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Abstract 
Diet is an important but frequently underestimated determinant of drug pharmacokinetics and therapeutic 
response. Food can influence the absorption, distribution, metabolism, and elimination of drugs through changes 
in gastrointestinal physiology, gastric pH, gastrointestinal transit, bile secretion, intestinal blood flow, drug 
solubility, transporter activity, and drug-metabolizing enzymes. The magnitude and direction of these effects 
depend on the physicochemical characteristics of the drug, pharmaceutical formulation, meal composition, 
quantity of food, timing of food intake, and individual patient characteristics. High-fat meals, for example, may 
increase the bioavailability of some poorly soluble drugs, whereas minerals and other food components can reduce 
absorption through complex formation. Certain foods and beverages, particularly grapefruit, can alter intestinal 
cytochrome P450 and transporter activity and consequently modify systemic drug exposure. Dietary vitamin K is 
clinically relevant in patients receiving warfarin, while foods containing high concentrations of tyramine may 
interact with monoamine oxidase inhibitors. Enteral nutrition can also interfere with the absorption of selected 
medications. Recent research has expanded the concept of food–drug interactions to include food texture, 
viscosity, volume, and interactions involving the gut microbiome. Regulatory agencies increasingly emphasize 
systematic assessment of food effects during drug development because changes in drug exposure can influence 
efficacy, adverse effects, and treatment safety. A comprehensive understanding of diet–drug interactions is 
therefore essential for individualized medication counseling, rational prescribing, medication safety, and 
optimization of therapeutic outcomes. 
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1. Introduction 
Drug therapy does not occur independently of 
dietary intake. Most orally administered medicines 
encounter food and gastrointestinal contents before 
reaching the systemic circulation, making diet an 
important environmental factor capable of 
modifying drug exposure. Food can alter 
gastrointestinal pH, gastric emptying, intestinal 
transit, bile secretion, gastrointestinal and hepatic 
blood flow, drug dissolution, and intestinal 
transporter and enzyme activity. These 
physiological changes can consequently influence 
the rate and extent of oral drug absorption and may 
produce clinically relevant changes in systemic drug 
exposure and therapeutic response (Kambayashi & 
Shirasaka, 2023; Shirasaka & Kambayashi, 2024). 
Recent pharmacokinetic research has further 
demonstrated that food effects depend not only on 
the nutrient composition of a meal but also on its 
physical characteristics, including meal volume, 
viscosity, fat content, and other properties, as well as 
on the physicochemical characteristics and 
formulation of the administered drug (Shirasaka & 

Kambayashi, 2024). Physiologically based 
pharmacokinetic approaches have consequently 
been explored to quantitatively predict changes in 
drug absorption under fed and fasted conditions. 
Food–drug interactions may influence 
pharmacokinetics through changes in drug release, 
absorption, distribution (Wang et al., 2025), 
metabolism, and elimination, or may produce 
pharmacodynamic interactions in which food 
modifies the clinical effect of a medicine without 
necessarily producing a proportional change in drug 
concentration (Ngcobo, 2025). Clinically 
recognized interactions include those involving 
grapefruit and other fruit juices, dairy products, 
vitamin K-containing foods, tyramine-rich foods, 
alcohol, and selected herbal products (Winkle, 
2025). Such interactions may decrease therapeutic 
effectiveness or increase drug exposure and adverse 
effects, with particular clinical importance for 
medicines with a narrow therapeutic index (Sarkar 
et al., 2023). Food constituents can also influence 
cytochrome P450 enzymes and drug transporters, 
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providing important mechanisms for alterations in 
drug bioavailability and systemic exposure 
(Kambayashi & Shirasaka, 2023). A recent 
comprehensive review further emphasized that food, 
beverages, alcohol, herbs, phytochemicals, 
nutraceuticals, and micronutrients can modify 
pharmacokinetic or pharmacodynamic responses 
and recommended comprehensive dietary 
assessment in patients who are particularly 
vulnerable to food–drug interactions (2026). 
The importance of food effects has also been 
recognized in contemporary drug-development and 
regulatory practice. The U.S. Food and Drug 
Administration (FDA) issued the final guidance 
“Assessing the Effects of Food on Drugs in INDs 
and NDAs—Clinical Pharmacology 
Considerations” in May 2026. The guidance 
recommends systematic evaluation of food effects 
for orally administered drug products during 
development to determine whether food alters drug 
absorption and to establish appropriate 
administration instructions, including whether a 
medicine should be taken with food, under fasting 
conditions, or in relation to specific meal conditions 
(U.S. Food and Drug Administration [FDA], 2026). 
The FDA further emphasizes that increases or 
decreases in drug exposure caused by food may 
affect both safety and effectiveness, highlighting the 
importance of appropriately designed food-effect 
studies in the development and labeling of orally 
administered medicines (FDA, 2026). 
2. Pharmacokinetic Basis of Food–Drug 
Interactions 
Pharmacokinetics describes the processes of 
absorption, distribution, metabolism, and 
elimination (ADME). Diet can potentially affect 
each of these processes, although absorption and 
metabolism are particularly susceptible to food-
related changes (Gangadhar et al., 2025). The 
magnitude of an interaction depends on the drug's 
physicochemical properties, formulation, dose, meal 
composition, timing of administration, and patient-
specific physiological characteristics (Assiri, 2026).  
For orally administered drugs, bioavailability is 
especially important. Food may increase or decrease 
the area under the concentration–time curve (AUC), 
maximum plasma concentration (Cmax), time to 
maximum concentration (Tmax), and sometimes the 
overall duration of drug exposure. Such changes can 
be clinically relevant when the therapeutic window 
is narrow (Bácskay et al., 2025). 
3. Effect of Food on Drug Absorption 
3.1 Gastric pH and Drug Dissolution 
Food temporarily modifies gastric pH and the 
physicochemical environment of the gastrointestinal 
tract. These changes may influence the dissolution 
and ionization of drugs, particularly compounds 
whose solubility is strongly pH-dependent. The 
presence of food can therefore either enhance or 

reduce the amount of drug available for absorption 
(Wang et al., 2025).  
Changes in gastrointestinal pH, bile acid 
concentrations, and luminal conditions can be 
especially important for poorly water-soluble drugs. 
Recent research has emphasized that the effect of 
food is closely linked to the biopharmaceutical 
properties of the drug and its formulation (Sen et al., 
2026).  
3.2 Gastric Emptying and Intestinal Transit 
Food generally modifies gastric emptying and 
intestinal transit. A substantial meal may delay 
gastric emptying and consequently delay the arrival 
of a drug at the primary site of absorption. This may 
increase Tmax without necessarily changing total 
exposure. In other circumstances, delayed transit can 
enhance dissolution or provide additional time for 
absorption (Jalleh et al., 2026). 
The relationship between food intake and absorption 
is therefore not uniform; food may produce reduced, 
delayed, increased, accelerated, or negligible 
absorption depending on the drug and formulation 
(Dunga et al., 2026).  
3.3 Influence of Dietary Fat 
Dietary fat is one of the most important nutritional 
factors affecting oral drug absorption (Liang et al., 
2026). A high-fat meal can stimulate bile secretion 
and increase the solubilization of lipophilic 
compounds (Löbenberg et al., 2026). It may 
consequently increase the bioavailability of some 
poorly water-soluble drugs. However, the effect 
varies considerably among medications (Nicolaescu 
et al., 2025). 
The FDA's current food-effect guidance 
recommends a high-fat meal as an important 
standardized condition for evaluating food effects 
during drug development because high-fat meals can 
produce substantial changes in the absorption of 
some orally administered drugs (O'Shea et al., 
2019).  
3.4 Dietary Fibre and Drug Absorption 
Dietary fibre can influence drug absorption through 
several mechanisms, including adsorption, 
increased gastrointestinal viscosity, altered transit, 
and changes in the intestinal environment. These 
effects can be particularly relevant when medicines 
are administered simultaneously with fibre-rich 
meals or supplements (Canga et al., 2010). 
The physical properties of food, including viscosity 
and volume, are increasingly being recognized as 
potentially important determinants of oral drug 
absorption. Unlike conventional food-effect studies 
that primarily focus on nutrient composition, 
emerging evidence suggests that the rheological and 
physical characteristics of meals can influence 
gastrointestinal physiology, gastric emptying, drug 
disintegration and dissolution, intestinal drug 
diffusion, and ultimately the rate and extent of drug 
absorption. In particular, increased food viscosity 
may alter gastrointestinal motility and fluid 
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movement and can interfere with the penetration of 
gastrointestinal fluids into pharmaceutical 
formulations, whereas meal volume may influence 
gastric distension, gastric emptying, and the 
gastrointestinal environment available for drug 
dissolution and absorption. These effects may vary 
according to the physicochemical properties of the 
drug and its Biopharmaceutics Classification 
System (BCS) category (Wang et al., 2025). Recent 
research has also highlighted the potential for 
incorporating food physical properties, particularly 
viscosity and volume, into physiologically based 
pharmacokinetic (PBPK) models to improve 
quantitative prediction of food-related changes in 
oral drug absorption (Wang et al., 2025). 
3.5 Minerals and Chelation 
Minerals such as calcium, magnesium, iron, and 
aluminium may interact with certain medicines 
within the gastrointestinal tract and thereby alter 
their oral absorption. A major mechanism is 
chelation, in which multivalent metal cations form 
poorly soluble or poorly absorbable complexes with 
susceptible drugs. This interaction is particularly 
important for tetracycline-class antibiotics and 
fluoroquinolones, for which calcium, magnesium, 
aluminium, iron, and other polyvalent cations can 
decrease gastrointestinal absorption and 
consequently reduce systemic drug exposure (Sarkar 
et al., 2021; Vuong et al., 2023). Experimental and 
pharmacokinetic modeling studies have further 
demonstrated that calcium, magnesium, and 
aluminium can form complexes with 
fluoroquinolones and substantially affect their 
absorption and bioavailability (Sarkar et al., 2021). 
A recent systematic review of dietary interventions 
involving macrolides and tetracyclines also 
demonstrated that food, antacids, and mineral 
supplements can modify the pharmacokinetic 
characteristics of several antibiotics, although the 
magnitude of the interaction varies according to the 
individual drug and dietary condition (Wiesner et 
al., 2024).  
Accordingly, the timing of mineral-containing 
foods, dietary supplements, antacids, and 
medications may need to be separated when 
clinically indicated. For example, regulatory 
labeling for several oral fluoroquinolones 
recommends separating administration from 
antacids containing aluminium or magnesium and 
from iron-containing products because of the 
potential for reduced antibiotic absorption. 
Similarly, FDA information for doxycycline advises 
attention to concurrent calcium-, iron-, and 
magnesium-containing products because these 
minerals can decrease drug effectiveness when taken 
too closely together (U.S. Food and Drug 
Administration [FDA], 2018). However, separation 
intervals should be drug-specific, because not every 
medicine containing a susceptible chemical group 
exhibits the same magnitude of interaction. 

4. Influence of Food on Drug Metabolism 
Diet can modify drug metabolism by affecting 
metabolic enzymes and transport proteins in the 
intestine and liver. Cytochrome P450 enzymes, 
particularly CYP3A4, are important examples. 
4.1 Grapefruit and CYP3A4 
Grapefruit and grapefruit juice are among the best-
characterized examples of food–drug interactions. 
Bioactive constituents of grapefruit, particularly 
furanocoumarins, can inhibit intestinal CYP3A4, 
thereby reducing presystemic first-pass metabolism 
and increasing the systemic exposure of susceptible 
drugs. The magnitude of this interaction varies 
according to the specific drug, grapefruit preparation 
and concentration, amount consumed, dosing 
conditions, and individual differences in intestinal 
CYP3A4 activity (Bailey et al., 1998; Hanley et al., 
2011). Current regulatory information also identifies 
grapefruit juice as an important inhibitor of CYP3A-
mediated drug metabolism, although its inhibitory 
strength can vary substantially depending on the 
preparation and dose (U.S. Food and Drug 
Administration [FDA], 2026).  
Several therapeutic classes can be affected, 
including certain statins, calcium-channel blockers, 
immunosuppressants, antiarrhythmic agents, and 
other CYP3A substrates. For example, grapefruit 
juice may increase exposure to susceptible statins 
such as simvastatin and atorvastatin and may 
consequently increase the risk of concentration-
related adverse effects. Similarly, interactions with 
certain calcium-channel blockers, 
immunosuppressants, and antiarrhythmic drugs may 
increase systemic drug exposure. However, 
grapefruit does not interact with all medicines within 
these therapeutic classes, and the magnitude of the 
interaction varies substantially among individual 
drugs (Bailey et al., 1998; FDA, 2025).  
Importantly, grapefruit may also decrease, rather 
than increase, the systemic exposure of certain drugs 
through effects on intestinal drug transporters. 
Grapefruit and other fruit juices can inhibit organic 
anion-transporting polypeptide (OATP)-mediated 
uptake of certain medicines. A well-characterized 
example is fexofenadine, for which grapefruit juice 
has been shown to reduce oral bioavailability by 
decreasing intestinal transporter-mediated drug 
uptake (Dresser et al., 2002). The FDA similarly 
notes that grapefruit juice can reduce fexofenadine 
concentrations and potentially decrease its 
therapeutic effectiveness (FDA, 2025). Thus, 
grapefruit represents an important example of how a 
single dietary component can produce opposite 
pharmacokinetic effects depending on the drug and 
the underlying metabolic or transporter pathway. 
4.2 Herbal Foods and Phytochemicals 
Herbs, spices, botanicals, and concentrated 
phytochemical preparations may influence drug-
metabolizing enzymes and transporters. Compounds 
such as curcumin, garlic-derived constituents, 
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ginseng-related compounds, and other 
phytochemicals have been investigated for their 
potential to modify pharmacokinetic or 
pharmacodynamic pathways. 
Because the concentration of active constituents can 
vary considerably between foods and commercial 
supplements, the clinical significance of individual 
interactions may differ substantially (Dillard and 
German, 2000). 
5. Role of Food in Drug Transporter Activity 
Drug transporters are membrane proteins that 
regulate the uptake, efflux, and distribution of 
medicines across the intestinal, hepatic, renal, and 
other cellular membranes, thereby contributing 
substantially to drug absorption, disposition, and 
systemic exposure. Dietary components can modify 
transporter activity through inhibition, induction, 
altered expression, or changes in transporter 
localization, potentially resulting in clinically 
relevant changes in drug bioavailability (Giacomini 
et al., 2010; Kato, 2016). Increasing evidence 
indicates that intestinal transporters, particularly 
members of the organic anion-transporting 
polypeptide (OATP) family and ATP-binding 
cassette transporters such as P-glycoprotein (P-gp), 
can contribute to food–drug interactions (Giacomini 
et al., 2010; Tamai, 2015). A systematic review of 
intestinal OATP-mediated interactions identified 
several drugs, including fexofenadine, atenolol, and 
celiprolol, as clinically relevant transporter 
substrates and demonstrated that dietary or natural 
products can inhibit intestinal OATP-mediated drug 
uptake (Izzo et al., 2017).  
Grapefruit provides an important example because 
its constituents can affect both drug-metabolizing 
enzymes and membrane transport systems. In 
addition to inhibition of intestinal CYP3A4, 
grapefruit and grapefruit juice can inhibit intestinal 
uptake transporters such as OATP1A2 and 
OATP2B1, thereby reducing the absorption of 
susceptible drugs. Fexofenadine represents a well-
characterized example: grapefruit juice has been 
shown to decrease fexofenadine exposure, an effect 
attributed primarily to inhibition of intestinal OATP-
mediated uptake (Dresser et al., 2002; Glaeser et al., 
2007). More broadly, systematic evidence indicates 
that grapefruit, apple, and orange juices can inhibit 
intestinal OATP activity and decrease the 
bioavailability of selected transporter substrates, 
although the clinical significance varies according to 
the specific drug and interaction conditions (Izzo et 
al., 2017).  
The growing understanding of transporter-mediated 
interactions has therefore expanded food–drug 
interaction research beyond the traditional focus on 
cytochrome P450 enzyme inhibition and induction. 
Contemporary research considers coordinated 
effects on metabolic enzymes, uptake transporters, 
and efflux transporters as important determinants of 
oral drug disposition. Recent literature further 

indicates that dietary polyphenols and other food-
derived bioactive compounds can interact with 
intestinal transporters and may contribute to 
interindividual variability in drug exposure (2026). 
Consequently, transporter-mediated food effects 
should be considered when evaluating the 
pharmacokinetic profile and potential therapeutic 
consequences of orally administered medicines. 
6. Food and Drug Distribution 
The effect of diet on drug distribution is generally 
less direct than its effect on absorption and 
metabolism. Nevertheless, nutritional status can 
modify plasma protein concentrations, body 
composition, tissue perfusion, and the availability of 
binding sites. 
Malnutrition, obesity, severe protein deficiency, and 
altered body composition can potentially influence 
the distribution of highly protein-bound or lipophilic 
medicines. Consequently, nutritional status may 
contribute to interindividual differences in drug 
exposure and therapeutic response (Umutoni et al., 
2026). 
7. Diet, Drug Elimination, and Renal Function 
Diet can indirectly influence drug elimination by 
modifying renal physiology, hydration, electrolyte 
balance, and acid–base status. Dietary patterns may 
also affect urinary pH, which can influence the renal 
excretion of some weakly acidic or weakly basic 
drugs. 
In patients with kidney disease, dietary restrictions 
and altered nutritional status may coexist with 
impaired drug clearance. Such patients therefore 
require careful consideration of both medication and 
dietary factors when therapeutic regimens are 
designed (Zhu et al., 2026). 
8. Clinically Important Food–Drug Interactions 
Clinically important food–drug interactions occur 
when dietary components alter the pharmacokinetic 
or pharmacodynamic properties of medicines, 
potentially affecting treatment efficacy and safety. 
Grapefruit and grapefruit juice can inhibit intestinal 
CYP3A4 and certain drug transporters, increasing or 
decreasing exposure to susceptible medicines such 
as selected statins, calcium-channel blockers, 
immunosuppressants, and antihistamines (Bailey et 
al., 1998; Dresser et al., 2002). Calcium, 
magnesium, iron, and aluminium may form poorly 
absorbable complexes with drugs such as 
tetracyclines and fluoroquinolones, thereby 
reducing their gastrointestinal absorption (Sarkar et 
al., 2021). Dietary vitamin K is clinically relevant 
for patients receiving warfarin because substantial 
changes in vitamin K intake can alter anticoagulant 
response, whereas tyramine-rich foods may cause 
potentially serious pharmacodynamic interactions in 
patients receiving monoamine oxidase inhibitors 
(Vuong et al., 2023). High-fat meals may increase 
the absorption of selected lipophilic drugs through 
enhanced bile secretion and gastrointestinal 
solubilization, while high-fibre foods may modify 
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drug absorption through adsorption, increased 
viscosity, and changes in gastrointestinal transit 
(Shirasaka & Kambayashi, 2024; Wang et al., 2025). 
Alcohol can additionally produce pharmacokinetic 
and pharmacodynamic interactions with several 
medicines, potentially increasing sedation, toxicity, 
or alterations in drug metabolism. Herbal products 
and concentrated botanical preparations may also 
influence drug-metabolizing enzymes and 
transporters, although the clinical magnitude of 
individual interactions varies. Therefore, assessment 
of dietary habits, supplements, beverages, meal 
timing, and relevant food components should form 
part of medication counseling, particularly for 
patients receiving drugs with a narrow therapeutic 
index or those taking multiple medications. 
Table 1. Clinically Relevant Food–Drug 
Interactions: Dietary Factors, Mechanisms, 
Pharmacokinetic Effects, and Therapeutic 
Implications (Vuong et al., 2023; Wang et al., 2025) 

Dieta
ry 
facto
r / 
comp
onent 

Repres
entativ
e 
drug(s) 

Primar
y 
mechan
ism 

Effect 
on 
drug 
disposi
tion 

Poten
tial 
thera
peutic 
implic
ation 

Grap
efruit 
/ 
grape
fruit 
juice 

Simvast
atin, 
atorvast
atin, 
cyclosp
orine, 
selected 
calcium
-
channel 
blocker
s 

Intestina
l 
CYP3A
4 
inhibitio
n 

Increas
ed 
systemi
c 
exposur
e of 
suscepti
ble 
drugs 

Increa
sed 
risk of 
conce
ntratio
n-
related 
advers
e 
effects 

Grap
efruit 
/ 
apple 
/ 
orang
e 
juice 

Fexofen
adine 
and 
other 
OATP 
substrat
es 

Inhibitio
n of 
intestina
l OATP-
mediate
d uptake 

Reduce
d drug 
absorpti
on and 
bioavail
ability 

Potent
ial 
reduct
ion in 
therap
eutic 
effecti
veness 

High-
fat 
meals 

Selecte
d poorly 
water-
soluble/
lipophil
ic drugs 

Increase
d bile 
secretio
n and 
gastroin
testinal 
solubiliz
ation 

Increas
ed 
absorpti
on 
and/or 
systemi
c 
exposur
e in 
suscepti
ble 
drugs 

May 
enhan
ce 
bioava
ilabilit
y; may 
also 
increa
se 
advers
e-
effect 
risk 

Calci
um-
rich 
foods 
/ 
suppl
emen
ts 

Tetracy
clines, 
fluoroq
uinolon
es 

Chelatio
n and 
formatio
n of 
poorly 
absorba
ble 
complex
es 

Reduce
d 
gastroin
testinal 
absorpti
on 

Reduc
ed 
syste
mic 
expos
ure 
and 
possib
le 
reduct
ion in 
antimi
crobia
l 
effecti
veness 

Iron-
conta
ining 
foods 
/ 
suppl
emen
ts 

Tetracy
clines, 
fluoroq
uinolon
es 

Chelatio
n/compl
ex 
formatio
n 

Reduce
d drug 
absorpti
on 

Potent
ial 
treatm
ent 
failure 
if 
interac
tion is 
clinica
lly 
signifi
cant 

Magn
esium
- or 
alumi
nium
-
conta
ining 
antac
ids 

Fluoroq
uinolon
es, 
tetracyc
lines 

Formati
on of 
insolubl
e 
complex
es 

Marked
ly 
reduced 
absorpti
on of 
suscepti
ble 
drugs 

Reduc
ed 
therap
eutic 
effecti
veness 

High-
fibre 
foods 
/ 
suppl
emen
ts 

Selecte
d orally 
adminis
tered 
medicin
es 

Adsorpt
ion, 
increase
d 
viscosit
y, and 
altered 
gastroin
testinal 
transit 

Delaye
d or 
reduced 
absorpti
on in 
suscepti
ble 
drugs 

Possib
le 
reduct
ion in 
syste
mic 
drug 
expos
ure 

Vita
min 
K-
rich 
foods 

Warfari
n 

Pharma
codyna
mic 
antagoni
sm of 
vitamin 
K-
depende
nt 
anticoag
ulation 

Altered 
anticoa
gulant 
respons
e 

Chang
es in 
INR 
and 
antico
agulan
t 
contro
l when 
intake 
chang
es 
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substa
ntially 

Tyra
mine-
rich 
foods 

Monoa
mine 
oxidase 
inhibito
rs 
(MAOI
s) 

Reduce
d 
tyramin
e 
metabol
ism 
during 
MAO 
inhibitio
n 

Increas
ed 
sympat
homim
etic 
respons
e 

Potent
ial 
marke
d 
elevati
on of 
blood 
pressu
re 

Alcoh
ol 

Sedativ
es, 
opioids, 
hypogly
cemic 
agents, 
anticoa
gulants 
and 
others 

Pharma
codyna
mic and 
metabol
ic 
interacti
ons 

Altered 
drug 
effects 
and, for 
some 
drugs, 
altered 
metabol
ism 

Increa
sed 
sedati
on, 
toxicit
y, or 
other 
advers
e 
effects 

Herb
al 
prod
ucts / 
conce
ntrat
ed 
botan
icals 

Various 
prescrip
tion 
medicin
es 

Modulat
ion of 
CYP 
enzyme
s and 
drug 
transpor
ters 

Altered 
drug 
metabol
ism, 
absorpti
on, or 
clearan
ce 

Variab
le 
effects 
on 
efficac
y and 
toxicit
y 

Enter
al 
nutrit
ion 

Selecte
d orally 
adminis
tered 
medicin
es 

Binding 
to 
nutrient
s, 
altered 
gastroin
testinal 
conditio
ns, 
formulat
ion 
interacti
on 

Reduce
d or 
delayed 
absorpti
on of 
suscepti
ble 
drugs 

Potent
ially 
reduce
d 
therap
eutic 
respon
se 

High-
volu
me / 
visco
us 
meals 

Selecte
d orally 
adminis
tered 
drugs 

Changes 
in 
gastric 
emptyin
g, fluid 
moveme
nt, 
dissoluti
on, and 
intestina
l 
environ
ment 

Altered 
rate 
and/or 
extent 
of 
absorpti
on 

Variab
le 
chang
es in 
drug 
expos
ure 

These interactions are not universally applicable to 
every drug within a therapeutic class. Therefore, 

medication-specific guidance is necessary rather 
than broad dietary restrictions. 
9. Vitamin K and Anticoagulant Therapy 
Vitamin K-containing foods are particularly 
important in patients receiving vitamin K 
antagonists such as warfarin. Sudden changes in 
vitamin K intake can influence anticoagulant 
response. The clinically relevant principle is 
generally dietary consistency rather than complete 
avoidance of vitamin K-rich foods (Fusaro et al., 
2026). 
Green leafy vegetables and other vitamin K-
containing foods can therefore be incorporated into 
a balanced diet when intake is stable and medication 
monitoring is appropriately performed (Leivaditis et 
al., 2026). 
10. Tyramine-Rich Foods and Monoamine 
Oxidase Inhibitors 
Tyramine-containing foods can interact 
pharmacodynamically with monoamine oxidase 
inhibitors (MAOIs). Under conditions of MAO 
inhibition, tyramine metabolism can be impaired, 
potentially resulting in excessive sympathetic 
activity and substantial increases in blood pressure. 
Foods traditionally associated with high tyramine 
concentrations include aged cheeses, fermented 
products, and certain cured or processed foods. The 
risk depends on the particular MAOI, dose, dietary 
exposure, and individual circumstances (Yuan, 
2026). 
11. Alcohol and Medication Outcomes 
Alcohol can interact with medicines through both 
pharmacokinetic and pharmacodynamic 
mechanisms. It may influence hepatic metabolism, 
central nervous system activity, gastrointestinal 
function, and adherence. Concomitant use with 
sedatives, opioids, hypoglycemic medicines, 
anticoagulants, and other drugs can have clinically 
important consequences. 
Alcohol-related nutritional deficiencies and chronic 
changes in hepatic function may further complicate 
medication management. Thus, alcohol 
consumption should be considered as part of the 
overall dietary and lifestyle assessment of patients 
receiving long-term pharmacotherapy (Nieto et al., 
2026). 
12. Enteral Nutrition and Medication 
Administration 
Enteral feeding is particularly important in 
hospitalized and critically ill patients. 
Administration of medication through feeding tubes 
or alongside enteral nutrition can alter drug 
absorption because of binding to nutrients, changes 
in gastric emptying, altered gastrointestinal 
conditions, or interactions with the feeding 
formulation. 
Medication administration schedules may therefore 
need to be coordinated with enteral feeding. 
Crushing or dispersing medications without 
confirming formulation suitability can also affect 
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drug release and absorption (Steele and Smith, 
2026). 
13. Nutritional Status and Therapeutic Outcomes 
The effect of diet on medication outcomes extends 
beyond individual food–drug interactions. 
Nutritional status itself can influence 
pharmacokinetics and pharmacodynamics. Protein-
energy malnutrition, obesity, micronutrient 
deficiencies, dehydration, and altered body 
composition may modify drug distribution, 
metabolism, and elimination (Habtemariam et al., 
2026). 
Recent literature emphasizes that food–drug 
interactions should be considered alongside patient 
nutritional status, particularly among older adults, 
children, pregnant individuals, and patients 
receiving medicines with narrow therapeutic 
windows (Reytor-González et al., 2026). A detailed 
dietary history may therefore provide clinically 
relevant information during medication review.  
14. Gut Microbiota as a Link Between Diet and 
Drug Response 
The gut microbiome represents an emerging 
interface between nutrition and pharmacology. 
Dietary patterns influence microbial composition 
and metabolic activity, while intestinal 
microorganisms can metabolize certain drugs and 
drug metabolites. 
Food-induced changes in the gut microbiota may 
consequently modify drug bioavailability or activity 
indirectly. Recent research on food properties and 
drug absorption has identified gut microbiota 
composition as one of several physiological factors 
potentially contributing to variability in oral drug 
absorption (Kumar et al., 2026).  
This field may become increasingly important as 
precision nutrition and precision pharmacotherapy 
develop. 
15. Role of Meal Timing 
The timing of medication relative to meals can be as 
important as the composition of the meal. Drugs 
may be prescribed on an empty stomach, with food, 
immediately after meals, or at a specified interval 
before or after eating (Hristakeva et al., 2026). 
Meal timing can influence gastric emptying, 
dissolution, intestinal exposure, and metabolic 
processes. For drugs for which food substantially 
changes exposure, consistent administration 
conditions are particularly important (Jalleh et al., 
2026). 
The FDA's 2026 guidance emphasizes the 
importance of translating food-effect studies into 
practical dosing instructions that account for real-
world meal patterns and patient adherence 
(Löbenberg et al., 2026).  
16. Food Effects in Drug Development 
Food-effect studies are an important component of 
oral drug development. Conventional studies 
commonly compare pharmacokinetic parameters 
after administration under fasting and fed 

conditions. Contemporary approaches increasingly 
incorporate physiologically based pharmacokinetic 
modeling and in vitro systems to predict food effects 
and reduce uncertainty. 
The FDA recommends evaluating food effects early 
in development and subsequently conducting 
appropriately designed studies with the intended 
commercial formulation. High-fat meals remain an 
important standardized condition, while additional 
meal conditions may be evaluated when clinically 
relevant (Zhang et al., 2026).  
Recent experimental approaches such as dynamic 
gastrointestinal models, including Tiny-TIM, have 
also been investigated to understand and predict 
food-related changes in oral drug absorption.  
17. Personalized Nutrition and Precision 
Pharmacotherapy 
Interindividual variability in diet, genetics, gut 
microbiota, nutritional status, gastrointestinal 
physiology, and medication use means that the same 
food may not produce an identical effect in every 
patient. 
Precision pharmacotherapy seeks to integrate these 
variables to optimize treatment. In the future, dietary 
assessment, pharmacogenomic information, 
microbiome profiles, therapeutic drug monitoring, 
and PBPK modeling may contribute to 
individualized medication recommendations (Jamai 
et al., 2026). 
Such approaches could be particularly valuable for 
patients taking multiple medicines, individuals 
receiving narrow-therapeutic-index drugs, and 
populations with substantial dietary variability 
(Nicoletti et al., 2026). 
18. Future Perspectives 
Future research should move beyond the traditional 
concept of food as simply a fed or fasted condition. 
Meal composition, food matrix, viscosity, volume, 
temperature, processing, fibre content, fat quality, 
phytochemical content, microbiome interactions, 
and dietary patterns may all influence drug 
disposition. 
The integration of PBPK models, artificial 
intelligence, dynamic gastrointestinal models, 
pharmacomicrobiomics, and real-world dietary data 
may improve prediction of food effects. Recent 
literature indicates increasing interest in 
incorporating physical food properties into 
quantitative models of oral drug absorption.  
Another important area is the development of 
standardized dietary databases and clinical decision-
support systems that can alert healthcare 
professionals to potentially important food–drug 
interactions. 
Conclusion 
Diet is a significant determinant of drug 
pharmacokinetics and therapeutic outcomes. Food 
can modify drug absorption through changes in 
gastrointestinal pH, gastric emptying, intestinal 
transit, bile secretion, drug solubility, and physical 
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characteristics of the gastrointestinal environment. 
Dietary constituents can additionally influence drug-
metabolizing enzymes and transporters, while 
nutritional status, meal timing, gut microbiota, and 
enteral nutrition may further contribute to variability 
in treatment response. Clinically recognized 
examples include grapefruit interactions, mineral-
related reductions in drug absorption, vitamin K 
effects on anticoagulant therapy, and tyramine 
interactions with monoamine oxidase inhibitors. 
Importantly, food effects are drug- and formulation-
specific and should not be generalized across 
therapeutic classes. Current regulatory approaches 
emphasize systematic assessment of food effects 
during drug development, while emerging 
technologies such as PBPK modeling and dynamic 
gastrointestinal systems are improving prediction of 
these interactions. Integrating dietary assessment 
into medication management can therefore support 
safer prescribing, improve adherence, reduce 
avoidable adverse effects, and optimize therapeutic 
effectiveness. Future research should focus on 
personalized food–drug interaction prediction by 
integrating dietary patterns, nutritional status, 
pharmacogenomics, gut microbiota, and individual 
pharmacokinetic characteristics. 
References: 

• Assiri, A. A. (2026). Food Effects, 
Pharmacokinetic Drug–Drug Interactions, 
and Clinical Optimization of Oral 
Anticancer Agents. Pharmaceutics, 18(9), 
1082. 

• Bácskay, I., Arany, P., Fehér, P., Józsa, L., 
Vasvári, G., Nemes, D., ... & Sinka, D. 
(2025). Bioavailability enhancement and 
formulation technologies of oral mucosal 
dosage forms: a review. Pharmaceutics, 
17(2), 148. 

• Bailey, D. G., Malcolm, J., Arnold, O., & 
Spence, J. D. (1998). Grapefruit juice–drug 
interactions. British Journal of Clinical 
Pharmacology, 46(2), 101–110. 
https://doi.org/10.1046/j.1365-
2125.1998.00718.x   

• Bailey, D. G., Malcolm, J., Arnold, O., & 
Spence, J. D. (1998). Grapefruit juice–drug 
interactions. British Journal of Clinical 
Pharmacology, 46(2), 101–110. 
https://doi.org/10.1046/j.1365-
2125.1998.00764.x   

• Canga, A. G., Martínez, N. F., Prieto, A. S., 
Vieitez, J. G., Liébana, M. J. D., Láiz, R. 
D., & Vega, M. S. (2010). Dietary fiber and 
its interaction with drugs. Nutricion 
hospitalaria, 25(4), 535-539. 

• Dillard, C. J., & German, J. B. (2000). 
Phytochemicals: nutraceuticals and human 
health. Journal of the Science of Food and 
Agriculture, 80(12), 1744-1756. 

• Dresser, G. K., Bailey, D. G., Leake, B. F., 
Schwarz, U. I., Dawson, P. A., Freeman, D. 
J., Kim, R. B., & Tirona, R. G. (2002). Fruit 
juices inhibit organic anion transporting 
polypeptide-mediated drug uptake to 
decrease the oral availability of 
fexofenadine. Clinical Pharmacology & 
Therapeutics, 71(1), 11–20. 
https://doi.org/10.1067/mcp.2002.121152   

• Dunga, K. E., Izah, S. C., Dunkwu-Okafor, 
A., Promise, V. I., Alum, E. U., Aliu, O. O., 
... & Ogwu, M. C. (2026). Plant-food 
components at the microbiota–
neuroinflammation interface: human 
evidence, translational limits, and 
sustainable dietary translation. Frontiers in 
Nutrition, 13, 1907913. 

• Fusaro, M., Sinha, S., Bellasi, A., Ketteler, 
M., Alfieri, C., de Borst, M. H., ... & 
Cossettini, A. (2026). Targeting 
calciphylaxis: the emergence of vitamin K 
as a potential treatment. Clinical Kidney 
Journal, sfag286. 

• Gangadhar, J., Meghana, A., Naga 
Lakshmi, A., & Anusha, G. (2025). A 
review on mechanisms and clinical effects 
of food-drug interactions. Journal of 
Pharma Insights and Research, 3(5), 244-
251. 

• Giacomini, K. M., Huang, S.-M., Tweedie, 
D. J., Benet, L. Z., Brouwer, K. L. R., Chu, 
X., Dahlin, A., Evers, R., Fischer, V., 
Hillgren, K. M., Hoffmaster, K. A., 
Ishikawa, T., Keppler, D., Kim, R. B., Lee, 
C. A., Niemi, M., Polli, J. W., Sugiyama, 
Y., Swaan, P. W., ... Zamek-Gliszczynski, 
M. J. (2010). Membrane transporters in 
drug development. Nature Reviews Drug 
Discovery, 9(3), 215–236. 
https://doi.org/10.1038/nrd3028  

• Glaeser, H., Bailey, D. G., Dresser, G. K., 
Gregor, J. C., Schwarz, U. I., McGrath, J. 
S., Jolicoeur, E. M., Lee, W., Leake, B. F., 
& Kim, R. B. (2007). Intestinal drug 
transporter expression and the impact of 
grapefruit juice in humans. Clinical 
Pharmacology & Therapeutics, 81(3), 
362–370. 
https://doi.org/10.1038/sj.clpt.6100056  

• Habtemariam, S. (2026). The Gut 
Microbiome Dependency Continuum in 
Drug Discovery: A Unified Pharmacology 
Framework Linking Clinical Drugs, 
Natural Products, and Engineered 
Microbial Therapeutics. BioTech, 15(2), 
43. 

• Hanley, M. J., Cancalon, P., Widmer, W. 
W., & Greenblatt, D. J. (2011). The effect 
of grapefruit juice on drug disposition. 
Expert Opinion on Drug Metabolism & 



Role of Diet in Drug Pharmacokinetics and Therapeutic Outcomes: An Overview 

 IJDDT Volume 16 Issue 81s 2026 Page: 1665 

Toxicology, 7(3), 267–286. 
https://doi.org/10.1517/17425255.2011.55
3189  

• Hristakeva, S., Liaukonytė, J., & Feler, L. 
(2026). The no-hunger games: how GLP-1 
medication adoption is changing consumer 
food demand. Journal of Marketing 
Research, 63(3), 427-444. 

• Izzo, A. A., Ernst, E., & others. (2017). 
Intestinal drug interactions mediated by 
OATPs: A systematic review of preclinical 
and clinical findings. Clinical 
Pharmacology & Therapeutics.  

• Jalleh, R. J., Wu, T., Umapathysivam, M. 
M., Young, R. L., Jones, K. L., Marathe, C. 
S., ... & Horowitz, M. (2026). Impact of 
gastric emptying and small intestinal 
carbohydrate absorption on glycemia in 
health and diabetes: therapeutic 
implications. Physiological Reviews, 
106(4), 2317-2382. 

• Jamai, M. J., Sami, M. M., & Alkareem, T. 
A. A. (2026). Nutritional Fingerprints: The 
Future of Personalized Nutrition and 
Disease Prevention. Hilla University 
College Journal For Medical Science, 4(3), 
74-81. 

• Kambayashi, A., & Shirasaka, Y. (2023). 
Food effects on gastrointestinal physiology 
and drug absorption. Drug Metabolism and 
Pharmacokinetics, 48, 100488. 
https://doi.org/10.1016/j.dmpk.2022.1004
88   

• Kato, Y. (2016). Human intestinal 
absorption of drugs: Interplay of drug 
transporters and metabolizing enzymes. 
Expert Opinion on Drug Metabolism & 
Toxicology, 12(11), 1263–1272. 

• Kumar, N., Das, J., Vanangamudi, M., 
Mojgani, N., Islam, A., Sridhar, S. B., ... & 
Ashique, S. (2026). Modulating drug 
response through the gut microbiome: 
pathways to precision therapy. Archives of 
Microbiology, 208(4), 163. 

• Leivaditis, V., Mulita, F., Koletsis, E., 
Androutsopoulou, V., Baikoussis, N. G., 
Mitsos, S., ... & Dahm, M. (2026). Dietary 
Considerations and Nutritional Strategies 
to Enhance Recovery After Cardiac 
Surgery: A Comprehensive Review. Br. J. 
Hosp. Med.(Lond), 87(8), 57290. 

• Liang, X., Fraczkiewicz, G., Harish Jain, 
K. M., Wan, B., Ishida, K., & Lai, Y. 
(2026). Physiologically Based 
Pharmacokinetic (PBPK) Modeling of Oral 
Drug Absorption for Integrating 
Nonclinical Data Into Human 
Pharmacokinetic Predictions. The AAPS 
Journal, 28(3), 78. 

• Löbenberg, R., Kabalan, J., Macfarlane, B., 
Djebbouri, S., Daunoras, S., Mougarbel, T., 
... & Dua, K. (2026). From meal to 
medicine: exploring the roots and 
consequences of drug-food effects. Journal 
of Pharmaceutical Investigation, 1-28. 

• Ngcobo, N. N. (2025). Influence of Ageing 
on the Pharmacodynamics and 
Pharmacokinetics of Chronically 
Administered Medicines in Geriatric 
Patients: A Review: NN Ngcobo. Clinical 
pharmacokinetics, 64(3), 335-367. 

• Nicolaescu, O. E., Belu, I., Mocanu, A. G., 
Manda, V. C., Rău, G., Pîrvu, A. S., ... & 
Ciocîlteu, M. V. (2025). Cyclodextrins: 
Enhancing drug delivery, solubility and 
bioavailability for modern therapeutics. 
Pharmaceutics, 17(3), 288. 

• Nicoletti, C. F., Vidal-Ostos De Lara, F., & 
Martinez, J. A. (2026). Beyond incretin 
therapy: integrating precision nutrition for 
sustained obesity management 
medications. Obesity Medicine, 100690. 

• Nieto, S. J., Du, H., Meredith, L. R., 
Donato, S., Baskerville, W. A., McManus, 
K. R., ... & Ray, L. A. (2026). Medication 
effects on cue‐induced craving in the 
human laboratory are associated with 
return to heavy drinking in randomized 
clinical trials for alcohol use disorder: A 
follow‐up meta‐analysis. Addiction, 
121(7), 1671-1680. 

• O'Shea, J. P., Holm, R., O'Driscoll, C. M., 
& Griffin, B. T. (2019). Food for thought: 
formulating away the food effect–a 
PEARRL review. Journal of Pharmacy 
and Pharmacology, 71(4), 510-535. 

• Reytor-González, C., Román-Galeano, N. 
M., Castano Jimenez, J., Oentiono, O. Y., 
Yoong, W. A., Montalvan, M., & 
Simancas-Racines, D. (2026). Personalized 
nutrition for healthy aging: precision diets 
based on genomic, metabolic, and 
microbiome profiles. Frontiers in 
Nutrition, 13, 1844337. 

• Sarkar, S., et al. (2021). Effects of 
magnesium, calcium, and aluminum 
chelation on fluoroquinolone absorption 
rate and bioavailability: A computational 
study. Pharmaceutics, 13(5), 594. 
https://doi.org/10.3390/pharmaceutics130
50594  

• Sen, L. Y., Lorenzo, M., Diress, M., Wagle, 
S. R., Mena Balborin, A., Kovacevic, B., ... 
& Al-Salami, H. (2026). Bile acids and 
nanotechnology as emerging platforms for 
drug delivery. Therapeutic Delivery, 1-16. 

• Shirasaka, Y., & Kambayashi, A. (2024). 
Food effects on oral drug absorption: 
Recent advances in understanding 



Role of Diet in Drug Pharmacokinetics and Therapeutic Outcomes: An Overview 

 IJDDT Volume 16 Issue 81s 2026 Page: 1666 

mechanisms and quantitative prediction. 
Drug Metabolism and Pharmacokinetics, 
54, 100533. 
https://doi.org/10.1016/j.dmpk.2023.1005
33  

• Steele, C., & Smith, S. (2026). Enhancing 
Enteral Nutrition Safety: A Review of 
Current Practices and Research 
Opportunities. Medical Research 
Archives,[online], 14(2). 

• Tamai, I. (2015). Oral drug delivery 
utilizing various intestinal functions and 
their related transporters. Journal of 
Pharmaceutical Sciences, 104(9), 2941–
2955. 

• U.S. Food and Drug Administration. 
(2018). Questions and answers for 
consumers on doxycycline. U.S. 
Department of Health and Human Services.  

• U.S. Food and Drug Administration. 
(2025). Grapefruit juice and some drugs 
don't mix. U.S. Department of Health and 
Human Services.  

• U.S. Food and Drug Administration. 
(2026). Assessing the Effects of Food on 
Drugs in INDs and NDAs—Clinical 
Pharmacology Considerations. 

• U.S. Food and Drug Administration. 
(2026). For healthcare professionals: 
FDA's examples of drugs that interact with 
CYP enzymes and transporter systems. 
U.S. Department of Health and Human 
Services. 

• Umutoni, S., Zhang, H., Guo, J., Yu, Z., 
Shao, H., Yi, X., ... & Yu, Y. (2026). Oral 
anticancer drug delivery: Strategies for 
improving bioavailability. Chinese 
Chemical Letters, 112362. 

• Vuong, M., González Aragón, C., & 
Montarroyos, S. S. (2023). Common food 
and drug interactions. Pediatrics in Review, 
44(2), 68–80. 
https://doi.org/10.1542/pir.2022-005641   

• Wang, Z., Xu, W., Liu, D., Li, X., Liu, S., 
Wu, X., & Wang, H. (2025). Impact of food 
physical properties on oral drug absorption: 
A comprehensive review. Drug Design, 
Development and Therapy, 19, 267–280. 
https://doi.org/10.2147/DDDT.S497515 

• Wiesner, A., Zagrodzki, P., Gawalska, A., 
& Paśko, P. (2024). Clinically important 
interactions of macrolides and tetracyclines 
with dietary interventions—a systematic 
review with meta-analyses. Journal of 
Antimicrobial Chemotherapy, 79(11), 
2762–2791. 
https://doi.org/10.1093/jac/dkae315  

• Winkle, A. (2025). Food-medicine 
interactions: An update. AJP: The 

Australian Journal of Pharmacy, 
106(1256), 56-61. 

• Yuan, S. (2026, March). A Research on the 
Interactions Between Common Foods and 
Oral Drugs and Clinical Prevention and 
Management Strategies. In 2025 8th 
International Conference on Humanities 
Education and Social Sciences (ICHESS 
2025) (pp. 601-609). Atlantis Press. 

• Zhang, X., Fraczkiewicz, G., & Lukacova, 
V. (2026). PBPK Modeling Addresses Oral 
Absorption-Mediated Drug Interactions. 
Drug Metabolism and Pharmacokinetics, 
101523. 

• Zhu, J., Cheng, X., Bahramian, M., Yao, 
K., Li, Z., Hu, B., ... & Emaminejad, S. 
(2026). Resilient nanostructured 
bioanalytic microneedle longitudinally 
monitors preclinical renal and hepatic drug 
clearance and dysfunction. Science 
Translational Medicine, 18(843), 
eadr5493. 

 


