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ABSTRACT

Drug interactions mediated by food, supplements, and smoking are
classified as pharmacokinetic interactions (PKDIs) and pharmacodynamic
interactions (PDDIs). The interaction between warfarin and natto
exemplifies a PDDI, as vitamin K synthesized by fermenting bacteria in
natto attenuates anticoagulant efficacy, with a delayed onset and
prolonged duration of effect. Grapefruit juice—drug interactions are well
characterized and are primarily mediated by irreversible, mechanism-
based inhibition of intestinal cytochrome P450 3A4 (CYP3A4) by certain
constituents of grapefruit juice. This interaction results in several fold
increases in the area under the concentration—time curve (AUC) and
maximum plasma concentration (Cmax) of CYP3A4 substrates, such as
felodipine. Furthermore, grapefruit juice inhibits intestinal organic anion
transporting polypeptides (OATP) 1A2 mediated uptake, thereby
decreasing exposure to drugs such as fexofenadine. Similarly, other fruit
juices, including orange and apple juices, reduce drug absorption by
inhibiting intestinal OATPs using their constituent compounds. Green tea
significantly reduces exposure to substrate drugs via competitive inhibition
of intestinal OATP1A2 by epigallocatechin gallate (EGCG), a green tea
constituent. St John’s wort induces CYP3A4 and P-glycoprotein (P-gp) via
activation of the pregnane X receptor by its principal active constituent,
substantially reducing plasma concentrations of drugs that are substrates
of CYP3A4 and P-gp. Garlic supplements exhibit antiplatelet properties
and can cause PDDIs by suppressing platelet aggregation through the
modulation of key pathways involved in platelet activation. They are also
known to produce PKDIs with HIV-1 protease inhibitors. Cigarette smoking
contributes to clinically meaningful interactions, as smokers often exhibit
reduced plasma concentrations of drugs that are CYPTA2 substrates,
leading to attenuated therapeutic effects and increased toxicity. In
oncology, smokers receiving taxanes, gemcitabine, or irinotecan often
demonstrate reduced hematologic toxicity, which reflects diminished
antitumor efficacy. Collectively, these examples highlight the diverse
mechanisms, temporal characteristics, and clinical implications of food,
supplement, and smoking-mediated drug interactions.
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Introduction

The number of medicines currently approved for
therapeutic use worldwide is estimated to be
approximately 4,800." Ensuring the efficacy and safety
of these agents is a fundamental responsibility of
healthcare professionals. Even when medications are
prescribed and administered appropriately, unexpected
adverse effects and diminished therapeutic responses
may occur. Among the various contributing factors, drug—
drug and food—drug interactions represent important
and often under-recognized sources of variability in
therapeutic outcomes.

Food—drug interactions are frequently insufficiently
documented in package inserts, and clinically relevant
information is not always readily available. Moreover,
even when such interactions occur, changes in drug
exposure are rarely verified via therapeutic drug
monitoring, raising the possibility that clinically
meaningful interactions may be undetected. The potential
for encountering previously unrecognized interactions
further complicates clinical decision-making.

Grapefruit juice—drug interactions are widely known, and
many involve enhanced drug effects due to the inhibition
of drug-metabolizing enzymes. Conversely, reduced
drug efficacy may result from the inhibition of intestinal
drug-transporting proteins, illustrating the diverse
mechanisms through which food components can alter
pharmacokinetics. Understanding these mechanisms can
provide valuable insights into the onset, duration, and
magnitude of interaction effects. This, in turn, can improve
the ability to anticipate and manage interactions in
clinical practice.

Food—drug interactions may occur when constituents
present in foods influence metabolic enzymes or
transporters, thereby altering the exposure of co-
administered medications, or when they modify
pharmacological responses through shared or distinct
mechanisms of action. However, because some food—drug
interactions remain mechanistically unexplained, it is not
feasible to provide an exhaustive list of all the potential
interactions. In this review, we focus on the interactions
between medications and commonly  consumed
beverages, dietary supplements, and lifestyle-related
substances, for which the underlying mechanisms have
been characterized. We summarize the available
evidence and discuss how healthcare professionals can
recognize, evaluate, and interpret these interactions
when they encounter them in clinical practice.

Pharmacokinetic Interactions and

Pharmacodynamic Interactions

Drug interactions are classified into pharmacokinetic
(PKDIs) and pharmacodynamic (PDDIs) interactions. PKDIs
occur when a concomitant drug (or dietary component)
affects another drug during its absorption, distribution,
metabolism, or excretion, thereby altering drug
concentrations at the site of action and consequently

enhancing or diminishing the therapeutic effects. These
interactions include chemical effects on xenobiotic-
metabolizing enzymes and transporters that determine
the time course of the concentration of one or both
chemicals in the body.

In contrast, PDDIs occur when a concomitant drug (or
dietary component) with similar pharmacological activity
produces additive or synergistic effects or when a
concomitant drug (or dietary component) with opposing
pharmacological effects reduces the pharmacological
response. Predicting pharmacodynamic interactions and
their clinical consequences requires identifying the
biological sites and mechanisms of action of both
substances and  determining  whether  sufficient
concentrations are achieved at the sites of action.2

When the time to onset, duration, and magnitude of an
interaction can be anticipated, the interaction can be
avoided, or its impact can be minimized. Pharmacokinetic
interactions are relatively straightforward to predict and
manage because they are typically accompanied by
measurable changes in pharmacokinetic parameters,
including the area under the concentration—time curve
(AUC) and maximum plasma concentration (Cmax). In
contrast, PDDIs arise from diverse mechanisms and
causes, making them difficult to predict and challenging
to manage.

The principles used to evaluate drug—drug interactions
should also be applied when identifying potential
supplement-induced interactions with other bioactive
compounds, including foods, beverages, and other
dietary supplement ingredients.

Natto—=Warfarin Interaction: Mechanistic Features of
Pharmacodynamic Interactions

Natto is a traditional Japanese fermented soybean
product produced using Bacillus subtilis var. natto. In
addition, B.  subtilis var. natto synthesizes vitamin K.
Natto, therefore, contains high concentrations of this
vitamin, and bacteria reaching the intestine after
ingestion can continue producing vitamin K in vivo,
resulting in elevated plasma vitamin K levels that may
persist for several days.3

The interaction between warfarin and natto exemplifies
a PDDI that is difficult to predict. Warfarin exerts its
anticoagulant effect by interfering with the cyclic
interconversion of vitamin K and its 2,3-epoxide (vitamin
K epoxide) through inhibition of vitamin K epoxide
reductase, thereby limiting the y-carboxylation of vitamin
K—dependent coagulation proteins.4

Consequently, the simultaneous consumption of warfarin
and natto can substantially attenuate the anticoagulant
efficacy of warfarin. Notably, the interaction become
apparent only after several days, persisted for several
days, and is observed exclusively in vivo (Figure 1).
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FIGURE 1: This diagram illustrates the site of action of warfarin and the mechanism of natto for counteracting its
anticoagulant effect. In the liver, coagulation factors Il, VII, IX, and X require vitamin K—dependent y-carboxylation for
activation. Warfarin primarily exerts its anticoagulant effect by inhibiting vitamin K epoxide reductase, thereby
preventing the regeneration of reduced vitamin K and disrupting the vitamin K cycle. This interruption suppresses the
activation of vitamin K—dependent coagulation factors. The consumption of natto, which produces high levels of vitamin
K, can negate the anticoagulant effect of warfarin in vivo. Although this antagonistic effect is substantial, it appears with

a time lag and is observed only in vivo.47

Grapefruit Juice -Mediated Interactions
Involving Cytochrome P450 3A4
Drug-Metabolizing Enzyme

-grapefruit juice—drug interactions-

Grapefruit juice—drug interactions involving the metabolic
enzyme cytochrome P450 3A4 (CYP3A4) are widely
recognized and well-characterized. CYP3A4 s
expressed in the apical enterocytes of the small intestine
and hepatocytes in the liver. Cytochrome P450 enzymes,
particularly CYP3A4, participate in the metabolism of
approximately half of all clinically used drugs, including
calcium channel blockers, statins, immune-suppressants,
benzodiazepines, and antihistamines.8. ¢  These
interactions were initially identified in an interventional
study by Bailey et al, which investigated the
hemodynamic interaction between ethanol and
felodipine. White grapefruit juice was incidentally used
to mask the taste of ethanol, leading to the unexpected
identification of a potential interaction.’© A decade later,
Bailey et al. published a comprehensive review
describing grapefruit juice—drug interactions.!!

Co-administration of felodipine with grapefruit juice
showed a pronounced interaction, increasing Cmax by
several-fold compared with administration with water,
enhancing the hemodynamic effects of felodipine and
resulting in clinically relevant adverse events.'2-17

A total of 5 days of grapefruit juice consumption did not
alter hepatic CYP3A4 activity but reduced CYP3A4
protein content in small-bowel enterocytes by a mean of
62%, which was associated with more than 3-fold and
5-fold increases in the AUC and Cmax of felodipine,
respectively.’® Therefore, grapefruit juice exerts minimal
influence on hepatic CYP3A4 activity, and its
pharmacokinetic effects are generally limited to orally
administered drugs. Consequently, the interaction is
considered negligible for administration routes that
bypass intestinal absorption, including intravenous
dosing.’? However, ingestion of large quantities of
grapefruit juice (double-strength grapefruit juice, 240 mL
thrice daily for a total of 9 administrations) inhibited
CYP3A4 not only in the intestine but also in the liver,
resulting in prolongation of the elimination half-life.20
These findings suggest that high grapefruit juice intake
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may modulate drug disposition even when drugs are
administered via non-oral routes.

The magnitude of grapefruit—drug interactions varies
among agents of the same pharmacological class. For
example, among dihydropyridine calcium channel
blockers, co-administration with grapefruit juice
increased drug Cmax by a mean of 406% (range, 107—-
836%) for nisoldipine, whereas the increase for
amlodipine was 115% (79-165%) relative to
administration with water.21:22  This difference s
explained by the fact that dihydropyridine agents with
low intrinsic oral bioavailability exhibit greater
interaction magnitude with grapefruit juice than agents
with higher oral bioavailability. The oral bioavailability
of amlodipine and nisoldipine is approximately 60 and
5%, respectively.23 24 Amlodipine undergoes less first-
pass metabolism than other dihydropyridines, which
partly explains its more stable pharmacokinetic profile.23
In addition, amlodipine exhibits high tissue affinity and
undergoes slow absorption and distribution, resulting in
a time to maximum concentration of 6—12 h, and its
pharmacokinetics are largely unaffected by food intake.
In contrast, the CYP3A4-inhibitory constituents of
grapefruit juice undergo glucuronidation after ingestion,
with a reported median onset of glucuronide excretion
approximately 2 h after the administration of these
compounds. These pharmacokinetic differences likely
contribute to the minimal effect of grapefruit juice on
amlodipine.?2

Notably, grapefruit juice—drug interactions involving
drugs with low oral bioavailability exhibit substantial
inter-individual variability. Some patients experience
pronounced effects, whereas others show minimal or no
responses. CYP3A4 content in the small intestine varies by
at least 10-fold among individuals, and because
grapefruit juice—drug interactions involve reductions in
CYP3A4 protein levels, this variability directly influences
the magnitude of the interaction.25 Consistent with this
mechanism,  reductions in  enterocyte  CYP3A4
concentrations after 5 days of grapefruit juice ingestion
correlate with increases in Cmax of felodipine.'8

-temporal characteristics of the grapefruit juice—drug
interactions-

Several studies have described the temporal onset and
duration of grapefruit juice—drug interactions. Lundahl et
al. investigated increases in the Cmax and AUC of
felodipine when 200 mL of grapefruit juice was
administered at different intervals before felodipine
dosing. When felodipine was administered concurrently
with grapefruit juice (O h interval) or after a 4 h interval,
the AUC increased by approximately 45% compared to
that in the control group. As the dosing interval increased,
the interaction gradually diminished, resulting in a 25%

increase at a 10 h interval. Even at a 24 h interval, Cmax
remained significantly elevated by 32%.2¢ These findings
demonstrate that the interaction occurs immediately after
co-administration and that the effect of grapefruit juice
persists for at least 24 h. In another study, the
consumption of one glass (8 oz) of grapefruit juice
increased the AUC and Cmax of the drug by 225 and
216%, respectively, compared with the control. When the
same amount of grapefruit juice was consumed three
times daily for five consecutive days, the AUC and Cmax
increased by an additional 34 and 44%, respectively,
beyond the values observed after a single ingestion.!8
Grapefruit juice intake is accompanied by a reduction in
enterocyte CYP3A4 protein levels, indicating that
grapefruit juice acts as an irreversible mechanism-based
inhibitor of CYP3A in humans.?”

-constituents of grapefruit responsible for drug
interactions-

Furanocoumarins and flavonoids are the key constituents
responsible for grapefruit juice—drug interactions. The
furanocoumarins  present in  grapefruit  include
bergamottin, 6',7’-dihydroxybergamottin, 6',7’-
epoxybergamottin, and the dimers parasihin A, parasihin
B, and parasihin C (Figure 2). Flavonoid constituents
include glycosides such as naringin and hesperidin.27. 28
Two independent investigations examined the active
constituents by separating grapefruit juice samples into
precipitate and supernatant fractions by centrifugation
and comparing their respective components. The
precipitate fraction contained bergamottin, 6’,7’-
epoxybergamottin, paradisin A, and paradisin B,
whereas the supernatant fraction predominantly
contained 6’,7’-dihydroxybergamottin and naringin.
When constituents from each fraction were evaluated for
their capacity to increase AUC and Cmax in healthy
volunteers or to inhibit CYP3A4 activity, the precipitate
fraction consistently exerted stronger effects than the
supernatant.?”  Although naringin is an abundant
constituent of grapefruit juice, it is unlikely to contribute
substantially to CYP3A4 inhibition.2%. 3 Among the
furanocoumarins, the dimeric species are markedly
stronger inhibitors of CYP3A4 activity than their
monomeric counterparts. The inhibitory potency of
grapefruit juice samples also tends to increase with higher
total furanocoumarin content (Figure 2).27

Other citrus fruits besides grapefruit, including sweetie
(Oroblanco), pomelo, sour orange, and Seville orange,
also contain multiple furanocoumarins that may act
synergistically to produce interactions with CYP3A4
substrate drugs.?: 3! In addition, Banpeiyu, Hassaku
orange, and Kumquat, which are commonly consumed in
Japan, exhibit inhibitory activity toward CYP3A4 in
vitro.32
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FIGURE 2: Furanocoumarin constituents related to grapefruit—drug interactions.
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Grapefruit Juice and Other Beverage-
Mediated Interactions Involving Organic
Anion-Transporting Polypeptide
Transports

-grapefruit juice—fexofenadine-

As discussed above, grapefruit juice acts as an
irreversible mechanism-based inhibitor of human CYP3A,
thereby increasing the bioavailability of CYP3A
substrate drugs. In contrast, grapefruit juice intake
decreased the AUC of fexofenadine by approximately
55% compared to that of water.33 They also reported
the effects of the particle fraction obtained from
centrifuged grapefruit juice, which increases the AUC of
felodipine through CYP3A4 inhibition34 and naringin, a
major constituent of grapefruit juice. The AUC values for
the particle fraction and naringin were 97 and 75%,
respectively. Furthermore, in a [3H]-fexofenadine uptake
assay using Hela cells transiently expressing the uptake
transporter organic anion-transporting polypeptide
(OATP) 1A2, naringin inhibited uptake to a degree
similar to that of verapamil, a positive control for
OATP1A2 inhibition (ICs¢: verapamil, 2.6 UM; naringin,

Maringin

3.6 PM). These findings indicate that the interaction
between grapefruit juice and fexofenadine results from
the inhibition of OATP1A2-mediated fexofenadine
uptake by naringin present in grapefruit juice.

-fruit juices (other than grapefruit juice)-fexofenadine-
Dresser et al. examined interactions between
fexofenadine and other fruit juices, including orange and
apple juices. Similar to grapefruit juice, co-administration
of orange or apple juice decreased the AUC, urinary
excretion, and Cmax of fexofenadine by approximately
20-40% relative to water. Consistent with these findings,
[4C]-fexofenadine uptake in OATP-expressing cells was
markedly reduced by 20-fold-diluted grapefruit,
orange, and apple juices.35

The major bioactive constituents of fruit juices include
naringin, hesperetin, phloridzin (a glucoside), phloretin
(an aglycone), hesperidin, and quercetin. Naringin,
hesperidin, and quercetin are flavonoids, whereas

phloridzin and phloretin are dihydrochalcones, all belong
to the polyphenol class (Figure 3).3¢

4UNe

Phloretin

O

Phloridzin

FIGURE 3: Constituents of fruit juices related to intestinal OATP-mediated interactions. Grapefruit and orange juices
contain high levels of naringin and hesperidin, respectively. Apple juice contains a mixture of phloridzin, phloretin,
hesperidin, and quercetin, which collectively contribute to these interactions.36
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-green tea—nadolol -

Misaka S. and colleagues reported an OATP1A2-
mediated interaction between green tea and nadolol, a
B-adrenergic receptor blocker. After 14 days of green
tea consumption (700 mL/day), the administration of a
single 30-mg nadolol tablet produced marked reductions
in nadolol exposure, with AUC and Cmax decreasing to
14.7 and 15.0%, respectively, relative to water intake.
In  vitro [3H]-nadolol uptake assays using human
embryonic kidney 293 (HEK293) cells stably expressing
OATPTA2 or OATP2B1, nadolol was identified as a
substrate of OATPTA2 but not OATP2B1. Furthermore,
epigallocatechin gallate (EGCG), a major flavan-3-ol
constituent of green teaq, inhibited OATP1A2-mediated
[3H]-nadolol uptake in a concentration-dependent
manner, with an ICsy of 37.3 uM. Because the
concentration of EGCG in green tea is typically
approximately 1,000 puM, EGCG present in the
beverage could inhibit OATP1A2-mediated nadolol
uptake in enterocytes even after up to a 27-fold dilution
by gastrointestinal fluids.3”

-epigallocatechin gallate-mediated inhibition of the
transport function of intestinal organic anion-
transporting polypeptides -

Abe et al. conducted inhibition kinetic analyses using
Dixon plots with multiple concentrations of nadolol as a
substrate for OATP1A2 to characterize the inhibitory
mechanism of EGCG. EGCG competitively inhibited
OATP1A2-mediated uptake of nadolol with a Ki value of
19.4 uM.38 Hence, EGCG may also act as a substrate for
OATP1A2. Consistent with this interpretation, EGCG is
transported by OATP1A2 with a Km value of 18.8 pM.39
In contrast, Misaka et al. reported a Km value of 84.3
MM for OATPT1A2-mediated transport of nadolol, which
is more than four-fold higher than that of EGCG.37 Thus,
EGCG exhibits a substantially higher affinity for
OATP1A2 than nadolol. This higher affinity, together with
the competitive inhibition of OATP1A2, is consistent with
the marked reduction in nadolol plasma concentrations to
approximately 15% when green tea is co-administered,
as described above.3”

Because OATP1A2 and OATP2B1 are localized on the
apical membrane of enterocytes49, interactions among
orally administered substrates are likely to occur at high
local concentrations at these transporter sites, producing
direct and substantial effects. Epigallocatechin gallate
inhibits both OATP1A2 and OATP2B1 in vitro.37. 39
Accordingly, drugs that are substrates of both OATP1A2
and OATP2B1, such as fexofenadine40-42 celiprolol43 44
and aliskiren,5: 46 are expected to exhibit pronounced
interactions when co-administered with green tea.

Evidence supporting this prediction has been reported for
celiprolol. We previously demonstrated that green tea
consumption markedly reduced the AUC and urinary
excretion of celiprolol by 98.6 and 98.0%, respectively,
compared with water. A plausible explanation for the
near elimination of celiprolol exposure is that green tea
components, most likely EGCG, act as substrates for
intestinal OATP1A2 and OATP2B1 with a higher affinity
than celiprolol. EGCG may therefore be preferentially
transported by these intestinal OATPs, resulting in strong
inhibition of celiprolol uptake and absorption.4”

-temporal characteristics of the intestinal organic
anion-transporting polypeptide-mediated interactions-
Intestinal OATP-mediated interactions occur at the apical
membrane of enterocytes in the small intestine, where
OATP1A2 and OATP2B1 are expressed.40. 48 When a
substrate drug for these transporters and another
compound with a higher transporter affinity are present
simultaneously at this site, the drug substrate is likely to
undergo competitive inhibition, resulting in reduced
uptake (absorption).

Dolton et al. clearly described the characteristics of
CYP3A4-mediated interactions induced by grapefruit
juice and those of intestinal OATP-mediated interactions
caused by fruit juices.#? Interactions between grapefruit
juice and CYP3A4 substrates occur through an
irreversible mechanism in which CYP3A4 protein in small
intestinal enterocytes is reduced without corresponding
changes in CYP3A4 mRNA expression. For some drugs,
the magnitude of this interaction decreases gradually
over several days.>0 In contrast, interactions mediated by
grapefruit juice through intestinal OATPs do not result
from reductions in transporter protein levels but from the
inhibition of transporter-mediated uptake. Glaeser et al.
reported that duodenal biopsy samples obtained 1-2 h
after grapefruit juice ingestion showed no significant
differences in OATP1A2 protein or SLCOTA2 mRNA
levels compared with those observed after water
ingestion. However, systemic exposure to fexofenadine,
an OATP1A2 substrate, decreased by approximately
half when co-administered with grapefruit juice
compared to that with water. Notably, the inhibition of
OATPs by grapefruit juice resolved more rapidly than the
inhibition of CYP3A4 caused by grapefruit juice. These
findings indicate that grapefruit juice=mediated OATP
interactions may be avoided by separating medication
and juice intake by at least 4 h.4?

Interactions mediated by intestinal OATPs
(OATP1A2/2B1) can have direct and substantial effects
because they occur at the apical membrane of small
intestinal enterocytes, where locally high concentrations
of co-administered compounds are achieved. However,
the current drug interaction guidelines issued by major
regulatory authorities—including the Food and Drug
Administration (FDA), European Medicines Agency (EMA),
and Pharmaceuticals and Medical Devices Agency
(PMDA)—primarily address hepatic uptake transporters,
such as OATP1B1 and OATPI1B3, whereas intestinal
transporters, such as OATP1A2 and OATP2B1, are not
specifically addressed. Consequently, clinical awareness
of intestinal OATP-mediated interactions remains limited
in current medical practice.>1-54

St John’s Wort

-St John’s Wort—drug interactions-

St John’s wort is widely used as an herbal medicine for
the management of mild to moderate depressive
episodes. In a systematic review, Linde et al. summarized
the evidence from placebo-controlled trials and
comparisons with conventional antidepressants. Among
placebo-controlled studies, notable differences were
observed between large and small trials: in nine large
trials, the response rate ratio (RR) for St John’s wort
extracts compared with placebo was 1.28 (95% Cl,
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1.10-1.49), whereas in nine smaller trials, the RR was
1.87 (95% Cl, 1.22-2.87). In contrast, trials comparing
St John’s wort extract with conventional antidepressants
showed statistical homogeneity. Compared with tricyclic
or tetracyclic antidepressants and selective serotonin
reuptake inhibitors (SSRIs), the corresponding RRs were
1.02 (95% Cl, 0.90-1.15; five trials) and 1.00 (95% Cl,
0.90-1.11; 12 trials), respectively. Notably, treatment
discontinuation due to adverse effects occurred less
frequently in patients receiving St John's wort extract
than in those receiving conventional antidepressants.55
While St John's wort is marketed as a dietary supplement
in many countries, standardized dry extract formulations
are used as phytomedicine-regulated medicinal products
to treat mild-to-moderate depressive episodes.5¢

However, the principal concern with St John’s wort is the
reduction in the therapeutic efficacy of concomitant
medications caused by drug interactions. In 2000, the
European Medicines Evaluation Agency (EMEA) issued a
Public Statement warning of interactions between St
John’s wort products and indinavir, noting that
subtherapeutic plasma concentrations of indinavir may
lead to antiretroviral resistance and treatment failure,
with serious clinical consequences for patients with HIV-1
infection.5”

-clinical reports and insights on St John’s Wort—drug
interactions-

As highlighted in the aforementioned Public Statement,
these interactions are largely attributed to the induction
of the cytochrome P450 isoenzyme CYP3A4 by St John's
wort. St John’s wort has also been shown to induce the
efflux transporter P-glycoprotein (P-gp).58-60
Consequently, drugs that are substrates of CYP3A4
and/or P-gp are susceptible to interactions with St John’s
wort, leading to decreased systemic exposure.

In a clinical intervention study involving renal transplant
recipients receiving tacrolimus or cyclosporine A, the
administration of St John’s wort extract for 14 days
resulted in marked reductions in drug exposure. For
tacrolimus, the dose required to maintain therapeutic
concentrations increased from 4.5 to 8.0 mg/day,
corresponding to a 58% reduction in the dose-corrected
AUC. For cyclosporine A, increasing the dose from 2.7 to
4.2 mg/kg/day was accompanied by a 41% reduction
in dose-corrected AUC.®!

The study also evaluated the pharmacokinetic changes in
five cyclosporine A metabolites (AM1, AM1C, AM9,
AM19, and AM4N) after St John’s wort administration.
The metabolites displayed two distinct patterns of
distribution. In the uncorrected data, the AUCs of AM1
and AMTC decreased by 35-40%, whereas those of
AM9, AM19, and AM4N increased by 20-51%.
Cyclosporine A and its metabolites are primarily
eliminated via biliary excretion, a process strongly
influenced by P-gp—mediated transport.62-¢4 These
differences likely reflect variations in metabolite affinity
for P-gp. Metabolites with a high affinity for P-gp are
expected to undergo enhanced biliary excretion and
reduced enterohepatic recirculation, resulting in lower
plasma concentrations (AM1 and AMI1C). In contrast,
metabolites that are weaker P-gp substrates are more

strongly influenced by CYP3A4 induction by St John’s
wort, leading to increased plasma concentrations (AM9,
AM19, and AM4N).%5

-mechanisms and extent of St John’s Wort—-mediated
drug interactions-

Moore et al. investigated the pregnane X receptor (PXR),
a principal regulator of CYP3A4 transcription belonging
to the steroid/thyroid hormone nuclear receptor family,
using human hepatocytes transfected with PXR and
provided clear evidence for the mechanism by which St
John's wort induces CYP3A4. Hyperforin, the principal
active constituent of St John's wort, binds to PXR in
competitive ligand-binding assays and exhibits potent
PXR activation (ECs9 = 23 nM), exceeding that of the
established PXR agonist rifampicin. Through this strong
PXR activation, hyperforin induces CYP3A4 transcription.
According to Biber et al., a single dose of standardized
St John’s wort extract (300 mg) produced a peak plasma
hyperforin concentration of 285 nM, whereas steady-
state concentrations reached approximately 480 nM
after repeated administration of 300 mg three times
daily for eight days.¢ On the basis of these findings, the
authors concluded that St John’s wort activates PXR in
humans.8

The magnitude of CYP3A4 induction associated with St
John’s wort can be contextualized by comparing it with
classical CYP3A4 inducers, such as rifampin and
carbamazepine. St John’s wort reduced the elimination
half-life of alprazolam from 12.4 to 6.0 h. By
comparison, carbamazepine reduced the half-life from
17.1 to 7.7 h, whereas rifampin produced a more
pronounced reduction from 14.1 to 2.6 h.67-69

St John’s wort induces the expression of both CYP3A4
and P-gp.7972 In addition, PXR activation has been shown
fo induce P-gp expression.”3: 74 Because P-gp and
CYP3A4 exhibit distinct but overlapping substrate
profiles, the magnitude of clinically relevant interactions
depends on whether a drug is predominantly transported
by P-gp, metabolized by CYP3A4, or subject to both
pathways.”5 Tacrolimus and cyclosporine A are substrates
of both CYP3A4 and P-gp, and the observed interactions
are therefore presumed to involve contributions from both
mechanisms. However, the relative contribution of each
pathway may vary depending on the drug involved,
inter-individual variability, and underlying disease
states.61. 65

Garlic Supplements

-garlic supplements and interactions with conventional
medications-

Garlic, a nutraceutical herb rich in  organosulfur
compounds, has been consumed since ancient times for its
health-promoting properties.”¢78 These organosulfur
compounds are responsible for the characteristic taste
and odor of garlic and play a central role in mediating
its pharmacological effects.”?.80 Garlic has demonstrated
preventive and therapeutic potential against a broad
spectrum of non-communicable diseases—including
cancer, cardiovascular diseases, metabolic disorders,
hypertension, and diabetes—through mechanisms
involving antioxidant, anti-inflammatory, and lipid-
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lowering activities, as demonstrated in numerous in
vitro, in vivo, and clinical studies.8!

-garlic supplement—-mediated pharmacodynamic drug
interactions-

Among the various health benefits of garlic, particular
attention has been directed toward its effects on
cardiovascular diseases. Current evidence indicates that
garlic exerts beneficial effects on atherosclerosis,
hypertension, and diabetes, thereby contributing to a
reduced risk of myocardial infarction and ischemic
stroke.82 Garlic supplements possess antiplatelet activity
that may contribute to attenuation of cardiovascular risk
factors.”¢. 83 However, pharmacodynamic  drug
interactions (PDDIs) may be noted depending on
concomitant medications.

Using a platelet-rich plasma (PRP) assay, Steiner et al.
demonstrated that six weeks of aged garlic extract
supplementation dose-dependently suppressed platelet
aggregation induced by epinephrine, adenosine
diphosphate (ADP), and collagen, as well as platelet
adhesion to collagen, fibrinogen, and von Willebrand
factor.84 Similarly, Rahman et al. reported that platelets
obtained after 13 weeks of aged garlic extract
supplementation exhibited significant reductions in both
the total percentage and initial rate of ADP-induced
platelet aggregation. The Km value for ADP-induced
aggregation increased approximately two-fold after
supplementation.8>

Two mechanisms have been proposed to explain the
inhibitory effects of aged garlic extract on platelet
aggregation. The first mechanism involves the inhibition of
fibrinogen binding to the platelet membrane
glycoprotein GPllb/llla complex. During ADP-mediated
platelet activation in the presence of extracellular Ca?”,
the GPllb/llla heterodimer binds to fibrinogen to form
cross-links required for platelet aggregation. This
interaction is inhibited by ajoene, a garlic-derived
organosulfur compound, owing to the abundance of
sulfhydryl groups in the GPlIb/llla receptor.8¢ The second
proposed mechanism involves the modulation of
intracellular calcium signaling. Activation of platelet ADP
receptors normally increases cytosolic Ca2" levels,
promoting platelet aggregation. Because aged garlic
extract  supplementation  inhibited = ADP-induced
aggregation in this study, the extract may also interfere
with the ADP-mediated increase in intracellular Ca2*.85
Indeed, garlic has been suggested to suppress
intracellular Ca2* mobilization in platelets either by
inhibiting Ca2" influx through chelation within the platelet
cytosol or by modulating other intracellular second-
messenger pathways.8”

Therefore, garlic supplementation may contribute to a
reduction in cardiovascular risk factors. However, in
patients receiving antiplatelet therapy, prolonged garlic
supplementation may potentiate antiplatelet activity and
increase the risk of bleeding.

A review of the literature indicates that garlic intake
predisposes patients to pathological bleeding, and a
recent systematic review provided strong evidence that

garlic consumption increases the risk of surgical
bleeding.88-90 Although concomitant use of garlic with
warfarin did not increase prothrombin time—international
normalized ratio (PT-INR) values, garlic significantly
reduced platelet aggregation, a pharmacodynamic
effect that may directly increase the bleeding risk.!
Numerous in vitro studies and case reports also indicate
that garlic can directly promote bleeding. Consequently,
PDDIs between garlic supplements and antiplatelet
agents such as aspirin may markedly potentiate
antiplatelet effects and increase the risk of clinically
significant bleeding.92-99

-garlic supplement-mediated pharmacokinetic
interactions-

Garlic supplements have also been reported to affect
drug metabolism and transport, particularly in the case
of HIV-1 protease inhibitors. In a study involving ten
healthy volunteers, the administration of garlic extract
capsules (600 mg twice daily; 1,200 mg/day) for 21
days reduced the AUC of saquinavir by 51%. In addition,
the maximum (Cmax) and trough (Ctrough) plasma
concentrations decreased by 54 and 49%, respectively.
Notably, even 10 days after discontinuation of garlic
supplementation, the AUC and Cmax of saquinavir
recovered only to 60-70% of their baseline levels,
suggesting a sustained effect. The authors proposed that
this interaction may involve the induction of CYP3A4,
resulting in the enhanced metabolism of saquinavir.
However, because saquinavir is also a known substrate
of P-gp, a contribution from P-gp induction cannot be
excluded.100

Hajda et al. reported that 21 days of garlic extract
administration in healthy volunteers did not alter intestinal
CYP3A4 protein levels or hepatic CYP3A4 activity, but
increased intestinal P-gp expression by approximately
30%. In addition, although the bioavailability of
saquinavir decreased after garlic extract administration,
the bioavailability of simvastatin, a known CYP3A4
substrate, remained unchanged. These findings suggest
that the altered pharmacokinetics of saquinavir may
primarily result from upregulation of intestinal P-gp
rather than induction of CYP3A4.101

In contrast to the pronounced interaction observed with
saquinavir, a study in healthy volunteers evaluated the
pharmacokinetics of ritonavir after a single dose was
administered following four days of garlic extract intake.
The AUC of ritonavir decreased by 17%, although this
reduction was not statistically significant. Ritonavir
undergoes CYP3A4 autoinduction during the first two
weeks of therapy; therefore, any induction of P-gp or
CYP3A4 caused by garlic intake may have been offset
by this autoinduction. These findings suggest that multiple
overlapping mechanisms may contribute to the interaction
and therefore require cautious interpretation.102

Taken together, these observations indicate that the
interaction profile of ritonavir during short-term garlic
exposure is difficult to interpret because of the presence
of several counteracting mechanisms. Therefore, studies
conducted under steady-state ritonavir conditions and
longer garlic exposure periods are required to clarify the
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potential influence of garlic on ritonavir

pharmacokinetics.

Although garlic supplements have been suggested to
induce CYP3A4 and/or P-gp activity, the clinical
evidence for pharmacokinetic drug interactions involving
medications other than HIV-1 protease inhibitors remains
limited.83, 103-107

Cigarette Smoking

-current status of tobacco use and associated health
impact-

Cigarette smoke adversely affects human health.
Tobacco use remains one of the most significant global
public health threats. The World Health Organization
(WHO) characterizes tobacco-related deaths as those
attributable to active smoking, secondhand smoke
exposure, and the use of tobacco products. According to
WHO estimates, more than eight million deaths occur
annually worldwide.'98 Although substantial regional
variation exists, deaths attributable to smoking were
estimated to account for approximately 9.7% of all
global deaths in 2023.79? Tobacco use is more prevalent
in men than in women. According to a WHO report (Status
of Tobacco Use in the Region), the prevalence of smoking
in the WHO European Region in 2025 is estimated to be
30.6% among men and 18.2% among women. Smoking-
attributable mortality also shows marked sex differences;
among men, smoking accounts for 27% of deaths from
non-communicable diseases (NCDs), 25% of deaths from
cardiovascular diseases, and 37% of cancer deaths,
whereas the corresponding proportions among women
are 10, 8, and 15%, respectively. These figures indicate
that reducing the smoking prevalence would directly
contribute to lowering mortality from major disease
categories. Furthermore, tobacco control is positioned as
a key strategy for achieving the global target—
endorsed at the 2013 World Health Assembly—of
“reducing premature mortality from NCDs by 25% by the
year 2025."101

-clinical evidence and mechanistic insights into drug
interactions caused by cigarette smoking-

Cigarette smoking remains a major public health concern
because of its extensive adverse effects. Accumulating
evidence indicates that smoking alters the efficacy and
pharmacokinetics of conventional medications. Therefore,
this section examines the mechanistic basis of smoking-
related drug interactions and their clinical implications.
Cigarette smoke contains numerous harmful chemical
constituents, including acetone, benzene, 1,3-butadiene,
carbon monoxide, heavy metals, nicotine, and pyridine,
as well as polycyclic aromatic hydrocarbons (PAHs), such
as benzo[a]pyrene, a compound with well-established
carcinogenic properties.!’!. 112 PAH metabolism involves
enzymes of the CYP1A subfamily, and multiple studies
have demonstrated that exposure to PAHs or cigarette
smoke induces CYP1A2 expression.!13-115

Theophylline, a drug widely used in the management of
chronic respiratory diseases, such as bronchial asthma
and chronic obstructive pulmonary disease, is primarily
metabolized by CYPTA2. Hunt et al. compared the
pharmacokinetics of a single oral dose of theophylline

between heavy smokers who had smoked 1-2 packs per
day for more than one year and nonsmokers with no
smoking history for at least two years. The elimination
half-life, apparent volume of distribution, and total body
clearance in heavy smokers (n = 8) were 4.31 h, 0.50
L/kg, and 100.4 mL/min/1.73 m?2, respectively, whereas
the corresponding values in nonsmokers (n = 8) were 7.03
h, 0.38 L/kg, and 44.5 mL/min/1.73 m2, respectively. All
pharmacokinetic parameters differed significantly
between the two groups. Among the eight heavy smokers,
three abstained from smoking for at least three months;
however, no appreciable changes in pharmacokinetic
parameters were observed. Conversely, three of the
eight nonsmokers had a remote smoking history (2, 5, and
6 years previously); however, their pharmacokinetic
profiles were indistinguishable from those of the other
nonsmokers. These findings suggest that normalization of
smoking-related alterations in theophylline
pharmacokinetics may require a prolonged period
ranging from several months to as long as two years.'1¢
The time course over which drug-metabolizing enzyme
activity returns to baseline after smoking cessation
remains unclear. Powell et al. reported that the mean
theophylline elimination half-life in smokers who had
abstained for two years was intermediate between that
in nonsmokers and current smokers, suggesting that
normalization of drug metabolism may require more than
two years.'7 In contrast, Piafsky et al. demonstrated that
light smokers who had abstained for at least three weeks
exhibited a theophylline half-life comparable to that of
nonsmokers.118 In Similarly, a study by Lee et al., in which
participants were hospitalized and dietary intake,
environmental exposure, and smoking behavior were
strictly controlled, showed that theophylline clearance
decreased significantly after only one week of smoking
cessation.11?

In addition to theophylline, cigarette smoking has been
reported to influence the pharmacokinetics of numerous
medications. Zanni et al. conducted a comprehensive
review examining the effects of smoking on drug
pharmacokinetics and provided important insights into
this field.'20 Their analysis showed that, compared with
nonsmokers, smokers exhibited significantly lower plasma
concentrations of several drugs, including the
antipsychotics olanzapine!?!, clozapine'??, quetiapine’?2
and risperidone’?2; the antidepressants escitalopram?23,
amitriptyline'?2, doxepin'?2, and mirtazapine'??; the
antihypertensive agent verapamil'?4; the antibiotic
metronidazole'?3; and the anticancer agents irinotecan’?2¢
and erlotinib?7.

Smoking-related alterations in drug exposure may also
affect the therapeutic outcomes. For example,
improvement in psychiatric symptoms during olanzapine
therapy has been reported to be less pronounced in
smokers than in nonsmokers.'28 In addition, hematological
toxicity associated with anticancer agents such as taxanes
(docetaxel and paclitaxel), gemcitabine, and irinotecan
has been reported to be less severe in smokers than in
nonsmokers.127, 129,130 Reduced hematological toxicity in
smokers may reflect lower systemic drug exposure, which
could potentially compromise antitumor efficacy and
increase the risk of treatment failure.
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Conclusion

Understanding the diverse mechanisms through which
foods, beverages, dietary supplements, and lifestyle
factors influence drug disposition and therapeutic
responses is essential for ensuring safe and effective
pharmacotherapy. Classic examples, such as the
attenuation of the anticoagulant effect of warfarin by
vitamin K—rich natto, illustrate the potential for profound
pharmacodynamic consequences. Grapefruit juice and
other fruit juices demonstrate how the modulation of
intestinal CYP3A4 or OATP transporters can markedly
alter systemic drug exposure. St John’s wort exemplifies
how herbal supplements can reduce therapeutic drug
concentrations through induction of CYP3A4 and P-gp.
Garlic supplements add further complexity by exerting
antiplatelet effects and potentially influencing CYP3A4
and/or P-gp expression, thereby posing both
pharmacodynamic and pharmacokinetic risks. Cigarette
smoking is an additional lifestyle factor that reduces the
plasma concentrations of CYP1A2 substrate drugs and
may attenuate both therapeutic effects and drug-related
toxicities, with implications for psychiatric and oncological
treatments.

Future perspectives include advancing the systematic
evaluation of food and supplement constituents using
standardized  experimental models, establishing

frameworks that incorporate transporter-mediated
mechanisms into interaction assessments, and developing
predictive tools that account for inter-individual
variability. Enhancing pharmacovigilance efforts and
accumulating real-world evidence are essential for
identifying interactions that have not yet been
recognized. Ultimately, enhancing both mechanistic
understanding and clinical awareness of these
interactions will contribute to safer and more effective
pharmacotherapy, enabling healthcare professionals to
anticipate risks, optimize drug therapy, and provide
evidence-based guidance to patients living in
increasingly diverse dietary and lifestyle environments.
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