the liver and intestine, with minimal
expression in other tissues. These nuclear receptors
play crucial roles in both oxidative phase I and
conjugative phase Il metabolism, as well as in the
transport of drugs out of cells and as efflux pumps
for drugs that are substrates to multidrug resistance
(MDR1) protein.

Compared to steroid hormone receptors,
both CAR and PXR exhibit low affinity and
binding specificity. This characteristic makes them
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well-suited for recognizing various chemicals
continuously entering the body. CAR, as implied
by its name, remains constitutively active without
the need for ligand binding. ** In contrast, PXR
requires activation by various compounds such as
glucocorticoids, antibiotics, and antifungals, as it
is a ligand-dependent specificity receptor.’

CAR is primarily located in the cytoplasm,
forming a protein complex with heat shock protein
(hsp90). Its activation occurs upon translocation
into the nucleus. Following translocation, CAR
heterodimerizes with retinoid x receptor 4 (RXR4)
and binds to response elements, thereby initiating
the transcription of target genes such as CYP
enzymes. Meanwhile, PXR undergoes activation
similar to CAR but necessitates ligands for
activation, as mentioned earlier.

Hepatocyte Nuclear Factor 34

The regulation of CYP2B6 expression
extends beyond the well-characterized nuclear
receptors such as CAR and PXR, incorporating
the influence of hepatocyte-enriched transcription
factors like hepatocyte nuclear factor 3a (HNF34),
also known as FOXA2.% Recent studies have
demonstrated that HNF34a plays a pivotal role in
modulating CYP2B6 transcription in human liver
cells.

HNF3a involved in liver development and
function, particularly in regulating hepatic genes
such as CYP2B6. This transcription factor directly
modulates the expression and activity of CYP2B6.
HNF3a binds directly to specific regions within
the CYP2B6 promoter, facilitating chromatin
remodeling and enabling the recruitment of other
nuclear receptors, thus enhancing transcriptional
activity.*

In the context of liver-specific gene
regulation, HNF34 acts as a pioneer factor that
can modulate the accessibility of DNA to other
transcriptional regulators. Li et al. showed
through chromatin immunoprecipitation and
promoter-luciferase assays that overexpression of
HNF3a significantly increases CYP2B6 promoter
activity, while knockdown of HNF3a leads to a
marked reduction in its expression. This indicates
that HNF3a is both necessary and sufficient for
optimal CYP2B6 transcription, particularly in
hepatocytes. "

Furthermore, HNF3a appears to work
synergistically with CAR and PXR. While
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CAR and PXR require activation by xenobiotic
ligands to upregulate CYP2B6, HNF34 provides
the foundational chromatin accessibility that
allows these ligand-activated receptors to bind
effectively.’> This cooperative interaction between
HNF3a and xenobiotic nuclear receptors may
explain the tissue-specific and interindividual
variability observed in CYP2B6 expression levels.

In summary, HNF3a is a critical upstream
regulator of CYP2B6, operating both independently
and in cooperation with classical nuclear receptors.
Its presence ensures hepatic specificity and basal
promoter activation, laying the groundwork
for further induction by xenobiotics. These
findings underscore the importance of considering
transcriptional co-regulators like HNF34a in
understanding drug metabolism variability and in
developing more precise pharmacogenetic models.
Glucocorticoid Receptors (GR)

The GR, a ligand-activated transcription
factor, is known to interact with other nuclear
receptors such as constitutive androstane receptor
(CAR) and pregnane X receptor (PXR), forming a
regulatory network that modulates the expression
of various cytochrome P450 genes, including
CYP2B6.

Although GR does not directly bind to
the CYP2B6 promoter as its primary activator,
its role is permissive and synergistic, it enhances
the transcriptional activity of CAR and PXR.
This is achieved through mechanisms such as
coactivator recruitment, chromatin remodeling, or
post-translational modifications that increase the
nuclear translocation and DNA binding efficiency
of CAR and PXR. In particular, co-treatment with
glucocorticoids like dexamethasone has been
shown to amplify CAR-mediated induction of
CYP2B6, suggesting a facilitative role of GR in
the CAR-CYP2B6 axis.**

Recent findings have further clarified the
role of GR in the indirect enhancement of CYP2B6
expression.”**” A 2023 study by Pascussi et al.
highlighted that GR activation via dexamethasone
significantly boosts CYP2B6 expression in
primary human hepatocytes only when CAR is
co-expressed,” reinforcing the notion that GR
functions as a modulator rather than a primary
driver. Moreover, GR signaling contributes to
CYP2B6 induction during inflammatory and stress
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responses, which is relevant in clinical contexts
involving corticosteroid therapy.

Taken together, the glucocorticoid
receptor plays an essential auxiliary role in
CYP2B6 regulation, primarily by facilitating the
action of other nuclear receptors such as CAR
and PXR. This interaction is clinically relevant,
as co-administration of glucocorticoids may
alter the metabolism of drugs that are CYP2B6
substrates, necessitating careful consideration in
polypharmacy and personalized medicine.
QOestrogen Receptors (ER)

Cytochrome P450 2B6 (CYP2B6)
expression is influenced by a variety of other
nuclear receptors, including the oestrogen receptors
(ERs), particularly ER4. These receptors, upon
binding to oestrogens such as 17a-estradiol, can
modulate the transcription of CYP2B6 either
directly via estrogen response elements (EREs)
or indirectly through cross-talk with other nuclear
receptors like CAR (constitutive androstane
receptor) and PXR (pregnane X receptor).’%

Evidence suggests that ERa enhances
CYP2B6 expression synergistically with CAR,
especially in hepatocytes. A pivotal study by Koh
etal. (2012) demonstrated that high concentrations
of estradiol can significantly upregulate CYP2B6
mRNA and protein levels in human liver cells. This
induction was observed to be CAR-dependent,
as co-transfection of ER4 and CAR resulted in
markedly increased transcriptional activity at the
CYP2B6 promoter region.®® The study identified
a composite ER4/CAR response element within
the promoter, supporting a cooperative regulatory
mechanism.

Moreover, oestrogen regulation of
CYP2B6 has clinical implications, particularly
in pregnancy, hormonal therapy, and sex-based
pharmacokinetics. For instance, during pregnancy,
elevated oestrogen levels have been associated
with increased CYP2B6 activity, potentially
affecting the metabolism of drugs like efavirenz
and bupropion, which are CYP2B6 substrates.”

Recent insights from bioinformatics
and transcriptomic analyses have expanded this
understanding. A 2023 systems biology study
by Zhang et al. integrated human liver RNA-seq
data and identified sex hormone-related nuclear
receptor pathways, including ER signaling, as
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key modulators of inter-individual variability in
CYP2B6 expression, particularly among female
donors.®!62

In summary, oestrogen receptors,
especially ER4, indirectly but significantly
contribute to the regulation of CYP2B6 by
enhancing the transcriptional activity of CAR
and possibly PXR. This regulation may underlie
sex-specific differences in drug metabolism,
and understanding these mechanisms is critical
for optimizing therapies in hormone-sensitive
populations.
Other Nuclear Receptors

Another important co-regulator is
Retinoid X receptor alpha (RXR-alpha), also
known as NR2BI1 is a nuclear receptor that in
humans is encoded by the RXRA gene. RXRa
forms heterodimers with CAR and PXR, which
is essential for DNA binding and activation of
CYP2B6 transcription. RXRa enhances ligand-
dependent and constitutive activation of CAR/PXR
target genes, including CYP2B6. Recent structural
studies have shown that RXRa’s interaction with
various nuclear receptors can significantly alter
gene activation potential depending on ligand
availability and cellular context.®

Emerging evidence also points to
peroxisome proliferator-activated receptors
(PPARSs) and liver X receptor (LXR) as modulators
of CYP2B6. PPAR4 activation was shown to
indirectly modulate CYP2B6 expression via
metabolic cross-talk in hepatocytes, particularly
under fasting or lipid-loading conditions.
Similarly, LXR4, a sensor of cholesterol and
oxysterols, has been implicated in hepatic
detoxification pathways, and recent data suggest
it may regulate a subset of CYP genes, including
CYP2B6, especially in response to lipid-rich
diets.56:67
CYP2B6 clinical significance polymorphism

CYP2B6 exhibits significant genetic
variation, impacting various aspects such as
transcription regulation, catalytic activity,
splicing, and protein expression. To date, there
are 38 distinct variants of the CYP2B6 allele,
each with differing functional consequences
ranging from complete loss of function to normal
function, and even increased or decreased activity
levels of the CYP2B6 enzyme. Among these
variants, CYP2B6*1 is considered the wild type
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allele, functioning similarly to *2, *5, and *17
alleleS.IS,()Z,ﬁ&é‘)

Clinically, polymorphic variants such
as *6 and 18 substantially affect enzyme kinetics
and drug response. For example, CYP2B66 alters
efavirenz clearance, necessitating dose adjustments
to avoid neurotoxicity. Conversely, the same
variant enhances cyclophosphamide bioactivation,
which may increase cytotoxic efficacy but also
toxicity risk.'¢"7*72 The presence of null alleles
like *18 underscores the need for genotype-guided
therapy, especially in populations with high allele
frequencies.

CYP2B6*6 Variant

CYP2B6 plays a pivotal role
in the clearance of efavirenz from the body.
Responsible for the hydroxylation of efavirenz
to its inactive metabolite, 8-hydroxyefavirenz.
Efavirenz constitutes a key component of highly
active antiretroviral therapy (HAART) and is
recommended as initial therapy in HAART
regimens. !>

CYP2B6*6 has emerged as the most
clinically significant variant affecting the
metabolism of the anti-HIV drug efavirenz.
This variant allele is observed at frequencies
ranging from 15% to 60% across different
human populations. The CYP2B6*6 variant
exhibits an increased Km compared to the wild-
type CYP2B6*1, resulting in reduced efavirenz
metabolism.®? In HIV patients harbouring the
CYP2B6*6 variant, elevated plasma concentrations
of efavirenz can occur, potentially leading to central
nervous system side effects. This, in turn, may
contribute to patient non-adherence and increase
the risk of developing drug resistance.

Bioactivation of cyclophosphamide has
been linked to the CYP2B6 enzyme which converts
it to 4-hydroxycyclophosphamide. CYP2B6*6
has a significant impact on the hydroxylation of
cyclophosphamide with an increase of metabolic
activity. * Like cyclophosphamide, ifosfamide also
activated by CYP3A4 and CYP2B6 equally to its
active metabolite which is 4-hydroxyifosfamide.
CYP2B6*6 has been linked to ifosfamide-induced
encephalopathy due to reduced activity of the
enzyme that shifts the pathway of ifosfamide to
form chloroacetaldehyde. ™
Other variants

CYP2B6*18 has been reported to be
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an allele without enzymatic activity’. It is most
common in African population, and it has no
noticeable enzymatic activity when tested with
bupropion, artemether and selegiline. *7¢ This is
believed to happen due to change of hydrophobic
isoleucine to polar uncharged threonine at
position 328 of amino acid that alters CYP2B6
hydrophobicity.

Another variant that is dominant among
the African population is CYP2B6*16 which
results in reduced activity of the enzyme. If a
patient bears both variants which are CYP2B6*18
and *16, this will lead to a significant increase of
efavirenz plasma concentration up to fivefold than
the normal patient. ' As a result, patients will have
a high risk in developing adverse effects.
CYP2B6 substrates

CYP2B6 was thought to have minimal
involvement in xenobiotic metabolism and was
mistakenly believed to play a minor role in
drug metabolism rather than having significant
substrates of its own. However, advancements
in the discovery and development of specific
antibodies over the past decade have facilitated
the identification of more substrates for CYP2B6.

Presently, CYP2B6 is recognized as a
crucial enzyme in drug metabolism, including
drugs such as bupropion, artemisinin, propofol,
and efavirenz, among others as listed in Table 1.
Despite the increasing ease of identifying CYP2B6
substrates, the precise extent of xenobiotics
metabolized by CYP2B6 remains uncertain.
CYP2B6 is responsible for approximately 8% of
drug metabolism in the current market.

CYP2B6 inducer, inhibitor and drug-drug
interaction

Drugs can interact with cytochrome
enzymes in various ways; some interactions
involve only one isozyme, while others may affect
multiple isozymes, as seen with methadone, which
is metabolized by both CYP3A4 and CYP2B6.%.77-78
With the discovery of more substrates for CYP2B6,
there is an increased likelihood of drug-drug
interactions, especially when this isozyme shares
substrates with other enzymes such as CYP3A4,
CYP2C9, and CYP2C19.27%0

Drug-drug interactions related to
cytochrome enzymes occur when one of the
drugs taken by a patient induces or inhibits enzyme
activity. In general, enzyme induction leads to
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increased drug metabolism, resulting in reduced
plasma levels and potentially rendering the drug
ineffective. However, in the case of prodrugs,
enzyme induction can lead to an accumulation
of metabolites to potentially harmful levels.
Conversely, enzyme inhibition reduces drug
metabolism, leading to higher drug plasma levels,
which can result in overdose, toxicity, and, in
extreme cases, death, depending on the drugs
involved.

It is important to note that some substrates
metabolized by CYP2B6 may also induce or inhibit
its activity. For example, cyclophosphamide and
selegiline, which are metabolized by CYP2B6,
also act as a CYP2B6 inducer and inhibitor,
respectively. A comprehensive list of CYP2B6
inducers and inhibitors is provided in Table 2.
Antiretroviral

Efavirenz, a prominent antiretroviral,
is primarily metabolized by CYP2B6, and its
interaction with CYP2B6 polymorphism is well-
established. In addition to efavirenz, nevirapine is
also notable for being predominantly metabolized
by CYP2B6. Both drugs have the ability to
induce their own metabolism, a phenomenon
known as autoinduction, resulting in increased
clearance. Consequently, they can reduce the
plasma concentration of other antiretrovirals, and
substrates metabolized by CYP2B6.

The autoinduction of CYP2B6 by
efavirenz and nevirapine occurs through weak
activation of the pregnane X receptor (PXR) and
strong activation of the constitutive androstane
receptor (CAR) receptor. With repeated doses of
efavirenz, a mixed induction and inhibition effect
may occur, ultimately resulting in a net induction
of CYP2B6 activity.

Ritonavir, despite not being a substrate
for CYP2B6, functions as an inhibitor of this
enzyme. However, adjusting the dose of bupropion
is necessary when ritonavir and lopinavir are taken
concurrently, as exposure to bupropion and its
active metabolite, hydroxybupropion, decreases.
This induction is attributed to the activation of
the pregnane X receptor (PXR) and the increased
expression of UGT1A1 protein, which enhances
the glucuronidation process.***!

Antineoplastic

Cyclophosphamide, widely used in cancer

treatment, is an antineoplastic agent metabolized
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by CYP2B6. It is a prodrug requiring activation
by the CYP system to produce phosphoramide
mustard and acrolein, highly cytotoxic agents that
disrupt DNA synthesis in cancer cells. Notably,
cyclophosphamide can induce its own metabolism
by activating the PXR pathway.

Another substrate of CYP2B6 is thiotepa,
an alkylating agent primarily used in the treatment
of breast, bladder, and ovarian cancer. While
thiotepa is only minimally metabolized by
CYP2B6, it undergoes significant metabolism
by CYP3A4 into its active metabolite, TEPA.*
Thiotepa is also recognized as a potent inhibitor of
CYP2B6, inhibiting cyclophosphamide metabolism
to 4-hydroxycyclophosphamide by approximately
80% . Unlike reversible inhibitors, the potency
of thiotepa’s inhibition not only depends on
dosage but also on the frequency and duration of
administration, posing a significant risk.

Another irreversible inhibitor is
tamoxifen, widely used in the treatment of breast
cancer. Its metabolite, 4-hydroxytamoxifen, has
been identified as responsible for the inactivation
of CYP2B6 when incubated with NADPH and
tamoxifen. Attempts to restore the activity of the
inactivated CYPs by adding fresh reductase have
failed, leading to the conclusion that tamoxifen acts
as an irreversible inhibitor of CYP2B6. 8%

Crizotinib, an anticancer medication
utilized in the treatment of non-small cell lung
carcinoma, undergoes metabolism primarily by
CYP3A4. It has been noted that crizotinib exhibits
moderate inhibition of CYP2B6. * Consequently,
caution is advised when administering drugs
metabolized by CYP2B6 to prevent potential drug-
drug interactions with crizotinib.

Cisplatin, employed in the treatment
of various cancers such as lung, breast, ovarian,
and testicular cancer, has been reported to
inhibit CYP2B6 activity.*® However, the degree
of inhibition is relatively low and clinically
insignificant compared to other drugs. It inhibits
approximately 25% of CYP2B6 activity,
categorizing it as a weak inhibitor of CYP2B6.
Antimalarial

In the context of multidrug resistance,
artemisinin has emerged as the primary agent
for treating malaria. While it is predominantly
metabolized by CYP2B6, the precise mechanism
remains unclear. Two artemisinin compounds,

1196

Qinghaosu (artemisinin) and dihydroartemisinin,
neither inhibits nor induces CYP2B6, whereas
artemisinin has the potential to induce CYP2B6.%

The induction of CYP2B6 and CYP3A4
enzyme activity were observed after administration
of oral artemisinin-piperaquine fixed combination
dose.*” The autoinduction of artemisinin suggests
a heightened potential for drug-drug interactions if
other drugs metabolized by the same isozyme are
administered concurrently.

Anticonvulsant

Anticonvulsant is one of the prominent
classes that showed drug-drug interaction not
only in CYP2B6 but in other CYP450 isozymes.
Carbamazepine and phenytoin are moderate
inducers for CYP2B6 while phenobarbital is a
strong inducer for CYP2B6 which all are also
CYP3A4 inducer.®® Most of the CYP3 A4 inducers
has been reported to be inducer for CYP2B6.7%

Phenobarbital, an antiepileptic
medication, is well-known for its association
with the induction of numerous CYP isozymes.
The mRNA, protein, and activity of CYP2B6
is significantly induced by phenobarbital in
human liver slices. * Phenobarbital has been
tested on the metabolism of cyclophosphamide
and ifosfamide and the result was positive as it
increased the conversion of both drugs into their
active metabolites °'. This activation is due to the
activation of the PXR receptor predominantly.

Carbamazepine functions as a CYP2B6
inducer through the activation of the constitutive
androstane receptor (CAR). This activation is
weakly associated with the pregnane X receptor
(PXR), suggesting CAR as a potential regulator
of CYP2B6 induction.

Phenytoin induces the metabolism of
ifosfamide via CYP2B6. It has been demonstrated
to act as an inducer for CYP2B6 rather than
CYP3A4. Consequently, pretreatment with
phenytoin may enhance the efficacy of ifosfamide
therapy. Similar to carbamazepine, phenytoin
is believed to induce its effects through CAR
activation rather than PXR.

Antidepressant

Selegiline is an antidepressant from the
monoamine oxidase inhibitor group, also commonly
used as antiparkinson drug, recognized to be
majorly metabolized by CYP2B6. *>* Selegiline
could inhibit the activity of CYP2B6 through
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inhibition of bupropion into hydroxybupropion
when taken concomitantly.’*

Sertraline, a selective serotonin reuptake
inhibitor (SSRI), is another antidepressant that
is metabolized by CYP2B6.>% Sertraline is a
strong CYP2B6 inhibitor *° and will inhibit the
metabolism of efavirenz up to 48%. Despite these
reports, no significant drug-drug interactions have
been demonstrated or confirmed in clinical settings,
which leaves the matter unclear.

Anticoagulant

Apart from coumarin, there are no other
report on anticoagulant metabolized by CYP2B6.!
However, anticoagulants clopidogrel and ticlop, are
strongly associated with CYP2B6.® Both drugs
are prodrugs and depend on CYPs isozymes to be
effective. An in vitro study showed that clopidogrel
and ticlopidine are potent and irreversible inhibitor
for CYP2B6 through mechanism-based inhibition.”
The chemically reactive thiolactone metabolites
of clopidogrel and ticlopidine are responsible
for the CYP2B6 inhibition.'” Reduction of
ketamine metabolism has been shown when taken
concurrently with ticlopidine.'®! Thus, ticlopidine
and clopidogrel are regarded as a strong CYP2B6
inhibitors and should be considered in terms
of drug-drug interaction with other CYP2B6
substrates.'?

Antifungal

No antifungal has been reported as a
substrate of CYP2B6. However, some antifungals
are purported to induce CYP2B6 activity. Through
in vitro studies, clotrimazole has been identified as
a potent CYP2B6 inducer. It is thought to activate
the human pregnane X receptor (PXR), thereby
upregulating the expression of CYP2B6.%

Itraconazole is considered as an inhibitor
for CYP2B6 and may potentially produce drug-
drug interaction.'® But the metabolism of tramadol
has been reported to be insignificantly inhibited by
itraconazole. This is probably due to the fact that
tramadol also metabolised by CYP2D6 and only
a small portion by CYP2B6.'"* Voriconazole has
been reported to be responsible for competitive
inhibition for four CYPs isozymes including
CYP2B6 through an increase of efavirenz exposure
and potential side effects.'

Several antifungal agents have been
shown to modulate the activity and expression
of cytochrome P450 2B6 (CYP2B6), leading
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to clinically relevant drug—drug interactions.
These interactions can occur through inhibition,
induction, or mechanism-based inactivation
of CYP2B6, affecting the metabolism of co-
administered drugs such as bupropion, efavirenz,
cyclophosphamide, and methadone.

One of the most studied azole antifungals
in this context is ketoconazole, a potent inhibitor
of multiple CYP isoforms. Ketoconazole has been
shown to inhibit CYP2B6 activity non-specifically,
although it is not as potent against CYP2B6 as
it is against CYP3A4.24!% However, at higher
concentrations, ketoconazole can significantly
suppress CYP2B6-mediated metabolism, which
may lead to increased plasma levels of CYP2B6
substrates and potential toxicity.

Voriconazole, a second-generation
triazole antifungal, is a substrate and inhibitor
of CYP2C19, CYP2C9, and CYP3A4, but also
inhibits CYP2B6 to a lesser extent. Studies have
shown that voriconazole can modestly inhibit
CYP2B6 activity in vitro, and co-administration
with CYP2B6 substrates may necessitate dosage
adjustments, especially for drugs with narrow
therapeutic indices.®'07-1%8

Another antifungal agent, clotrimazole,
has been shown to act as a mechanism-based
inhibitor (MBI) of CYP2B6. MBI occurs when
a compound is metabolized into a reactive
intermediate that irreversibly inactivates the
enzyme. Clotrimazole binds and inactivates
CYP2B6 in a time- and concentration-dependent
manner, which can profoundly suppress enzyme
activity even after the drug is cleared from
circulation.®

While less is known about the effects
of fluconazole on CYP2B6, evidence suggests
it is a weak inhibitor of this isoform.'® Clinical
relevance may be limited unless combined with
other inhibitors or in genetically poor metabolizers
of CYP2B6 substrates.>' ¢

In summary, azole antifungals such as
ketoconazole, voriconazole, and clotrimazole
can inhibit CYP2B6 activity, potentially leading
to altered drug metabolism and drug-drug
interactions. Awareness of these interactions
is essential, particularly in patients receiving
multiple medications or those treated with
narrow therapeutic window drugs metabolized by
CYP2B6.
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Other Classes of Drugs

Rifampin is an antituberculosis and not a
substrate for CYP2B6. However, rifampin induces
CYP2B6 activity by activating both the pregnane
X receptor (PXR) and constitutive androstane
receptor (CAR) receptors.® This induction has
been observed to enhance the plasma clearance
of methadone and diminish the efficacy of
efavirenz."'* "' Therefore, dose adjustments should
be carefully considered when administering both
drugs concurrently with rifampin.

Two antihistamines, orphenadrine and
desmethylazelastine, have been identified as
inhibitors of CYP2B6. Orphenadrine has been
shown to inhibit the metabolism of artemisinin
by up to 76%.%” Similarly, desmethylazelastine, a
metabolite of azelastine, has been found to non-
competitively inhibit CYP2B6 activity.''?

One oral antidiabetic medication within
the thiazolidinedione group, troglitazone, has been
reported to induce CYP2B6 activity. A significant
rise in CYP2B6 immunoreactive protein levels
was observed '. However, this finding was not
substantiated by Yamazaki et al.,'* who discovered
that troglitazone actually inhibited the catalytic
activity of CYP2B6 rather than inducing it.

Amlodipine and barnidipine have been
demonstrated as potent inhibitors of CYP2B6
through the inhibition of the 7-benzyloxyresorufin
O-dealkylation process. However, this evidence is
limited to an in vitro study, and the inhibition of
CYP2B6 by calcium channel blockers has only
been predicted in in vivo animal model.'"

Colchicine is a drug used to treat gout
and it has been shown to suppress the activity
of CYP2B6. It is reported by Dvorak et al to
alter PXR, CAR and RXR signal transduction
and lead to CYP2B6 inhibition.'® Additional
inducers of CYP2B6 include dexamethasone
and the human hormone oestradiol, as reported
in various studies.’®!'"". Conversely, inhibitors
for CYP2B6 include amiodarone, furafylline,
and ethynylestradiol. However, these drugs lack
substantial clinical evidence, and the potential for
causing drug-drug interactions remains uncertain.

CONCLUSION

In summary, the regulation of CYP2B6
activity represents a complex interplay between
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transcriptional mechanisms and genetic
polymorphisms, each contributing uniquely to
inter-individual variability in drug metabolism.
This dual-layered control system not only dictates
baseline enzyme expression but also dynamically
responds to xenobiotic exposure through a broad
spectrum of nuclear-receptor and transcription-
factor pathways, including pregnane X receptor
(PXR), constitutive androstane receptor (CAR),
estrogen receptor (ER), glucocorticoid receptor
(GR), hepatocyte nuclear factor-3a (HNF-34),
and retinoid X receptor (RXR). Consequently,
CYP2B6 plays a central role in mediating
clinically significant drug-drug interactions (DDIs),
particularly in polypharmacy settings where
enzyme inducers, inhibitors, and auto-inducers
coexist.

Importantly, the co-occurrence of
pharmacogenetic variants such as CYP2B6*6,
*16, and *18 with potent enzyme modulators
(e.g., efavirenz, thiotepa) can amplify or mitigate
metabolic effects, thereby altering therapeutic
efficacy or toxicity profiles. These insights
emphasize the necessity for genotype-guided
therapeutic strategies, especially in vulnerable
populations receiving CYP2B6-metabolized drugs.

The paradoxical behavior of some drugs
that function as both substrates and inducers
further complicates treatment regiments and
highlights the limitations of one-size-fits-all dosing.
Clinical implementation of pharmacogenomic
screening, combined with an understanding of
nuclear receptor biology, could transform how
clinicians anticipate metabolic liability and tailor
interventions.

As the field advances, integrating
CYP2B6 regulatory insights into therapeutic
drug monitoring, drug development, and clinical
decision support tools will be essential. Future
studies should aim to close the translational
gap between in vitro findings and real-world
pharmacokinetic outcomes, enabling safer and
more effective drug therapy across diverse patient
populations.
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