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Abstract

Cytochrome P450 3A4 (CYP3A4) is a key enzyme involved in the metabolism of nearly half
of all clinically used drugs, including widely prescribed statins and antidiabetic agents.
Dietary constituents can modulate CYP3A4 expression and activity through various mech-
anisms, thereby altering drug pharmacokinetics and potentially leading to therapeutic
failure or toxicity. This narrative review compiles current evidence on dietary modulation
of CYP3A4, with a particular focus on pharmacological and clinical implications for lipid-
lowering and glucose-lowering drugs. Literature was identified through a comprehensive
search in PubMed, Scopus, and Web of Science, including preclinical and clinical stud-
ies addressing food–drug interactions involving CYP3A4 substrates. Numerous dietary
compounds, such as citrus furanocoumarins, polyphenols, herbal extracts, and vitamins,
act as CYP3A4 inhibitors or inducers through competitive, mechanism-based, or nuclear
receptor-mediated pathways. Specific examples include simvastatin, atorvastatin, repaglin-
ide, and saxagliptin, whose systemic exposure can be significantly altered by dietary factors.
Moreover, interindividual variability in CYP3A4 activity may be shaped by genetic poly-
morphisms, microbiota-derived metabolites, and epigenetic regulation, further influencing
drug response. Understanding these interactions is crucial, especially in polymedicated
patients or those receiving drugs with a narrow therapeutic index. Clinicians should
remain aware of potential CYP3A4-related food–drug interactions and consider dietary
habits and supplement use in therapeutic decision-making. Future research should aim
to integrate pharmacogenomics, gut microbiome profiling, and personalized nutrition in
order to improve the prediction and prevention of clinically significant interactions.

Keywords: CYP3A4; drug metabolism; food–drug interaction; statins; antidiabetic agents;
polyphenols; herbal supplements; pharmacokinetics

1. Introduction
Cytochrome P450 3A4 (CYP3A4) is a key enzyme in xenobiotic metabolism, implicated

in the clearance of a substantial portion of approved pharmaceuticals [1,2]. Its broad
substrate specificity and tissue distribution make it highly influential in determining
drug pharmacokinetics and systemic exposure, particularly for medications such as lipid-
lowering and glucose-lowering agents [3–5].
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Among non-genetic factors, dietary intake has emerged as a relevant modulator of
CYP3A4 activity. Several foods and bioactive compounds—such as grapefruit juice (GFJ)—
are known to interact with this enzyme, altering drug bioavailability and therapeutic
outcomes [6–8]. Similarly, botanical products like Hypericum perforatum have been shown
to induce CYP3A4 expression through pregnane X receptor (PXR) activation, with clinically
significant consequences [9–11].

Recent studies have expanded our understanding of dietary modulation of CYP3A4.
For instance, red beetroot extract, rich in betanin, has been shown to inhibit CYP3A4 in
a dose-dependent manner [12]. Similarly, aqueous extracts of Oolong tea were found to
induce CYP3A expression in both hepatic and intestinal tissues in mice [13]. Moreover,
new flavonoid compounds have been identified as potential CYP3A4 inhibitors, although
their clinical relevance depends on their bioavailability [14,15].

These interactions are particularly relevant from a pharmacogenetic and toxicological
perspective. Genetic variants in CYP3A4 and its regulatory pathways can modify individual
susceptibility to diet–drug interactions, while exaggerated exposure or inadequate drug
levels, driven by dietary modulation, particularly in the case of drugs with a narrow
therapeutic index such as certain statins or glucose-lowering agents.

This narrative review aims to synthesize the current evidence on how foods, nutrients,
and bioactive dietary compounds modulate CYP3A4 expression and activity, and to discuss
the resulting pharmacokinetic and clinical implications for commonly prescribed statins
and antidiabetic medications.

2. Methods
A literature search was conducted in PubMed, Scopus, and Web of Science to identify

relevant studies published up to July 2025. The search was limited to peer-reviewed articles
written in English. Keywords and their combinations included “CYP3A4,” “cytochrome
P450,” “food–drug interaction,” and the names of commonly used statins and antidiabetic
drugs. Both preclinical (in vitro and in vivo) and clinical studies, as well as recent narrative
and systematic reviews, were considered if they addressed dietary influences on CYP3A4-
mediated drug metabolism and clinical relevance. Conference abstracts, non-English
publications, duplicate records, and studies not directly related to CYP3A4 modulation by
dietary components were excluded. The selected literature was synthesized narratively to
summarize current knowledge, pharmacokinetic and pharmacogenetic mechanisms, and
implications for clinical practice.

3. Overview of CYP3A4
CYP3A4 is one of the most relevant drug-metabolizing enzymes in humans, belonging

to the CYP3A subfamily, which participates in the metabolism of more than 30% [16] of
currently marketed drugs, with some estimates reaching 45–60% [17]. Its broad substrate
specificity, dual localization in the liver and intestine, and marked interindividual variability
explain its central role in pharmacokinetics and in drug–drug and diet–drug interactions
involving various treatments, including statins and antidiabetic agents.

CYP3A4 belongs to the cytochrome P450 (CYP450) superfamily, a group of membrane-
bound hemoproteins that function as monooxygenases and are named for their charac-
teristic absorption peak at 450 nm when reduced and bound to carbon monoxide [18].
The human CYP3A subfamily includes four isoforms—CYP3A4, CYP3A5, CYP3A7, and
CYP3A43—whose genes are located on chromosome 7. Among these, CYP3A4 is the most
abundant in the adult liver, whereas CYP3A7 predominates during the fetal and neonatal
periods. Besides metabolizing xenobiotics, CYP3A4 also processes endogenous compounds,
including steroid hormones, bile acids, and vitamin D [2,18].



Pharmaceuticals 2025, 18, 1351 3 of 40

The enzyme is mainly expressed in hepatocytes and enterocytes of the proximal small
intestine, contributing to first-pass metabolism in both tissues [8,18]. In the liver, CYP3A4
accounts for about 30% of total hepatic CYP content, while in the intestine it is present
predominantly in the duodenum and jejunum. This dual localization forms a “double
metabolic barrier” that limits the oral bioavailability of many lipophilic drugs, such as
simvastatin, atorvastatin, and repaglinide [8].

CYP3A4 exhibits remarkable substrate promiscuity due to its large and flexible active
site, allowing it to metabolize a diverse range of compounds [19]. Clinically important
substrates include lipophilic statins like simvastatin, atorvastatin, and lovastatin, whereas
pravastatin and rosuvastatin are metabolized by other enzymes such as CYP2C9. Among
oral antidiabetic drugs, pioglitazone, saxagliptin, and repaglinide are also processed via
CYP3A4-mediated pathways. The enzyme predominantly catalyzes oxidation reactions,
such as hydroxylation and dealkylation [2].

Importantly, CYP3A4 activity exhibits marked interindividual variability, with dif-
ferences of up to 20–40-fold observed between patients [20]. Genetic factors contribute to
this variability, although functional polymorphisms are less frequent compared to other
isoenzymes. Variants such as CYP3A422 reduce enzyme expression, whereas CYP3A41B
may increase it [21]. Factors such as sex, age, hormonal status, diet, smoking, supplements,
and concomitant medications further modulate CYP3A4 activity. This wide variability
helps explain divergent drug responses among patients receiving the same dosage of a
CYP3A4 substrate.

The dual expression sites, broad substrate range, and high variability in activity
have critical clinical implications. CYP3A4-mediated metabolism can decrease the oral
bioavailability of drugs through first-pass clearance, while inhibition of the enzyme may
result in elevated systemic drug concentrations and potential toxicity. In contrast, enzyme
induction may accelerate drug clearance, potentially leading to therapeutic failure [8,20].
A well-known example of this is GFJ, which increases plasma levels of several CYP3A4
substrates, including simvastatin, thereby enhancing the risk of adverse effects such as
myopathy and rhabdomyolysis [22].

4. Diet-CYP3A4 Interactions: Molecular Mechanisms
As discussed in previous sections, CYP3A4 plays a central role in the metabolism of

xenobiotics and is primarily expressed in hepatic and intestinal tissues, where it exerts a
major influence on drug disposition. This enzyme activity is modulated via induction and
inhibition, both of which can significantly alter the pharmacokinetics and pharmacody-
namics of co-administered medications, macro and micronutrients.

4.1. Inhibition Mechanisms

Inhibition of CYP3A4 can occur through competitive, non-competitive, or mechanism-
based inhibition [23]. Competitive and non-competitive inhibitors interact reversibly with
the enzyme’s active site or allosteric sites, respectively, leading to transient reductions in
enzymatic activity [24,25]. Mechanism-based inhibition, by contrast, involves metabolic
activation of the inhibitor to a reactive intermediate that covalently binds to the enzyme,
resulting in irreversible loss of function [26,27]. Recovery from mechanism-based inhibition
necessitates de novo synthesis of CYP3A4, which can take 24 to 72 h depending on tissue-
specific enzyme turnover rates [28].

Among dietary inhibitors, GFJ remains a paradigmatic example due to its mechanism-
based inactivation of intestinal CYP3A4 [29,30]. The primary bioactive constituents
responsible for this interaction are furanocoumarins, notably bergamottin and 6′,7′-
dihydroxybergamottin (DHB), both abundant in GFJ [30–32]. DHB is a mechanism-based
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inactivator, forming a metabolic intermediate complex that binds irreversibly to the enzyme,
leading to its degradation and permanent loss of function, independent of the substrate
used [33–35]. In contrast, BG exhibits a slower, reversible inhibition that is substrate-
dependent, likely due to direct but transient binding to the enzyme’s active site. Within
four hours of ingestion, DHB can reduce intestinal CYP3A4 content by nearly 50%, and
repeated intake has been associated with a 62% decrease in enterocyte CYP3A4 levels,
without altering its mRNA expression—suggesting a post-transcriptional regulatory mech-
anism involving increased protein degradation [7]. This effect appears isoform-selective,
sparing other cytochromes such as CYP1A1 and CYP2D6 [35].

Upon ingestion, these compounds are metabolized by CYP3A4 into reactive interme-
diates that bind irreversibly to the enzyme’s active site, reducing its capacity to metabolize
orally administered drugs with high first-pass metabolism. Studies using Caco-2 intestinal
cell models have shown that DHB and related dimers cause a dose-dependent decrease in
both catalytic activity and immunoreactive CYP3A4 protein levels [18].

This inhibition occurs rapidly, reaching peak effect between 30 min and 3 h after
ingestion, while recovery requires 24–72 h depending on enzyme turnover, exposure
level, and individual variability [36–39]. This irreversible inhibition leads to increased
systemic bioavailability of affected drugs, potentially resulting in toxicity or exaggerated
pharmacologic effects. Clinically significant interactions have been documented with
felodipine [40–42], simvastatin, midazolam, cyclosporine, and many others [43]. Interest-
ingly, other citrus fruits, such as limes, contain lower concentrations of furanocoumarins
or limonin a triterpenoid that can still contribute to modest inhibition [44–48]. Orange
juice, however, lacks significant furanocoumarin content and generally does not affect
CYP3A4 [49].

Overall, GFJ remains a high-risk dietary factor for CYP3A4-mediated interactions due
to its potent, irreversible inhibitory effects, extended duration of action, and impact on
numerous drug substrates. Polyphenols, including flavonoids, are ubiquitous secondary
metabolites found in tea, wine, fruits, vegetables, and chocolate [50].

Beyond citrus-derived furanocoumarins, polyphenols and flavonoids widely present
in the human diet—such as quercetin, resveratrol, curcumin, and epigallocatechin gallate
(EGCG)—have also been shown to inhibit CYP3A4 via diverse and often overlapping
mechanisms [7,14,51–53]. These include competitive inhibition, in which the compound
directly blocks the active site by mimicking the substrate structure; non-competitive in-
hibition, where binding occurs at allosteric sites modifying enzyme conformation; and
mechanism-based inactivation, involving irreversible modification of the heme group
or catalytic residues following metabolic activation. Moreover, some polyphenols may
interfere with transcriptional regulation or protein stability, thereby affecting CYP3A4
levels indirectly. For example, chrysin and quercetin inhibit both constitutive and vitamin
D3-induced CYP3A4 activity in intestinal Caco-2 cells (see Section 4.2 for details on VDR-
mediated transcription) [54]. While these compounds are often associated with antioxidant
and anti-inflammatory properties, many also exert modulatory effects on CYP3A4 [14],
with both inhibitory and inductive potential depending on structure, concentration, and
context [51,55]. Notably, quercetin and curcumin have been shown to prolong the half-life
of CDK4/6 inhibitors, such as palbociclib and ribociclib, and decrease their intrinsic hepatic
clearance, with clinically significant consequences [56].

Key polyphenolic modulators include quercetin [57] (onions, apples), epigallocatechin
gallate [58] (green tea), and resveratrol [59] (grapes, red wine). These molecules interact
with CYP3A4 primarily via reversible inhibition, often through competitive or mixed-type
binding at the enzyme’s active site [57,60]. Structural similarity to CYP3A4 substrates
facilitates this interaction. For example, epigallocatechin gallate has been shown in vitro to
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inhibit CYP3A4 by occupying the active site and interfering with substrate access. Similarly,
quercetin acts as a mixed-type inhibitor, capable of both competitive and non-competitive
interactions [52]. Resveratrol exhibits dual behavior: low doses may inhibit while high
doses can induce CYP3A4 via PXR activation in hepatic cells [61].

Unlike mechanism-based inhibitors, the binding of polyphenols is reversible, and
the duration of inhibition is generally short-lived, typically a few hours after post-
ingestion [14,62]. Chronic consumption of polyphenol-rich diets may lead to adaptive
upregulation of CYP3A4 metabolic enzymes [63]. For instance, prolonged exposure to
resveratrol can activate nuclear receptors such as PXR and Aryl hydrocarbon Receptor
(AhR), enhancing CYP3A4 transcription [64]. However, in vivo studies have shown conflict-
ing results, often due to low systemic bioavailability and extensive phase II metabolism of
these compounds [65]. Thus, polyphenols represent a moderate and variable risk for drug–
diet interactions [66]. Although their inhibition is generally weaker and more transient than
furanocoumarins, high-dose supplements or concentrated extracts could yield clinically
meaningful effects, especially in sensitive populations or polypharmacy settings [66].

Structure–activity relationship studies have confirmed that specific structural features,
notably hydroxylation patterns on rings A and B of the flavonoid scaffold, are essential
for potent CYP3A4 inhibition. Compounds such as baicalein, scutellarein, apigenin, and
amentoflavone display strong affinity for the active site, with IC50 values in the low
micromolar to nanomolar range [51,52]. Interestingly, amentoflavone exhibits mixed-
type inhibition, suggesting that it can simultaneously bind to the active site and exert
allosteric modulation, leading to complex and unpredictable effects depending on the
co-administered drug substrate.

Complementary computational docking simulations have revealed that the acetylation
of hydroxyl groups, such as in modified resveratrol analogs, significantly reduces inhibitory
potency by disrupting key hydrophobic interactions and hydrogen bonds with the enzyme’s
catalytic pocket. These findings highlight the flexibility and complexity of the CYP3A4
binding domain, which can accommodate multiple ligands or binding orientations [53].
Furthermore, high-throughput in vitro screens involving over 40 flavonoids have confirmed
a structure-dependent pattern of inhibition. Compounds like licoflavone, kushenol K, and
myricetin exhibit strong, selective inhibition of CYP3A4, often with minimal cross-reactivity
with other CYP isoforms, and retain their potency in primary human hepatocyte models,
supporting their relevance to in vivo settings [67].

Furthermore, despite there are no direct data in humans, piperine inhibits both
the drug transporter P-glycoprotein and the major drug-metabolizing enzyme CYP3A4,
available data indicates that dietary piperine could affect plasma concentrations of P-
glycoprotein and CYP3A4 substrates in humans, in particular if these drugs are adminis-
tered orally [68].

Importantly, these inhibitory effects are modulated by a range of host-specific factors,
including genetic polymorphisms in CYP3A4, individual gut microbiota profiles, and
dietary context, all of which shape the extent and duration of enzyme inhibition. The co-
ingestion of flavonoid-rich foods or supplements with CYP3A4 substrates may thus lead to
unanticipated increases in drug plasma concentrations, posing a significant risk of toxicity,
particularly for agents with narrow therapeutic windows. Consequently, understanding
the molecular underpinnings of dietary CYP3A4 inhibition is crucial to anticipate and
mitigate food–drug interactions in clinical practice.

4.2. Induction Mechanisms

Induction of CYP3A4 typically occurs via ligand-activated nuclear receptors such as
the PXR and, to a lesser extent, the constitutive androstane receptor (CAR) and AhR [69].
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Upon ligand binding, these receptors translocate to the nucleus, where they interact with
response elements on the promoter region of the CYP3A4 gene, thereby enhancing transcrip-
tion [70]. The upregulation of mRNA leads to increased protein synthesis and enzymatic
activity. This process could take hours to days to manifest and persist for days after the
inducing agent is removed, depending on the enzyme turnover rate [71]. It is worth
mentioning that this does not consider individuals’ phenotype.

Among the most notable is St. John’s Wort (Hypericum perforatum), which has become a
model herb for studying enzyme induction [72]. The primary active constituent, hyperforin,
is a potent PXR agonist. Activation of this nuclear receptor initiates transcriptional upreg-
ulation of the CYP3A4 gene, leading to marked increases in enzyme expression [73,74].
Induction is time-dependent, requiring several days of continuous exposure to produce
a significant effect. Maximal enzyme induction generally occurs within 7 to 10 days, and
elevated CYP3A4 levels may persist for several days after discontinuation [75]. This en-
hanced enzymatic activity lowers plasma concentrations of CYP3A4 substrates, potentially
resulting in therapeutic failure. Human and in vitro studies have confirmed that St. John’s
Wort significantly increases the metabolism of drugs like midazolam, with stronger induc-
tion observed in females, possibly due to hormonal or epigenetic modulation of receptor
activity [76].

Cruciferous vegetables, including broccoli, kale, Brussels sprouts, and cauliflower, con-
tain a diverse array of phytochemicals with the potential to modulate xenobiotic metabolism.
Notably, these vegetables are rich in glucosinolates, which upon hydrolysis yield indole-3-
carbinol and isothiocyanates, such as sulforaphane. Indole-3-carbinol and its acid conden-
sation product 3,3′-diindolylmethane can activate PXR, leading to transcriptional induction
of CYP3A4 [77,78]. This induction typically starts after 3 h of intake and requires several
days of sustained intake, with observed increases in enzyme expression in both hepatic
and intestinal tissues. Kinetic studies suggest that enzyme induction peaks after 5–7 days
of daily intake of purified compounds, and enzyme levels return to baseline within several
days after withdrawals [79,80]. Interestingly, sulforaphane has also been reported to sup-
press both VDR- and PXR-mediated CYP3A4 induction, suggesting possible antagonistic
interactions among dietary modulators [81].

Alcohol consumption represents another relevant example of dietary CYP3A4 induc-
tion. Ethanol has been shown in both in vitro and in vivo models—including CYP3A4-
expressing HepG2 cells and rat liver microsomes—to increase CYP3A4 mRNA and protein
levels in a dose-dependent manner. In addition to enhancing the metabolism of substrates
like fentanyl, ethanol appears to stabilize the enzyme by reducing its degradation, possibly
through post-translational mechanisms that modulate protein turnover [76,82].

Beyond these classical inducers, various botanical extracts and polyphenol-rich supple-
ments have demonstrated the ability to modulate CYP3A4 expression. In primary human
hepatocytes, extracts such as kava-kava, grapeseed, and silymarin induced CYP3A4 mRNA
levels, although only kava-kava activated PXR-dependent luciferase expression, indicating
a direct genomic mechanism. In contrast, quercetin increased CYP3A4 transcription but
failed to activate PXR in reporter systems (see Section 4.1) [83].

In addition to PXR, the VDR contributes significantly to CYP3A4 transcriptional regu-
lation. Its active ligand, 1α,25-dihydroxyvitamin D3 (1,25(OH)2D3), forms a heterodimer
with retinoid R receptor α (RXRα) and binds to vitamin D response elements (VDREs) in
the CYP3A gene promoter region, upregulating gene expression. This mechanism has been
demonstrated in Caco-2 cells, hepatocytes cultured in 2D and 3D, and in transgenic mice,
with the most pronounced effects occurring in the intestine [81,83,84].

Moreover, essential oils (EOs) from common culinary herbs such as oregano, rosemary,
and thyme have been shown to induce CYP3A4 expression via PXR activation in both
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intestinal and hepatic human models. The absence of this effect in PXR-knockout cells
confirms that EO-mediated CYP3A4 induction is strictly PXR-dependent, indicating that
everyday food seasonings may influence drug metabolism through sustained receptor
activation [85].

Experimental data from animal models have also highlighted the role of endogenous
dietary components such as bile acids and sterols. In humanized CYP3A4 transgenic mice,
diets enriched in cholesterol and cholic acid upregulated hepatic CYP3A4 expression and
accelerated triazolam clearance. These findings suggest a modulatory effect via PXR or
FXR activation, particularly relevant in metabolic disease contexts [86].

Among functional foods, Coleus forskohlii has attracted significant attention for its
strong CYP3A4-inducing capacity. Its active compound, forskolin, exhibited the highest
transcriptional activation in hepatocyte-derived luciferase assays. In humanized PXR–
CYP3A4 mice, forskolin increased hepatic enzyme expression nearly fourfold and en-
hanced the formation of hepatotoxic metabolites of acetaminophen, highlighting a clinically
relevant supplement–drug interaction with potential hepatotoxic implications [87].

Finally, preclinical studies using rat liver microsomes have demonstrated that extracts
of hibiscus and Tradescantia zebrina upregulate CYP3A4 activity, as evidenced by enhanced
aminopyrine metabolism. In contrast, Chinese cabbage juice was found to inhibit the en-
zyme, reinforcing the bidirectional nature of phytochemical modulation and underscoring
the importance of evaluating food–drug interactions on a compound-specific basis [88].

In summary, dietary and botanical induction of CYP3A4 involves a complex network
of nuclear receptor activation, mRNA transcription, post-transcriptional stabilization, and
protein protection mechanisms. Given that CYP3A4 is responsible for the metabolism
of over 50% of clinically used drugs, its upregulation can lead to subtherapeutic plasma
concentrations, reduced efficacy, or shortened drug half-lives. Therefore, clinical awareness
of CYP3A4 inducers, especially from herbal supplements and functional foods, is essential
to prevent therapeutic failure in polymedicated patients.

4.3. Epigenetic and Microbiota Modulation
4.3.1. Epigenetic Regulation of CYP3A4

As mentioned earlier, CYP3A4 is the most abundant and pharmacologically relevant
cytochrome P450 enzyme in humans, regulated by genetic, epigenetic, and environmental
inputs [84,89]. In addition to classical nuclear receptor pathways, dietary components
can influence its transcription through epigenetic mechanisms such as DNA methylation,
histone modifications, and microRNA (miRNA)-mediated regulation [14,84,89].

Specifically, bioactive compounds like polyphenols, vitamins, and methyl-donor
nutrients have been shown to act at these regulatory layers. Some polyphenols,
such as quercetin, can modulate CYP3A4 expression through epigenetic mechanisms
(see Section 4.1), while vitamins like 1α,25-dihydroxyvitamin D3 act via VDR-mediated
transcription (see Section 4.2). with PXR and CAR [90,91]. This coordinated action likely
involves chromatin remodeling and cross-talk among nuclear receptors, thereby integrating
dietary, hormonal, and xenobiotic signals [91].

Importantly, such epigenetic regulation may contribute to the marked interindividual
variability in drug metabolism, as DNA methylation patterns, histone modifications, and
non-coding RNAs dynamically modulate CYP3A4 expression in a tissue- and context-
specific manner [92,93]. In this context, curcumin serves as a notable example: in aflatoxin
B1-exposed broiler models, it suppresses CYP3A4 expression and restores methylation
balance by upregulating DNA methyltransferases (DNMT1, DNMT3a, DNMT3b) [94]. Sim-
ilarly, nutrients participating in one-carbon metabolism—such as folate, vitamins B6/B12,
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and choline—provide methyl groups or cofactors for S-adenosylmethionine (SAM) synthe-
sis, thereby indirectly influencing DNA methylation and transcriptional activity [91].

Beyond DNA methylation, histone modifications also play a pivotal role. For example,
butyrate—a short-chain fatty acid produced by gut microbiota during fiber fermentation—
acts as a histone deacetylase (HDAC) inhibitor, increasing histone acetylation and thus
promoting a more open chromatin structure that can enhance xenobiotic metabolism,
potentially including CYP3A4 [95,96]. Similarly, dietary polyphenols such as resveratrol
and quercetin have demonstrated the capacity to inhibit HDAC activity, contributing to a
chromatin state permissive for gene expression [97].

Finally, miRNAs add yet another regulatory layer by binding to the 3′ untranslated
regions (3′-UTRs) of target mRNAs, leading to degradation or translational repression.
Evidence indicates that dietary polyphenols, vitamins, and methyl donors can modulate
miRNA transcription, processing, and maturation [98–101]. While a direct link between
diet-regulated miRNAs and CYP3A4 remains to be fully elucidated, several studies suggest
that compounds such as resveratrol, quercetin, and vitamin D can alter miRNA profiles
in hepatic and intestinal models, potentially contributing to the epigenetic regulation of
drug-metabolizing enzymes. This indirect regulatory axis adds complexity to the nu-
triepigenomic modulation of pharmacokinetics and detoxification pathways.

4.3.2. Microbiota-Derived Epigenetic Modulators

The gut microbiota, through its metabolic activity and structural components, exerts
a significant influence on host gene expression, including the regulation of xenobiotic-
metabolizing enzymes such as CYP3A4 [83,102]. Rather than acting through direct genetic
regulation, this influence is mediated via microbial metabolites and signals that integrate
into host epigenetic pathways.

One key example is the short-chain fatty acid (SCFA) butyrate, produced by taxa such
as Faecalibacterium prausnitzii and Roseburia spp. As described in Section 4.3.1., butyrate
functions as an HDAC inhibitor; in the gut-liver axis, this activity may contribute to
the transcriptional modulation of CYP3A4 alongside its established roles in maintaining
intestinal barrier integrity and immune homeostasis [83].

In addition to SCFAs, other microbial metabolites such as indoles (from tryptophan
metabolism), phenolic acids, and secondary bile acids have also been implicated in the
epigenetic modulation of host gene expression. These compounds can interact with nuclear
receptors such as the PXR and the AhR. For instance, the microbial metabolite indole-3-
propionic acid (IPA) has been shown to activate AhR, leading to downstream transcriptional
effects that may contribute—directly or indirectly—to epigenetic remodeling and CYP3A4
expression [14].

The gut microbiota also influences host DNA methylation through its role in methyl-
donor metabolism. Bacterial production of folate, choline, and vitamin B12 contributes to
the host’s one-carbon cycle, affecting intracellular levels of S-adenosylmethionine (SAM),
the universal methyl donor for DNA and histone methylation reactions. Perturbations in
microbial composition—such as those induced by diet, antibiotics, or disease—can alter
these metabolic fluxes, ultimately impacting gene-specific methylation profiles, including
those of CYP genes [102].

Additionally, microbial activity can influence host miRNA networks. Certain strains
and metabolites modulate miRNA transcription or processing, including miR-27b, which
targets PXR mRNA and thus indirectly regulates CYP3A4 expression [90]. Likewise,
bacterial components such as lipopolysaccharides (LPS) and extracellular vesicles have
been reported to modulate host miRNA responses, influencing nuclear receptor signaling
pathways including AhR and PXR [100].
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The interplay between microbiota and epigenetic regulation is further supported by
studies demonstrating interindividual variability in CYP3A4 expression, which may be
partially attributed to differences in microbial composition and metabolite profiles. These
findings highlight the potential of the gut microbiota to shape drug metabolism through
nutrient-sensitive, epigenetically mediated pathways, although more mechanistic studies
are needed to define these interactions in humans [103].

5. Dietary and Pharmacological Modulators of CYP3A4: Clinical
Relevance for Statins and Antidiabetic Drugs
5.1. Lipid-Lowering Drugs and CYP3A4

Lipid-Lowering Drugs and CYP3A4 Lipid-lowering drugs, particularly statins, are
widely prescribed to reduce low-density lipoprotein cholesterol (LDL-C) and prevent
cardiovascular diseases. Statins inhibit HMG-CoA reductase—the rate-limiting enzyme
in hepatic cholesterol biosynthesis—thereby lowering intracellular cholesterol levels and
promoting LDL receptor expression [104].

Most statins are substrates of CYP3A4, making them vulnerable to pharmacokinetic
interactions with substances that inhibit or induce this enzyme. Inhibition of CYP3A4
can elevate plasma statin concentrations, heightening the risk of adverse effects such
as myopathy and rhabdomyolysis, particularly for statins with low oral bioavailability.
Conversely, enzyme induction may reduce drug efficacy. Extensive first-pass metabolism in
the liver and intestine contributes to this low bioavailability. Statins are mainly eliminated
via biliary excretion, with minimal renal involvement [20,105].

5.1.1. Simvastatin

Simvastatin is a lipophilic statin administered as an inactive lactone prodrug. Once
absorbed, it is hydrolyzed in the liver to simvastatin acid, its active β-hydroxyacid form,
which inhibits HMG-CoA reductase and enhances LDL clearance [106].

CYP3A4 plays a predominant role in the metabolism of simvastatin, acting in both hep-
atic and intestinal tissues. It catalyzes oxidative conversion of the lactone ring into inactive
metabolites, limiting the bioavailability of the drug to less than 5% [106,107]. As a result,
simvastatin is highly susceptible to interactions with strong CYP3A4 inhibitors, such as
ketoconazole, erythromycin, and ritonavir, which markedly elevate plasma concentrations
and increase the risk of muscle-related adverse events [106,107].

Following administration, simvastatin acid reaches peak plasma concentrations within
1.3 to 2.4 h. The compound exhibits high plasma protein binding (>95%) and is mainly
eliminated in bile, with under 13% excreted in urine. Its terminal half-life is approximately
1.9 h [106]. It does not notably inhibit or induce other CYP isoforms, minimizing the
likelihood of further pharmacokinetic interactions [106].

Efforts to enhance simvastatin’s bioavailability have focused on modified-release for-
mulations that deliver the drug to distal intestinal regions with reduced CYP3A4 expression.
One study demonstrated a threefold increase in systemic exposure when simvastatin was
released in such areas [107].

5.1.2. Atorvastatin

Atorvastatin is a lipophilic statin administered in its active hydroxyacid form. It
competitively inhibits HMG-CoA reductase, reducing intracellular cholesterol levels and
stimulating LDL receptor expression, which facilitates the clearance of LDL cholesterol
from circulation [108].

This statin undergoes extensive metabolism via cytochrome P450 3A4 (CYP3A4),
both in the liver and the intestinal mucosa. CYP3A4 converts atorvastatin into active
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ortho- and para-hydroxylated metabolites, as well as into inactive lactone derivatives. The
lactone form has a higher affinity for CYP3A4. This metabolic profile makes atorvastatin
vulnerable to interactions with CYP3A4 inhibitors, such as itraconazole, ritonavir, and GFJ,
potentially raising systemic drug levels and the risk of adverse effects like myopathy or
rhabdomyolysis [109].

First-pass metabolism by enterocytes and hepatocytes reduces its oral bioavailability to
approximately 14% [110]. Although CYP3A4 is the major metabolic pathway, atorvastatin is
also subject to glucuronidation by UGT1A1 and UGT1A3. Notably, it does not significantly
inhibit or induce other CYP enzymes, which minimizes the potential for widespread
pharmacokinetic interactions [108].

Atorvastatin exhibits high plasma protein binding (95–98%) [111] and reaches peak
concentrations within 1–2 h after administration [112]. The drug is mainly excreted via the
biliary route, with renal clearance contributing less than 1% to its elimination. Its terminal
half-life is about 7 h, although pharmacodynamic effects last longer due to prolonged
HMG-CoA reductase inhibition [108].

Advanced drug delivery systems, such as dry emulsions, co-amorphous formulations,
and microencapsulation, have been developed to enhance oral absorption by improving
solubility and reducing the impact of intestinal metabolism [113].

5.1.3. Lovastatin

Lovastatin is a lipophilic statin and a lactone prodrug. After oral administration, it
is hydrolyzed in the liver to form lovastatin acid, the active β-hydroxyacid that inhibits
HMG-CoA reductase and promotes LDL receptor expression, increasing LDL clearance
from the plasma [114].

CYP3A4 is primarily responsible for lovastatin’s oxidative metabolism, especially in
the intestinal epithelium. This extensive first-pass effect contributes to its low systemic
bioavailability, which is less than 5% [115]. Though minor contributions from CYP2C9
and CYP2D6 have been observed in vitro, their role in clinical settings is considered neg-
ligible. Due to its reliance on CYP3A4, co-administration with potent inhibitors such as
erythromycin, ketoconazole, or GFJ may substantially increase plasma concentrations,
elevating the risk of muscle-related adverse events, including rhabdomyolysis [20,114].

Pharmacokinetically, lovastatin is characterized by a high degree of plasma protein
binding (>95%). Peak plasma concentrations of lovastatin acid are reached between 2
and 4 h after dosing. The compound is primarily excreted through the biliary route, with
renal elimination accounting for less than 10% of its clearance. Its terminal half-life is
approximately 3 h; however, its lipid-lowering effects endure longer due to persistent
inhibition of its enzymatic target [114,115].

Lovastatin does not significantly modulate the activity of other CYP isoforms, which
limits the potential for broad pharmacokinetic interactions. To address its low oral bioavail-
ability and improve clinical performance, novel formulation strategies such as solid lipid
nanoparticles and self-emulsifying drug delivery systems have been explored. These tech-
nologies aim to enhance solubility and reduce the extent of intestinal metabolism, thereby
improving systemic exposure [116].

5.1.4. Cerivastatin

Cerivastatin is a synthetic and enantiomerically pure statin administered in its ac-
tive acid form. It possesses exceptionally high potency as an HMG-CoA reductase in-
hibitor, with a Ki of approximately 1.3 nM, allowing therapeutic efficacy at microgram-level
doses [117]. After oral intake, cerivastatin is rapidly and completely absorbed, achieving
peak plasma concentrations within 2 to 3 h. It displays linear pharmacokinetics, with
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dose-proportional increases in maximum plasma concentration (Cmax) and area under
the concentration–time curve (AUC). More than 99% of the circulating drug is bound to
plasma proteins. Its moderate volume of distribution reflects limited tissue penetration but
a preferential accumulation in hepatic tissue, the primary site of action [118].

Cerivastatin is eliminated exclusively through metabolic pathways, with no excretion
of the parent drug in its unchanged form. Two main oxidative biotransformation pathways
are involved: (1) demethylation of the benzylic methyl ether group to form metabolite
M-1, catalyzed by CYP2C8 and CYP3A4, and (2) stereoselective hydroxylation of the 6-
isopropyl moiety to produce metabolite M-23, primarily catalyzed by CYP2C8 [118,119].
Both metabolites maintain inhibitory activity against HMG-CoA reductase and are excreted
through fecal (~70%) and renal (~30%) pathways [117].

The existence of dual metabolic routes offers some protective redundancy against
CYP-mediated inhibition. If one pathway is blocked, the alternative route may partially
compensate. Nevertheless, co-administration with strong CYP2C8 inhibitors such as
gemfibrozil has been shown to markedly elevate cerivastatin and metabolite levels. This
pharmacokinetic interaction significantly increases the risk of serious adverse outcomes,
including rhabdomyolysis, which ultimately led to the drug’s withdrawal from the market
in several countries [120,121].

5.2. Antidiabetic Drugs and CYP3A4

The relevance of CYP3A4 in the pharmacokinetics of antidiabetic agents lies in its
susceptibility to both inhibition and induction, processes that can dramatically alter the
plasma concentrations and therapeutic efficacy of these drugs [122,123]. In clinical practice,
this is especially relevant because patients with type 2 diabetes mellitus often receive
multiple medications for comorbidities such as dyslipidemia, hypertension, and cardiovas-
cular disease [124], increasing the risk of drug–drug interactions [125] and interindividual
variability due to genetic polymorphisms affecting CYP3A4 expression or function.

Several oral antidiabetic agents are known to be substrates of CYP3A4. These include
troglitazone [5,126], linagliptin [127], and pioglitazone [128,129], among others. In some
cases, CYP3A4 is the primary metabolic route, while in others, it acts in concert with
other isoenzymes such as CYP2C8 [130] or CYP2C9 [3]. For instance, pioglitazone is
primarily metabolized by CYP2C8, but CYP3A4 also plays a secondary role [131]. Similarly,
repaglinide is biotransformed mainly by CYP2C8 and CYP3A4 [130], and saxagliptin is
extensively metabolized by CYP3A4/5 [132].

The modulation of CYP3A4 by co-administered drugs or dietary constituents may
lead to clinically relevant pharmacokinetic alterations [14,15,133]. Potent inhibitors such
as ketoconazole, clarithromycin, or cyclosporine can increase drug exposure, raising the
risk of adverse effects like hypoglycemia [134,135]. Moreover, certain foods and herbal
supplements can also inhibit or induce CYP3A4 activity, complicating the management of
diabetes therapy [136,137].

Understanding the role of CYP3A4 in the metabolism of antidiabetic drugs is essential
for preventing drug interactions and ensuring therapeutic efficacy. This is especially
critical in patients with renal or hepatic impairment, elderly populations, or those with
polypharmacy [138–140]. The following subsections will explore the metabolic pathways
and interaction profiles of the main antidiabetic agents influenced by CYP3A4, including
mechanistic insights and clinical implications.

5.2.1. Repaglinide

Repaglinide is an oral insulin secretagogue of the meglitinide class, used primarily for
the management of postprandial hyperglycemia in patients with type 2 diabetes mellitus.
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It is particularly indicated in individuals with irregular meal patterns due to its rapid onset
and short duration of action [141].

Mechanistically, repaglinide stimulates insulin secretion by binding to and inhibiting
ATP-sensitive potassium channels on the pancreatic β-cell membrane [142]. This results in
membrane depolarization and opening of voltage-gated calcium channels, leading to an
influx of calcium and subsequent exocytosis of insulin-containing granules [143]. Unlike sul-
fonylureas, repaglinide exhibits rapid dissociation from the sulfonylurea receptor 1 (SUR1)
subunit of the K-ATP channel, which may reduce the risk of prolonged hypoglycemia and
allow for a more flexible dosing regimen based on meals [144].

Pharmacokinetically, repaglinide is rapidly absorbed, reaching peak plasma concentra-
tions within one hour, and has a plasma half-life of approximately 1–1.5 h [144]. It under-
goes almost complete hepatic metabolism, with negligible renal excretion of the unchanged
drug [145]. The biotransformation of repaglinide is primarily mediated by CYP2C8 and
CYP3A4, and to a lesser extent, by uridine diphosphate-glucuronosyltransferases [130,146].

CYP2C8 is the dominant enzyme responsible for the formation of the active metabolite
M4, while CYP3A4 predominantly generates M1 and other minor metabolites [130]. This
dual metabolic pathway renders repaglinide susceptible to interactions with drugs that
inhibit or induce either enzyme. In particular, the glucuronide metabolite of clopidogrel is
a strong CYP2C8 inhibitor and significantly increases repaglinide plasma concentrations,
elevating the risk of hypoglycemia [147]. Similarly, gemfibrozil, a lipid-lowering agent,
inhibits both CYP2C8 and the hepatic uptake transporter OATP1B1, leading to an 8-fold
increase in repaglinide exposure [148]. Given this dual enzymatic pathway, the potential
for pharmacokinetic interactions with CYP2C8 and CYP3A4 inhibitors is clinically signifi-
cant. Notably, concomitant use of repaglinide and gemfibrozil is contraindicated due to a
markedly increased risk of hypoglycemia.

On the other hand, CYP3A4 inducers such as rifampicin can significantly reduce
repaglinide plasma levels. In a controlled study, administration of rifampicin 24 h before
repaglinide significantly reduced its AUC by approximately 80%, which may lead to a
clinically relevant decrease in its glucose-lowering efficacy [149]. Moreover, inhibitors
of CYP3A4 such as itraconazole or clarithromycin can modestly increase repaglinide
exposure [150], although not to the same extent as CYP2C8 inhibitors [151].

Additionally, cyclosporine, a known inhibitor of both CYP3A4 and OATP1B1,
markedly increased repaglinide plasma concentrations in healthy volunteers (by 2.4-fold in
AUC). This pharmacokinetic interaction was significantly modulated by SLCO1B1 polymor-
phisms (e.g., rs4149056), with a reduced effect observed in individuals carrying the 521TC
genotype, compared to those with the 521TT reference genotype [151]. These findings
highlight the importance of considering both metabolic enzymes and transporters when
predicting pharmacokinetic interactions.

Due to its narrow therapeutic window and risk of severe hypoglycemia, especially
in elderly patients or those with renal impairment, careful consideration of repaglinide’s
metabolic pathways is essential in clinical practice.

5.2.2. Nateglinide

Nateglinide is another member of the meglitinide class of oral antidiabetic agents,
sharing structural and mechanistic similarities with repaglinide [152]. As previously
described for this drug class, nateglinide promotes glucose-dependent insulin secretion
by targeting ATP-sensitive potassium channels on pancreatic β-cells via interaction with
the SUR1 subunit [144]. However, compared to repaglinide, nateglinide has an even faster
onset and shorter duration of action, leading to a more pronounced early-phase insulin
release, which is particularly effective in attenuating postprandial hyperglycemia [153].



Pharmaceuticals 2025, 18, 1351 13 of 40

Pharmacokinetically, nateglinide is rapidly absorbed after oral administration, reach-
ing peak plasma concentrations within 0.5 to 1 h [154]. Its half-life is approximately 1.5 h,
and its glucose-lowering effect is brief, making it suitable for administration immediately
before meals [154]. The drug undergoes extensive hepatic metabolism, primarily through
CYP2C9 and, to a lesser extent, CYP3A4, yielding hydroxylated and conjugated metabolites
with negligible pharmacological activity [155].

In contrast to repaglinide, which is also influenced by CYP2C8 and hepatic uptake
transporters such as OATP1B1, nateglinide exhibits a more limited interaction profile [156].
Nevertheless, coadministration with strong CYP inducers like rifampicin has been shown
to reduce its bioavailability and compromise its efficacy [4]. Rifampicin significantly accel-
erates nateglinide clearance, likely through simultaneous induction of both CYP3A4 and
CYP2C9 [157]. In contrast, coadministration with CYP inhibitors such as clarithromycin has
shown minimal effect on nateglinide exposure, whereas potent inhibitors like fluconazole
and miconazole significantly increase its plasma levels due to strong inhibition of CYP2C9
and CYP3A4 [158].

However, in patients with reduced CYP2C9 activity, due to polymorphisms (e.g.,
CYP2C9 *2/*2 or *3/*3 genotypes) or pharmacologic inhibition [3], the contribution of
CYP3A4 becomes more significant. In these cases, co-administration with CYP3A4 in-
hibitors could lead to accumulation of nateglinide [158].

Due to its rapid onset and short duration of action, along with glucose-dependent
insulinotropic properties, nateglinide is considered a suitable option for patients in the
early stages of type 2 diabetes or those with irregular mealtime patterns, offering flexibility
and a reduced risk of prolonged hypoglycemia [159]. Nonetheless, its dual metabolic
dependence on CYP2C9 and CYP3A4 requires consideration in polypharmacy scenarios,
especially when inhibitors or inducers of both enzymes are present.

5.2.3. Saxagliptin

Saxagliptin is an oral antidiabetic agent belonging to the class of dipeptidyl peptidase-4
(DPP-4) inhibitors [160]. It is indicated for the treatment of type 2 diabetes mellitus, primar-
ily as an adjunct to diet and exercise to improve glycemic control either in monotherapy or
in combination with other antidiabetic drugs, including metformin and sulfonylureas [160].

The therapeutic mechanism of saxagliptin involves the inhibition of the enzyme DPP-4,
a serine protease that rapidly inactivates incretin hormones such as glucagon-like peptide-1
(GLP-1) and glucose-dependent insulinotropic peptide (GIP) [160]. These incretins play
a crucial role in maintaining glucose homeostasis by stimulating insulin secretion from
pancreatic β-cells and suppressing glucagon release from α-cells in a glucose-dependent
manner. By prolonging the activity of endogenous incretins, saxagliptin enhances post-
prandial insulin response and reduces hepatic glucose production, thereby improving both
fasting and postprandial plasma glucose levels [160].

Pharmacokinetically, saxagliptin is rapidly absorbed after oral administration. Peak
plasma concentrations are reached at approximately 4 h for saxagliptin and 2 h for its
active metabolite M2 [160]. It undergoes extensive hepatic metabolism, primarily me-
diated by cytochrome P450 3A4 and CYP3A5, forming the principal active metabolite
5-hydroxysaxagliptin, which circulates in plasma and contributes significantly to the drug’s
overall DPP-4 inhibitory effect [161,162].

In a recent in vitro study, Liu et al. [163] confirmed that CYP3A4 plays a central
role in the oxidative metabolism of saxagliptin. By evaluating the catalytic efficiency of
27 CYP3A4 variants, the authors observed substantial differences in enzymatic activity,
with many variants showing a 1.9–7% reduction in intrinsic clearance compared to the
wild type [163]. These polymorphisms may lead to slower metabolism, higher parent drug
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concentrations, and a potential increased risk of adverse effects such as hypoglycemia,
especially in combination regimens [163].

Clinically, saxagliptin is susceptible to pharmacokinetic interactions with potent
CYP3A4 inhibitors and inducers [164,165]. In the presence of strong CYP3A4 inhibitors,
saxagliptin exposure may increase, which could necessitate careful monitoring or dose
adjustments [165]. Conversely, enzyme induction may reduce saxagliptin levels, which
could potentially diminish its therapeutic effect [164].

Given its reliance on CYP3A4-mediated metabolism, saxagliptin may also be affected
by dietary constituents known to inhibit this enzyme, such as GFJ or certain herbal sup-
plements. Clinical pharmacology data show that moderate CYP3A4 inhibitors like GFJ
can increase saxagliptin exposure, though current guidance does not mandate dose ad-
justments [166,167]. However, clinical studies evaluating such interactions remain lim-
ited, and current guidelines do not mandate routine avoidance of these foods in patients
receiving saxagliptin.

5.2.4. Canagliflozin

In addition to DPP-4 inhibitors, other antidiabetic classes, such as SGLT2 inhibitors,
may also be subject to CYP3A4-mediated metabolic modulation, albeit to a lesser extent.
Canagliflozin is a sodium–glucose cotransporter 2 (SGLT2) inhibitor that has been approved
for the management of T2DM and is increasingly recognized for its pleiotropic benefits. Its
mechanism of action is independent of insulin secretion and involves inhibiting glucose
reabsorption in the proximal renal tubules, thereby increasing glucosuria and improving
glycemic control [168]. Notably, it reduces fasting and postprandial glucose without
increasing the risk of hypoglycemia [169].

Canagliflozin has demonstrated cardiovascular and renal protective effects, which
are thought to be mediated not only by glucose-lowering but also by additional mecha-
nisms such as reductions in systolic blood pressure (−3.93 mmHg), body weight (−1.6 kg),
and albuminuria [170]. Neal et al. also reported improved lipid profiles and a decreased
need for other glucose-lowering agents. Moreover, Polidori et al. [171] observed signifi-
cant improvements in beta-cell glucose sensitivity and insulin secretion rates in patients
treated with canagliflozin, suggesting a recovery of pancreatic function likely due to
reduced glucotoxicity.

Once orally administered, canagliflozin undergoes hepatic metabolism predominantly
through glucuronidation (via UGT1A9 and UGT2B4) [172] and, to a lesser extent, oxidative
metabolism mediated by CYP3A4 [173]. While CYP3A4 is not the major metabolic route, it
may play a clinically significant role in scenarios involving strong CYP3A4 inducers (e.g.,
rifampicin), but not with inhibitors.

This is supported by clinical findings showing that co-administration with rifampicin
reduced canagliflozin plasma concentrations by approximately 51% in overall exposure
and by 28% in peak concentration, potentially compromising its glucose-lowering effi-
cacy. Therefore, dose adjustment or closer monitoring may be warranted when used
concomitantly with strong CYP3A4 inducers [173].

In terms of elimination, canagliflozin exhibits a dual excretion pathway: approximately
60% of the administered dose is excreted in feces, primarily as unchanged drug (41.5%)
due to incomplete absorption and biliary secretion of glucuronidated metabolites (M7, M5),
which undergo intestinal hydrolysis back to the parent compound. Renal excretion accounts
for 33% of the dose, predominantly as inactive O-glucuronide metabolites (M5: 13.3%, M7:
17.2%), with less than 1% excreted as intact canagliflozin. The drug’s low renal clearance
(0.049–0.13 L/h) reflects its high plasma protein binding (98–99%) and minimal active
tubular secretion [174].
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5.2.5. Pioglitazone

Pioglitazone is an oral antidiabetic drug belonging to the thiazolidinedione (TZD)
class. It is widely used as an insulin sensitizer in the treatment of type 2 diabetes mellitus,
particularly in patients with insulin resistance and features of metabolic syndrome. Its
primary mechanism of action is mediated by activation of the nuclear transcription factor
peroxisome proliferator-activated receptor gamma (PPARγ), which is highly expressed in
adipose tissue and, to a lesser extent, in skeletal muscle, liver, and the vasculature [126].

Upon activation, PPARγ forms a heterodimer with the RXR and binds to specific
peroxisome proliferator response elements (PPREs) in the promoter regions of target genes.
This leads to modulation of gene transcription involved in glucose and lipid metabolism,
adipogenesis, insulin signaling, and anti-inflammatory pathways. As a result, pioglitazone
enhances insulin sensitivity in peripheral tissues by promoting glucose uptake (primarily
via increased GLUT4 translocation in skeletal muscle and adipocytes), suppresses hepatic
gluconeogenesis, and improves lipid profiles by reducing circulating free fatty acids and
triglycerides [126].

In terms of metabolism, pioglitazone is primarily biotransformed in the liver by cy-
tochrome P450 enzymes. Although CYP2C8 is the main isoenzyme responsible for its
clearance, CYP3A4 contributes to approximately 37% of its metabolism in vitro [131]. This
secondary role becomes more clinically relevant in the presence of enzyme modulators. For
example, CYP3A4 inhibitors such as ketoconazole or clarithromycin may modestly increase
pioglitazone plasma levels, whereas inducers like rifampicin can reduce its systemic expo-
sure, potentially diminishing its therapeutic efficacy [131,175]. The role of CYP3A4 becomes
even more important in patients with genetic polymorphisms or drug–drug interactions
affecting CYP2C8, where CYP3A4 may partially compensate [131,176]. Understanding
these interactions is critical for optimizing dosing and avoiding adverse effects [175].

Beyond glycemic control, pioglitazone has been shown to exert pleiotropic effects such
as improvement in endothelial function, reduction in inflammatory markers (e.g., CRP, TNF-
α, IL-6) [177], and even anti-atherogenic properties. However, its use is sometimes limited
by side effects such as fluid retention, weight gain, and concerns about cardiovascular
safety and bone health.

For clarity and to facilitate comparison, a concise summary of the pharmacokinetic
characteristics and CYP3A4-related interactions of these agents is presented in Table 1.

Table 1. CYP3A4 involvement and drug–drug interactions of selected statins and antidiabetic agents.

Drug Class CYP3A4 Role Main PK
Characteristics

CYP3A4-Related
Interactions Clinical Notes

Simvastatin Statin (lipophilic)
Major metabolic

pathway (hepatic and
intestinal)

Prodrug, converted
to active acid;

bioavailability < 5%;
half-life ≈ 1.9 h;
mainly biliary

excretion

Strong CYP3A4 inhibitors
(ketoconazole,

erythromycin, ritonavir)
increase exposure and

myopathy risk

Modified-release
formulations increase

exposure due to
reduced intestinal

metabolism

Atorvastatin Statin (lipophilic)

Major pathway
(hepatic and

intestinal); lactone
form has higher

affinity

Bioavailability ≈
14%; half-life ≈ 7 h;

mainly biliary
excretion; high
protein binding

Grapefruit juice,
itraconazole, and
ritonavir increase

exposure and myopa-
thy/rhabdomyolysis risk

Glucuronidation
(UGT1A1, UGT1A3)

also contributes
significantly

Lovastatin Statin (lipophilic) Major pathway
(intestinal > hepatic)

Prodrug, converted
to active acid;

bioavailability < 5%;
half-life ≈ 3 h; biliary

excretion

CYP3A4 inhibitors
(erythromycin,

ketoconazole, grapefruit
juice) increase exposure

Novel delivery
systems aim to

reduce intestinal
metabolism
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Table 1. Cont.

Drug Class CYP3A4 Role Main PK
Characteristics

CYP3A4-Related
Interactions Clinical Notes

Cerivastatin Statin (synthetic) Minor role
(CYP3A4 + CYP2C8)

High potency;
half-life 2–3 h; no
unchanged drug

excreted

CYP2C8 inhibitors
(gemfibrozil) markedly

increase rhabdomyolysis
risk; CYP3A4 inhibition

may add effect

Withdrawn in several
countries due to
safety concerns

Repaglinide Meglitinide Secondary to
CYP2C8

Rapid onset; half-life
≈ 1–1.5 h; hepatic

metabolism

CYP2C8 inhibitors
(gemfibrozil, clopidogrel

metabolite) increase
exposure; CYP3A4

inhibitors
(clarithromycin)
moderate effect;

rifampicin decreases
exposure

Narrow therapeutic
window with risk of

hypoglycemia

Nateglinide Meglitinide Secondary to
CYP2C9

Rapid onset; half-life
≈ 1.5 h; hepatic

metabolism

Potent CYP2C9 inhibitors
increase exposure;

CYP3A4 inhibitors have
minor effect; rifampicin

decreases exposure

Lower risk of
prolonged

hypoglycemia
compared with

repaglinide

Saxagliptin DPP-4 inhibitor Major pathway
(CYP3A4/5)

Time to peak ≈ 4 h;
active metabolite

(M2)

CYP3A4 inhibitors
increase exposure;
inducers decrease

exposure; grapefruit juice
may enhance effect

Limited dietary
interaction studies

available

Canagliflozin SGLT2 inhibitor Minor pathway

Mainly metabolized
by glucuronidation

(UGT1A9, UGT2B4);
dual excretion routes

Strong CYP3A4 inducers
(rifampicin) decrease

exposure

Dose adjustment may
be required with

inducers

Pioglitazone TZD Secondary to
CYP2C8

CYP3A4 contributes
≈ 37% of metabolism;

long half-life

CYP3A4 inhibitors
slightly increase

exposure; inducers
decrease exposure

Greater CYP3A4
involvement if

CYP2C8 is inhibited

CYP2C8: Cytochrome P450 2C8, CYP2C9: Cytochrome P450 2C9, CYP3A4: Cytochrome P450 3A4, CYP3A5: Cy-
tochrome P450 3A5, DPP-4: Dipeptidyl peptidase-4, M2: Active metabolite (of saxagliptin), SGLT2: Sodium-glucose
cotransporter-2, TZD: Thiazolidinedione, UGT1A1/1A3/1A9/2B4: UDP-glucuronosyltransferase isoforms.

6. Evidence from Clinical and Preclinical Studies
6.1. Citrus Compounds and Furanocoumarins

As previously detailed, GFJ is a well-established dietary inhibitor of intestinal CYP3A4.
The following preclinical and clinical studies illustrate the impact of this interaction on
various pharmacological agents, including statins and antidiabetic drugs.

In a preclinical study in hyperlipidaemic Wistar rats, the co-administration of atorvas-
tatin (2.5 mg/kg) with bergamottin led to a notable increase in the Cmax of atorvastatin
(from 48 ± 5 to 89 ± 7 ng/mL) and a threefold elevation in AUC0–∞ (from 176 ± 27
to 552 ± 131 h·µg/L). Additionally, the elimination half-life (t1/2) of atorvastatin was
prolonged, indicating a slower systemic clearance. These pharmacokinetic alterations
translated into enhanced pharmacodynamic effects, with significant reductions in total
cholesterol (−14%), LDL-cholesterol (−20%) and triglycerides (−12%), alongside an in-
crease in HDL-cholesterol. The findings support the notion that bergamottin can potentiate
the therapeutic efficacy of atorvastatin, though with a potential risk of increased toxicity
due to drug accumulation [178].

Human studies have confirmed these effects. A crossover trial comparing grapefruit
and pomegranate juice found that GFJ significantly increased the Cmax and AUCinf of
simvastatin (15.6-fold and 9.1-fold, respectively), whereas pomegranate juice had no effect,
suggesting minimal CYP3A4 inhibition by the latter [179].
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The inhibitory action of bergamottin on simvastatin metabolism has also been charac-
terized in vitro. In rat liver microsomes, the inhibition was more pronounced following
pre-incubation, especially with NADPH, indicating potential mechanism-based inhibition.
The Ki values ranged from 174 ± 36 µM during co-incubation to as low as 4 ± 2 µM during
NADPH-dependent pre-incubation. In contrast, in human liver microsomes, bergamottin
exhibited consistent inhibitory activity across conditions, with Ki values between 22 and
34 µM. These results reflect both species differences and the importance of CYP-mediated
metabolite formation in determining inhibitor potency [180].

Furthermore, flavonoids like naringenin, also present in GFJ, demonstrated compa-
rable inhibitory effects on simvastatin metabolism. While both bergamottin and narin-
genin showed mixed-type inhibition in human microsomes, naringenin had a lower Ki
(29 ± 11 µM) than bergamottin (34 ± 5 µM), suggesting potent inhibition from both com-
pound classes. Interestingly, in rat liver microsomes, the inhibitory potency of naringenin
surpassed that of bergamottin, again underscoring interspecies variability [180].

In primary rat hepatocytes, the intrinsic clearance of simvastatin decreased from
26.2 µL/min/106 cells to 4.15 µL/min/106 cells in the presence of 50 µM naringenin.
These in vitro findings support the relevance of using hepatocyte-based models when
extrapolating metabolic interactions to in vivo scenarios, given the greater inhibitory effect
seen in cellular systems compared to microsomes [181].

A crossover study explored the clinical impact of GFJ on statin pharmacokinetics. It
demonstrated a 2.5-fold increase in the AUC0–72 of atorvastatin acid and a 3.3-fold increase
in that of atorvastatin lactone, with significant increases in tmax and t1/2. Notably, GFJ
reduced the levels of 2-hydroxyatorvastatin acid and lactone, which are metabolites formed
via CYP3A4. These alterations led to an overall increase in active and total HMG-CoA
reductase inhibitory activity (1.3-fold and 1.5-fold, respectively), likely due to reduced
intestinal metabolism [182].

This differential effect across statins was further clarified in a study comparing ator-
vastatin and pitavastatin. GFJ increased the AUC of atorvastatin acid by 83%, while
pitavastatin acid levels rose by only 13%, suggesting that pitavastatin is minimally af-
fected by CYP3A4-mediated metabolism [183]. Similarly, pravastatin showed negligible
pharmacokinetic changes with GFJ intake, reinforcing its status as a CYP3A4-independent
statin [184].

Importantly, long-term administration of GFJ (300 mL/day for 90 days) in patients
on chronic atorvastatin treatment resulted in only modest increases in serum atorvastatin
concentrations (19–26%), with no significant changes in lipid profile or markers of liver or
muscle toxicity. This suggests that moderate, chronic GFJ consumption does not necessarily
necessitate atorvastatin dose reduction [185].

Further studies have delineated the time course of CYP3A4 inhibition. When simvas-
tatin was administered with high-dose GFJ, the AUC of simvastatin increased by 13.5-fold.
However, this effect diminished over time; simvastatin given 24 h later showed only a
2.1-fold increase, and after 3–7 days, no significant differences were observed compared to
control, indicating a reversible and transient inhibition of CYP3A4 [36].

In the context of transporter-mediated interactions, GFJ also inhibits intestinal uptake
transporters such as OATP2B1 and OATP1A2. A knockout mouse model for OATP2B1
revealed that fexofenadine absorption decreased significantly following GFJ ingestion, but
not for rosuvastatin, demonstrating substrate specificity [186]. Similarly, in healthy volun-
teers, GFJ—but not atorvastatin—reduced the exposure of several small-dose OATP2B1
substrates (e.g., sulfasalazine, glibenclamide, celiprolol), confirming its role as an inhibitor
of intestinal influx transporters [187].
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Aliskiren, an antihypertensive renin inhibitor, is another example where GFJ reduced
systemic exposure by 38–61%. The mechanism was traced to OATP1A2 inhibition by
naringin, a major flavonoid in GFJ, rather than OATP2B1, as shown in HEK293 cell as-
says [188]. The variable effects of GFJ on drug efflux and absorption also extend to P-
glycoprotein (P-gp). In Wistar rats, chronic GFJ administration increased intestinal P-gp
expression while reducing OATP activity, resulting in decreased systemic availability of
diltiazem and affecting its gut permeability [189].

Lastly, while lovastatin is also metabolized via CYP3A4, the interaction magnitude
appears more moderate. In healthy subjects, regular-strength GFJ approximately doubled
the AUC and Cmax of lovastatin, with a 1.6-fold increase in lovastatin acid. However, the
increase in HMG-CoA reductase inhibitory activity was only around 30–40%, suggesting
that GFJ’s effect on this statin may be clinically less significant than with simvastatin or
atorvastatin [190].

A comparable interaction pattern has also been observed with certain antidiabetic
agents, particularly those with a high dependence on intestinal CYP3A4 for metabolic clear-
ance. One of the clearest examples of CYP3A4-mediated interaction is found in repaglinide,
a short-acting meglitinide analog used to control postprandial glycemia. Repaglinide
is primarily metabolized by CYP3A4, and its intestinal metabolism appears particularly
susceptible to inhibition by GFJ. In a randomized, crossover clinical trial, a single dose of
GFJ (300 mL) increased the AUC0–∞ of repaglinide by 13% and its Cmax by 5%, without sig-
nificantly altering the elimination half-life. The effect was more evident at a subtherapeutic
dose (0.25 mg) than at the clinical dose of 2 mg, highlighting the relevance of intestinal
CYP3A4 inhibition in early absorption phases [191].

A similar interaction has been observed with glibenclamide (glyburide), although its
metabolism primarily involves CYP2C9 rather than CYP3A4. In a study comparing the
effects of clarithromycin and GFJ, only clarithromycin—a known P-glycoprotein inhibitor—
significantly increased the AUC of glibenclamide by 35%. In contrast, GFJ had no sig-
nificant effect on glibenclamide plasma concentrations, supporting the conclusion that
glibenclamide is not substantially metabolized by CYP3A4, and that GFJ does not interfere
with its pharmacokinetics through this pathway [192].

Interestingly, the effect of GFJ on metformin, a drug that is not metabolized by CYP
enzymes but whose distribution depends on organic cation transporters, reveals indirect
but clinically important interactions. In a rat model, GFJ significantly increased hepatic
concentrations of metformin (397 ± 19 µg/g vs. 280 ± 15 µg/g in controls), while plasma
levels remained unchanged. Although not mediated by CYP3A4, this accumulation was
associated with a marked increase in blood lactic acid levels, especially when GFJ was
combined with metformin (8.31 ± 3.48 mmol/L), suggesting that dietary modulation may
still exacerbate adverse effects by altering drug distribution and clearance in the liver [193].

Beyond GFJ, other citrus bioactives may also impact CYP3A4 activity. Narirutin, a
flavanone found abundantly in oranges and related citrus species, has been evaluated
through in silico and in vitro models for its capacity to interact with multiple diabetes-
related targets. While its main actions are directed toward inhibiting α-glucosidase and
α-amylase, molecular docking studies suggest that narirutin may also bind to CYP3A4,
raising the possibility of a competitive inhibitory effect similar to that of other citrus
flavonoids such as naringenin [194].

Furthermore, Eriomin®, a citrus-derived supplement composed of a mixture of bioac-
tive flavonoids, has demonstrated clinically significant improvements in glycemic control
and systemic inflammation. In a double-blind, crossover trial in subjects with hyper-
glycemia, Eriomin supplementation (200 mg/day for 12 weeks) led to reductions in fasting
glucose (−5%), HOMA-IR (−11%), and proinflammatory cytokines such as IL-6 (−14%)
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and TNF-α (−20%), alongside a 17% increase in GLP-1 concentrations. Although the
primary mechanism of action appears to be anti-inflammatory and incretin-mediated, it
is plausible that CYP3A4 inhibition contributes to enhanced incretin hormone activity or
slowed metabolism of other co-administered agents, a hypothesis that warrants further
study [195].

A broader pharmacokinetic study including glibenclamide under microdosing con-
ditions also demonstrated that GFJ significantly reduced systemic exposure to several
orally administered substrates, particularly those dependent on intestinal absorption and
CYP3A4 metabolism. While atorvastatin (a known OATP2B1 inhibitor) had no such effect,
GFJ decreased glibenclamide exposure more markedly, suggesting that citrus compounds
may influence multiple absorption pathways, with CYP3A4 inhibition playing a central
role [187].

Taken together, the current evidence strongly supports that dietary modulation of
CYP3A4 by citrus constituents can significantly alter the pharmacokinetics of certain
antidiabetic drugs, especially those with high intestinal metabolism such as repaglin-
ide. While other drugs like glibenclamide and metformin are less directly affected, their
pharmacological profiles may still be modulated indirectly by citrus-induced changes in
hepatic or transporter-mediated disposition. These findings underscore the importance
of evaluating dietary habits, particularly citrus product consumption, when prescribing
CYP3A4-metabolized antidiabetic agents, to avoid undesired elevations in drug exposure
or compromised glycemic control.

6.2. Polyphenols and Flavonoids

As previously described in Section 4, polyphenols and flavonoids modulate CYP3A4
activity through both inhibitory and inductive mechanisms [196]. The following section
summarizes preclinical and clinical evidence on their impact on statin and antidiabetic
drug pharmacokinetics.

In vitro studies have demonstrated that specific flavonoids, such as chrysin, quercetin,
kaempferol, and leachianone A, can act as CYP3A4 inhibitors, reducing enzyme activity
in a concentration-dependent manner [197]. These inhibitory effects are often linked to
the structural arrangement of hydroxyl groups on the flavonoid backbone, which influ-
ences binding affinity to the enzyme’s active site. For instance, chrysin has shown potent
inhibition with low IC50 values, indicating strong interaction potential [198].

In addition to structural considerations, flavonoid-mediated inhibition may differ
depending on the experimental model. While previous sections have highlighted the
inhibitory role of grapefruit flavonoids such as bergamottin and naringenin in human and
rat microsomes (see Section 6.1), flavonoids also show significant inhibition in more physi-
ologically relevant systems. For example, in primary rat hepatocytes, flavonoids reduced
the intrinsic clearance of simvastatin more profoundly than in microsomal preparations,
supporting the relevance of cellular models in predicting in vivo interactions [181].

Beyond inhibition, polyphenols may also influence CYP3A4 gene expression. Pre-
clinical animal models have demonstrated that polyphenol-rich diets can alter CYP3A4
activity in hepatic and intestinal tissues, leading to changes in drug metabolism [196,199].
These interactions may lead to altered pharmacokinetics of co-administered drugs, includ-
ing increased systemic exposure or reduced clearance, depending on the nature of the
flavonoid and the drug involved. Additionally, the role of gut microbiota in metabolizing
polyphenols adds another layer of complexity, as microbial biotransformation can influence
both the bioavailability and the inhibitory potential of these compounds [200].

Clinical studies, although more limited, have begun to explore the relevance of these
findings in humans. The most notable example is the GFJ effect, where flavonoids such
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as naringenin and bergamottin inhibit intestinal CYP3A4, leading to increased plasma
concentrations of drugs like simvastatin and felodipine [201]. Similar interactions have been
observed with flavonoid-rich supplements, raising concerns about food-drug interactions
in patients undergoing pharmacotherapy [202].

Overall, both preclinical and clinical evidence support the notion that polyphenolic
flavonoids can modulate CYP3A4 activity, with implications for drug metabolism, efficacy,
and safety. These findings underscore the importance of considering dietary habits and
supplement use in pharmacokinetic assessments and personalized medicine strategies.

6.3. Herbal Supplements
6.3.1. St. John’s Wort

Among the most well-characterized herbal modulators of CYP450 enzymes, Hypericum
perforatum (St. John’s Wort, SJW) stands out as a potent and clinically significant inducer
of CYP3A4 via activation of the PXR [73]. Its primary active constituent, hyperforin,
binds to PXR and upregulates the expression of several drug-metabolizing enzymes and
transporters, including CYP3A4, CYP2C9, CYP2C19, and ABCB1 (P-glycoprotein) [73].
This mechanism, comparable in magnitude to rifampicin [72,203], has been confirmed in
both in vitro models and clinical trials.

Pharmacokinetic studies have demonstrated that administration of standardized SJW
extracts for 10–14 days significantly reduces the systemic exposure of several CYP3A4
substrates, including midazolam, simvastatin, and cyclosporine, with AUC decreases
often exceeding 50% [204–206]. These reductions are attributed to combined hepatic and
intestinal CYP3A4 induction and enhanced drug efflux via P-glycoprotein upregulation.
Clinically, these interactions can be severe. In transplant patients, SJW has been associated
with subtherapeutic cyclosporine levels and episodes of acute graft rejection [207].

The induction of CYP3A4 and other drug-metabolizing enzymes or transporters by
SJW is both dose- and time-dependent. In vitro studies show that higher concentrations
and longer exposure to H. perforatum or its active component hyperforin lead to greater
induction of CYP3A4 mRNA expression, with effects varying by cell type and duration of
treatment [208]. Clinical and preclinical evidence also indicates that continuous and high-
dose use of H. perforatum results in stronger enzyme induction, which can significantly
impact the metabolism of co-administered drugs [208,209]. Induction of other enzymes
such as CYP2C9, CYP2C19, and transporters like P-glycoprotein is also observed, though
typically to a lesser extent than CYP3A4, and these effects are similarly dose- and time-
dependent [208,210]. Importantly, the enzyme-inducing effects of H. perforatum do not stop
immediately after discontinuation; the increased activity of CYP3A4 and P-glycoprotein
can persist for several days to weeks, depending on the duration and dose of prior use, as
the body gradually returns to baseline enzyme levels [209]. This persistence means that
drug interactions may continue even after stopping St. John’s Wort, and careful monitoring
is advised when switching or discontinuing therapy.

The clinical implications are particularly relevant for commonly prescribed drugs such
as statins and pioglitazone. A 14-day regimen of SJW reduced simvastatin AUC by over
50%, potentially compromising its lipid-lowering effect [10,205]. Although pioglitazone is
primarily metabolized by CYP2C8, CYP3A4 contributes to secondary metabolism [10]; thus,
induction of this pathway may be especially problematic in individuals with pharmacoge-
netic variability [211,212]. Unlike CYP inhibition, enzyme induction is often clinically silent,
which increases the risk of unnoticed therapeutic failure, unnecessary dose escalation, or
disease progression [72,205].

The extent of CYP3A4 induction by H. perforatum is largely determined by the hy-
perforin content of the preparation, with higher concentrations resulting in stronger
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activation of the PXR and greater transcriptional upregulation of CYP3A4 and P-
glycoprotein [213–215]. Both in vitro and clinical studies support a dose-dependent rela-
tionship between hyperforin levels and the reduction in systemic exposure to CYP3A4
substrates, with decreases in AUC reaching up to 79% in some high-hyperforin prod-
ucts [72,214,215]. The variability in hyperforin content across commercial supplements—
exceeding a 60-fold range—poses a significant challenge to predicting interaction risk.
Consequently, patients consuming SJW products with elevated hyperforin levels face
a heightened risk of therapeutic failure when taking critical medications, including im-
munosuppressants, statins, or other agents commonly prescribed in midlife and older
women [216,217]. Due to the variability in hyperforin content, several authors recommend
clearer labeling and the preferential use of low- or zero-hyperforin H. perforatum formula-
tions to reduce interaction risks. Regulatory inconsistencies further hinder safety monitor-
ing, emphasizing the need for harmonized guidelines and greater clinical awareness [218].

In summary, there is robust evidence that SJW, through hyperforin-mediated PXR
activation, is a strong and sustained inducer of CYP3A4 and P-glycoprotein. Its widespread
use, frequent non-disclosure by patients, and capacity to lower systemic drug concen-
trations necessitate vigilance by healthcare professionals. Standardized preparations at
therapeutic doses are sufficient to trigger relevant interactions, especially with narrow-
therapeutic-window medications. For these reasons, SJW is contraindicated in numerous
clinical guidelines for patients receiving essential pharmacotherapies [206,219,220]

6.3.2. Schisandra chinensis

Schisandra chinensis is a traditional medicinal plant whose lignan constituents display
complex modulatory effects on cytochrome P450 enzymes, particularly CYP3A4. Its main
bioactive compounds—such as schisandrin A, B, C, gomisin A, B, C, G, and schisandrol
A—belong to the dibenzocyclooctadiene class of lignans, known to influence both the
expression and activity of drug-metabolizing enzymes through diverse mechanisms [221].

Some lignans in S. chinensis, including schisandrin A and B and gomisin B, have shown
the ability to activate the pregnane X receptor (PXR), a nuclear receptor that regulates the
transcription of genes encoding CYP3A4. In animal models, this activation has been associ-
ated with increased hepatic expression of Cyp3a, suggesting a potential for transcriptional
upregulation under specific conditions [221]. However, such findings are primarily derived
from rodent studies, and their extrapolation to humans remains uncertain.

In contrast, several lignans demonstrate potent direct inhibition of CYP3A4 catalytic
activity. For instance, gomisin C and gomisin G significantly inhibited midazolam 1′-
hydroxylation, nifedipine oxidation, and testosterone 6β-hydroxylation in recombinant
human enzyme systems, with estimated increases in drug exposure (AUC) ranging from 8%
to over 3000% in predictive models [222]. These inhibitory effects were substrate-specific
and structurally dependent, influenced by the position of methylenedioxy groups on the
lignan backbone.

Further supporting this inhibitory profile, gomisin A was shown to cause time-
dependent inactivation of CYP3A4, attributed to the formation of reactive carbene metabo-
lites that covalently bind to the enzyme’s active site. This mechanism-based inhibition was
demonstrated in microsomal systems using glutathione as a trapping agent, confirming ir-
reversible enzyme modification [223]. Additionally, gomisin A and schisandrol A inhibited
CYP3A4 in a cell-free assay with IC50 values of 1.39 µM and 32.0 µM, respectively [224].

In vivo studies in rats have further illustrated this duality. Both unprocessed and
vinegar-processed S. chinensis extracts altered CYP activity depending on dose and duration.
Multiple-dose administration led to increased activity of some CYP isoforms, including
CYP3A, suggesting the possibility of induction through PXR activation. Yet, inhibition of
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other isoforms was also observed, underscoring the complexity of whole-extract effects
and the influence of preparation method [225].

Altogether, Schisandra chinensis exhibits a multifaceted pharmacological interaction
with CYP3A4 that cannot be reduced to a single direction of effect. While certain lignans
may activate gene expression via nuclear receptor pathways, others act as potent inhibitors
of CYP3A4 activity, often in a time- and concentration-dependent manner. The net effect is
likely context-dependent, influenced by the lignan profile, extract standardization, dosage,
and duration of intake.

6.3.3. Ginkgo biloba

Ginkgo biloba is one of the most widely consumed herbal supplements worldwide,
especially among older adults and individuals seeking to improve cognitive function,
memory, or mood. However, despite its natural origin, Ginkgo biloba extract (GBE) may
influence the metabolism of co-administered drugs, primarily through the modulation of
cytochrome P450 enzymes, particularly CYP3A4 [226]. The question of whether chronic use
of GBE is capable of inducing CYP3A4 to a clinically relevant extent remains a subject of
ongoing investigation. Current evidence highlights a complex and sometimes contradictory
profile of interaction, shaped by factors such as dose, extract composition, treatment
duration, and the pharmacokinetic properties of the concomitant medication.

Some clinical studies have demonstrated that GBE can exert inductive effects on
CYP3A4. In a randomized open-label trial, Robertson et al. [227] administered standardized
GBE (120 mg twice daily) to healthy volunteers for 14 days. The authors observed a
significant reduction in the AUC and (Cmax of midazolam—a well-established CYP3A4
probe—by approximately 34% and 31%, respectively. These findings suggest that GBE
may induce CYP3A metabolism, potentially increasing the clearance of drugs metabolized
by this isoenzyme. However, it is noteworthy that no significant changes were found
in the exposure to lopinavir or ritonavir, possibly due to the potent inhibitory effect of
ritonavir on CYP3A4, which could have masked the inductive action of GBE. This highlights
the importance of considering drug–drug interactions in polypharmacy settings and the
variability of enzyme modulation depending on the pharmacological context.

In contrast, other studies have reported opposing effects, raising doubts about the
consistency of CYP3A4 induction by GBE. In a 28-day study using a higher daily dose of
GBE (360 mg/day), Uchida et al. [228] found that GBE increased the AUC of midazolam by
25% and reduced its oral clearance by 26%. These results are more consistent with CYP3A4
inhibition rather than induction, suggesting a net inhibitory effect under these experimental
conditions. Such discrepancies between studies may be explained by differences in extract
composition, duration of administration, or even ethnic variability in metabolism, as this
latter study was conducted in a homogeneous Japanese population.

These conflicting results underscore the complex pharmacokinetic behavior of GBE,
which appears to exhibit bidirectional effects on CYP3A4, possibly through the simulta-
neous presence of flavonoids and terpene lactones that have opposite activities in vitro.
This mechanistic explanation is supported by Wang et al. [136], who identified biflavones
such as ginkgetin and isoginkgetin as potent CYP3A4 inhibitors in vitro, suggesting that
specific polyphenolic constituents could exert significant inhibitory effects depending on
concentration and context.

Supporting this view, Unger [226] conducted a comprehensive review of both preclini-
cal and clinical data and concluded that standardized extracts such as EGb 761, when used
at recommended doses up to 240 mg/day, do not result in clinically relevant alterations
in the metabolism of CYP3A4 substrates. In vitro studies often report enzyme induction
or inhibition using non-physiological concentrations or unstandardized extracts, limiting
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their applicability to real-world use. However, at doses exceeding the standard therapeutic
range—or with poorly standardized commercial preparations—there may still be a risk
of interaction.

More recently, Zadoyan et al. [229] conducted a randomized crossover trial specifically
designed to evaluate the interaction between EGb 761 and CYP3A4 using midazolam as
a pharmacokinetic probe. After 14 days of EGb 761 intake at 240 mg/day, the authors
reported no significant changes in the pharmacokinetic profile of midazolam, further
confirming that standardized GBE is unlikely to induce CYP3A4 to a clinically relevant
extent. This finding is particularly relevant for practitioners, as it suggests that GBE does
not compromise the efficacy or safety of medications metabolized by this pathway under
standard dosing conditions.

In conclusion, while Ginkgo biloba extract has the potential to modulate CYP3A4 ac-
tivity, the clinical significance of such interactions appears limited when using standardized
preparations at recommended doses. However, caution may still be warranted in certain
scenarios: for instance, in patients receiving drugs with a narrow therapeutic index, or
when GBE is used at high doses or in non-standardized formulations. Moreover, given
the inconsistent results across studies, further research is needed to clarify the molecular
mechanisms underlying GBE’s dual action on CYP3A4 and to determine whether genetic
polymorphisms or specific patient populations may be more susceptible to its effects.

6.3.4. Ginseng

Among the wide array of herbal products commonly used in traditional medicine
and dietary supplements, Panax ginseng has received notable attention for its capacity to
modulate cytochrome P450 enzymes, particularly CYP3A4. This enzyme, predominantly
expressed in the liver and small intestine, is responsible for the metabolism of approximately
50–60% of all clinically used drugs. Understanding how herbal constituents influence
CYP3A4 activity is crucial for anticipating herb–drug interactions, which can result in
altered drug exposure, therapeutic failure, or toxicity.

In the case of Panax ginseng, the current body of evidence highlights a dual and
somewhat contradictory profile regarding its regulatory impact on CYP3A4. On one hand,
several in vitro studies have shown that specific ginsenosides, such as ginsenoside Rf
and panaxytriol, can activate the PXR. For instance, panaxytriol, a polyacetylene alcohol
and one of the major active components in red ginseng and Shenmai injection, has been
found to significantly increase both mRNA and protein expression levels of PXR and
CYP3A4 in HepG2 cells in a time- and concentration-dependent manner. This effect was
confirmed in human PXR-overexpressing HepG2 cells and involved enhanced recruitment
of coactivators such as steroid receptor coactivator-1 (SRC-1) and the acetyltransferase P300,
leading to increased binding of the PXR-RXR complex to DNA response elements ER-6
and DR-3 within the CYP3A4 promoter region [230]. These findings were supported by
dual-luciferase reporter gene assays demonstrating a robust transcriptional activation of
CYP3A4 following panaxytriol exposure [231].

However, this apparent inductive potential does not consistently translate to in vivo
or clinical settings. Contradictory evidence from animal studies suggests that Panax ginseng
may instead downregulate CYP3A4 expression under certain conditions. In a well-designed
experiment in rats, oral administration of P. ginseng extract for 7 consecutive days led to a
significant reduction in the clearance of midazolam—a well-established CYP3A4 substrate—
and was associated with decreased gene and protein expression of both CYP3A4 and PXR in
liver tissues [232]. This suggests that ginseng may suppress hepatic CYP3A activity in vivo,
potentially through feedback regulation or complex interactions between ginsenosides and
nuclear receptors.
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Clinical studies further complicate the picture. Anderson et al. [233] investigated
whether Panax ginseng supplementation at a typical dose (100 mg twice daily for
14 days) could induce CYP3A activity in healthy volunteers. Using the urinary 6-β-
hydroxycortisol/cortisol ratio—a validated non-invasive biomarker for CYP3A4 induction—
they found no significant change after supplementation, indicating a lack of clinically
meaningful effect on enzyme activity at standard doses. These human data contrast with
the in vitro findings and suggest that despite the molecular capacity of certain ginseng
constituents to engage CYP3A4 regulatory pathways, the net effect in vivo is minimal or
potentially negligible at conventional dosing.

Moreover, the direction and magnitude of CYP3A4 modulation by ginseng may be
influenced by multiple variables, including the specific type and concentration of extract,
duration of administration, interindividual genetic differences in PXR or CAR expression,
and the presence of co-administered substances. For instance, some studies suggest that
the CAR, which shares overlapping regulatory functions with PXR, can antagonize PXR-
mediated CYP3A4 induction in the presence of ginsenosides, further modulating the final
enzymatic response [234].

Taken together, while mechanistic and preclinical evidence indicates that Panax gin-
seng—particularly through panaxytriol—can modulate CYP3A4 expression via PXR activa-
tion, this effect appears to be highly context-dependent and not consistently reproduced in
clinical studies. The overall body of evidence suggests that Panax ginseng should not be clas-
sified as a reliable CYP3A4 inducer or inhibitor in clinical practice. Its use at standard doses
in herbal formulations or dietary supplements is unlikely to cause significant alterations in
CYP3A4-mediated drug metabolism, although caution may still be warranted in scenarios
involving high-dose or long-term consumption, or when used alongside medications with
a narrow therapeutic index.

For clarity and ease of comparison, Table 2 provides a concise summary of the pharma-
cokinetic characteristics and CYP3A4-related interactions of the agents discussed, including
key preclinical and clinical findings and corresponding references.

Table 2. Summary of CYP3A4-related interactions from preclinical and clinical studies.

Compound/Source Model CYP3A4/Transporter
Effect Main PK/PD Outcomes References

Grapefruit juice (GFJ)
and bergamottin Preclinical and human Strong intestinal CYP3A4

inhibition

Statins (atorvastatin,
simvastatin): increased

AUC/Cmax up to 15-fold,
decreased metabolites, and

enhanced lipid-lowering effect

[178,179,182]

Bergamottin and
naringenin In vitro and hepatocytes

Mixed-type inhibition;
naringenin stronger than

bergamottin in rats

Decreased simvastatin
clearance; inhibition constant

(Ki) 4–34 µM
[180,181]

GFJ—differential
statin effect Human CYP3A4-mediated PK

changes vary by statin

Atorvastatin AUC increased
83%, pitavastatin increased
13%, pravastatin showed

minimal effect

[183,184]

GFJ chronic use Human

Mild increase in
atorvastatin exposure; no
relevant lipid or toxicity

changes

AUC increased by 19–26% [185]

GFJ timing effect Human
Reversible inhibition

depending on timing of
intake

Simvastatin AUC increased
13.5-fold when

co-administered immediately,
2.1-fold after 24 h, and no

change after 3–7 days

[36]
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Table 2. Cont.

Compound/Source Model CYP3A4/Transporter
Effect Main PK/PD Outcomes References

GFJ—transporter
effects Human and animals

Inhibits OATP2B1 and
OATP1A2, alters

P-glycoprotein (P-gp)

Decreased exposure of
fexofenadine, sulfasalazine,

and aliskiren; altered diltiazem
permeability

[186–188]

GFJ—other drugs Human and animals Variable effects on
non-CYP3A4 drugs

Repaglinide showed a slight
increase in AUC,

glibenclamide showed no
change, and metformin

showed increased hepatic
levels and lactic acid

[191–193]

Other citrus
flavonoids In vitro and human Possible CYP3A4

inhibition

Narirutin predicted to bind to
CYP3A4 active site; Eriomin®

associated with decreased
glucose and inflammation

[194,195]

St. John’s Wort
(Hypericum perforatum)

In vitro, animal and
human

Strong CYP3A4 and P-gp
induction via pregnane X
receptor (PXR) activation

Decreased AUC of midazolam,
simvastatin, and cyclosporine
(reductions > 50%); increased
risk of graft rejection; effect
dependent on hyperforin

content

[10,72,73,203,207–214]

Schisandra chinensis In vitro, animal

Dual effect: some lignans
induce CYP3A4 via PXR,
others act as inhibitors

(substrate-specific)

Gomisin A and G cause
time-dependent inhibition;

multi-dose extracts may lead
to induction

[222–225]

Ginkgo biloba extract In vitro, animal and
human

Bidirectional effects,
depending on dose and

extract quality

Standardized EGb 761
(≤240 mg/day) showed no
significant CYP3A4 change;

high-dose or poorly
standardized preparations

may interact

[136,227–229]

Panax ginseng In vitro, animal and
human

Context-dependent PXR
activation or CYP3A4

downregulation

In vitro studies show
increased CYP3A4 mRNA and

protein; animal and human
studies indicate minimal or no

effect at standard doses

[230–234]

GFJ: Grapefruit juice, AUC: Area Under the Curve, Cmax: Maximum Concentration, Ki: Inhibition Constant,
mRNA: messenger RNA, OATP2B1/1A2: Organic Anion Transporting Polypeptides, P-gp: P-glycoprotein, PXR:
Pregnane X Receptor, CYP3A4: Cytochrome P450 3A4, PK/PD: Pharmacokinetics/Pharmacodynamics, EGb 761:
Standardized Ginkgo biloba extract.

7. Clinical Implications and Practical Recommendations Derived from
CYP3A4 Genetic Variability

Genetic polymorphisms in the CYP3A4 enzyme substantially contribute to interindi-
vidual variability in the metabolism of numerous drugs, particularly statins and oral
antidiabetic agents. Given its role as one of the most active isoforms within the cytochrome
P450 family, CYP3A4 is central to the biotransformation of a wide range of xenobiotics and
endogenous compounds. Its activity is modulated not only by environmental factors, such
as dietary inhibitors (e.g., GFJ, myricetin) or inducers (e.g., rifampicin), but also by specific
genetic variants that alter expression levels or enzymatic function [235,236].

Moreover, from a clinical perspective, identifying and understanding these polymor-
phisms is critical. Among the most clinically relevant alleles, CYP3A422, 1B, 1G, and 4
have been consistently associated with altered pharmacokinetics and risk of adverse drug
reactions. For instance, CYP3A422 significantly reduces hepatic expression and enzymatic
activity. In a pivotal multi-ethnic study, Wang et al. [237] demonstrated that carriers of
CYP3A422 required lower doses of atorvastatin, simvastatin, and lovastatin due to reduced
metabolic clearance. In line with these results, similar observations were reported by Elalem
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et al. [238] in a Saudi cohort, where individuals carrying both CYP3A422 and CYP3A53
exhibited enhanced response to simvastatin, likely due to increased systemic exposure.

These findings support the recommendation that clinicians consider pharmacogenetic
testing, particularly of the CYP3A422 allele, in patients with statin intolerance or high
sensitivity to standard dosing, as such individuals may benefit from reduced dosages to
prevent toxicity [238,239].

In East Asian populations, the CYP3A41G allele has received special attention.
Gao [240] found that this variant was associated with improved lipid-lowering efficacy of
atorvastatin but had no significant impact on simvastatin response. These data suggest that
the impact of genetic variability is not uniform across substrates. Therefore, there is a need
for drug-specific genotype-guided dosing recommendations [241,242]. In practical terms,
this implies that genetic testing results should be interpreted in the context of the specific
drug prescribed, avoiding generalizations across all statins. As a practical alternative,
where possible, alternative statins less dependent on CYP3A4 metabolism (e.g., pravastatin,
rosuvastatin) may be considered in patients with uncertain or complex genotypes.

Dietary habits may further modulate these genetic effects. In individuals with reduced-
function CYP3A4 alleles, ingestion of inhibitors such as GFJ can amplify the risk of drug
toxicity by further reducing metabolic capacity [243,244]. Therefore, nutritional counseling
should accompany pharmacogenetic assessments, especially when prescribing CYP3A4-
metabolized agents [93,245].

Beyond individual-level variability, population-level differences in allele frequency
must also be considered in practice. Elalem et al. and Gao et al. [238,240] highlighted that
the distribution of CYP3A4 variants varies markedly among ethnic groups, potentially
explaining observed disparities in statin efficacy and toxicity. Consequently, regional
or ethnicity-tailored pharmacogenomic approaches may improve therapeutic outcomes
and equity in healthcare [246]. In ethnically diverse settings, incorporating ancestry-
based pharmacogenomic algorithms into electronic health records may facilitate stratified
prescribing practices and reduce the risk of under- or over-treatment [246].

In Latin American populations, Alvarado et al. [247] emphasized that individuals
harboring both CYP3A4 and SLCO1B1 risk alleles have a markedly higher susceptibility
to simvastatin- and atorvastatin-induced myopathy and intolerance. This synergy be-
tween transporters and metabolizing enzymes reinforces the need for multigene panels
instead of single-gene testing when tailoring treatment regimens [248]. In clinical scenarios,
for patients presenting with statin-related muscle symptoms, multigene testing allows
identification of combined genetic risks and supports safer medication changes or dos-
ing adjustments. Inclusion of both metabolizing enzymes and transporters is especially
relevant in primary care and cardiology protocols [249].

In the context of type 2 diabetes, Sivadas et al. [250] analyzed over 1000 Indian
genomes and described a distinctive distribution of CYP3A4 and CYP3A5 variants that
may predispose to clinically significant drug–drug and gene–drug interactions involving
non-insulin antidiabetic drugs (NIADs). Based on these findings, this evidence supports
the implementation of local pharmacogenomic databases and integration of genetic profiles
into clinical decision-making tools, particularly in populations with high prevalence of
diabetes and polypharmacy [251].

While these findings are promising, however, it is important to note that not all studies
report strong associations between CYP3A4 genotypes and clinical outcomes. Some inves-
tigations have shown minimal or inconsistent effects, likely due to the influence of other
genes (e.g., SLCO1B1, CYP3A5), dietary exposures, or concomitant medications [252,253].
These findings underscore the need for integrative approaches that combine genetic, nutri-
tional, and clinical data to achieve true precision medicine [252,253]. Hence, routine clinical
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implementation should be guided by comprehensive pharmacogenomic panels, ideally
integrated with clinical decision support tools that consider environmental and lifestyle
factors. Therefore, isolated genotyping, in the absence of contextual interpretation, may
yield misleading or incomplete results.

In line with the genetic variability discussed in Section 4.3.1 and the microbiota-
mediated modulation described in Section 4.3.2, patient-specific differences in CYP3A4
activity carry direct clinical significance. Gut microbiota composition and metabolic activity
can influence CYP3A4 expression via metabolites such as short-chain fatty acids (e.g., bu-
tyrate), indoles, phenolic acids, and secondary bile acids, which modulate nuclear receptors
(e.g., PXR, AhR) and may alter epigenetic regulation within the gut–liver axis [254–256].
In vivo, gut microbiota has been shown to affect midazolam metabolism in mice, with germ-
free animals displaying significantly higher plasma AUC and tissue accumulation [257].
Clinical conditions or interventions that disrupt the microbiota—such as broad-spectrum
antibiotic therapy, gastrointestinal disease, or major dietary changes—have been associated
with altered pharmacokinetics of CYP3A4 substrates [258,259]. From a practical perspec-
tive, these findings underscore the importance of incorporating recent antibiotic exposure,
gastrointestinal disorders, usual dietary patterns (including high fiber intake), and probiotic
or supplement use into medication reviews. For instance, antibiotic-induced microbiota
changes have been linked to disrupted drug metabolism and may warrant temporary
dose adjustment or closer therapeutic drug monitoring [260]. While routine microbiome
profiling is not yet standard practice, integrating microbiota-related considerations with
pharmacogenetic data may better predict variable drug exposure, prevent adverse effects,
and optimize therapeutic outcomes.

In conclusion, there is substantial evidence supporting the clinical utility of CYP3A4
genotyping, particularly for alleles 22, 1B, 1G, and 4, in optimizing the use of statins,
especially simvastatin and atorvastatin. Dietary components such as GFJ, myricetin, or
curcumin should be carefully evaluated in genetically predisposed individuals to avoid
pharmacokinetic interactions. Although evidence on oral antidiabetic drugs is more lim-
ited, special attention is warranted when agents such as saxagliptin or glyburide are co-
administered with dietary or pharmacological modulators. Overall, these insights support
the implementation of pharmacogenetic testing, dietary screening, and patient education
as part of routine clinical care to reduce adverse effects and enhance therapeutic efficacy.

8. Conclusions
The evidence reviewed highlights that dietary modulation of CYP3A4 is a complex,

multifactorial process with important clinical implications for the safety and efficacy of
commonly prescribed statins and antidiabetic drugs. A wide range of dietary constituents,
including citrus furanocoumarins, polyphenols, vitamins, and herbal extracts, can inhibit or
induce CYP3A4 activity through mechanisms involving direct enzyme interaction, nuclear
receptor activation, and epigenetic regulation. These effects are further modulated by
genetic polymorphisms, interindividual microbiota profiles, and the nutritional context
in which these compounds are consumed. Such variability contributes to unpredictable
changes in drug bioavailability, especially for drugs with a narrow therapeutic window
or high first-pass metabolism. Importantly, while some food–drug interactions are well
recognized (e.g., GFJ), others remain underappreciated in clinical practice despite growing
mechanistic and experimental evidence. Given the increasing use of polypharmacy and
dietary supplements, a more proactive approach is warranted to identify patients at risk
and to implement preventive strategies. This may include patient education, careful drug
selection, and closer monitoring when initiating or discontinuing CYP3A4-modulating
dietary components. Future studies should prioritize integrated models that account for
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genetics, diet, microbiome, and lifestyle factors to support personalized drug therapy
and minimize adverse interactions. Ultimately, bridging pharmacokinetics with nutrition
science may offer new opportunities for precision medicine in chronic disease management.
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