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Physiologically Based Pharmacokinetic 
Modeling of Bergamottin and 
6,7- Dihydroxybergamottin to Describe CYP3A4 
Mediated Grapefruit- Drug Interactions
Laura Maria Fuhr1, Fatima Zahra Marok1, Uwe Fuhr2 , Dominik Selzer1  and Thorsten Lehr1,*

Grapefruit is a moderate to strong inactivator of CYP3A4, which metabolizes up to 50% of marketed drugs. The 
inhibitory effect is mainly attributed to furanocoumarins present in the fruit, irreversibly inhibiting preferably intestinal 
CYP3A4 as suicide inhibitors. Effects on CYP3A4 victim drugs can still be measured up to 24 hours after grapefruit 
juice (GFJ) consumption. The current study aimed to establish a physiologically- based pharmacokinetic (PBPK) 
grapefruit- drug interaction model by modeling the relevant CYP3A4 inhibiting ingredients of the fruit to simulate 
and predict the effect of GFJ consumption on plasma concentration- time profiles of various CYP3A4 victim drugs. 
The grapefruit model was developed in PK- Sim and coupled with previously developed PBPK models of CYP3A4 
substrates that were publicly available and already evaluated for CYP3A4- mediated drug– drug interactions. Overall, 
43 clinical studies were used for model development. Models of bergamottin (BGT) and 6,7- dihydroxybergamottin 
(DHB) as relevant active ingredients in GFJ were established. Both models include: (i) CYP3A4 inactivation informed 
by in vitro parameters, (ii) a CYP3A4 mediated clearance estimated during model development, as well as (iii) passive 
glomerular filtration. The final model successfully describes interactions of GFJ ingredients with 10 different CYP3A4 
victim drugs, simulating the effect of the CYP3A4 inactivation on the victims’ pharmacokinetics as well as their main 
metabolites. Furthermore, the model sufficiently captures the time- dependent effect of CYP3A4 inactivation as well 
as the effect of grapefruit ingestion on intestinal and hepatic CYP3A4 concentrations.

Grapefruit (Citrux × paradisi, Rutaceae), a citrus fruit with a 
characteristic bitter- sweet taste, is a hybrid between sweet or-
ange (Citrus sinensis) and pomelo (Citrus maxima).1 In the 
United States, the consumption of pink grapefruit is more 

popular than white grapefruit.2 Independent of the variety, 57% 
of fruits are further processed with grapefruit juice (GFJ) or 
juice derivatives being a popular product category.2 However, 
since the 1970s, the United States consumption of grapefruits 
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Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE 
TOPIC?
	; Grapefruit ingredients are irreversible inactivators of 

CYP3A4. Furanocoumarins present in the juice are mainly re-
sponsible for this effect.
WHAT QUESTION DID THIS STUDY ADDRESS?
	; The current study aimed to establish a physiologically- based 

pharmacokinetic (PBPK) model of grapefruit juice (GFJ) inges-
tion by identifying and explicitly modeling relevant CYP3A4- 
inhibiting ingredients.
WHAT DOES THIS STUDY ADD TO OUR 
KNOWLEDGE?
	; PBPK models of the furanocoumarins bergamottin (BGT) 

and 6,7- dihydroxybergamottin (DHB) as relevant CYP3A4 

inhibitors in grapefruit were successfully developed and cou-
pled to existing PBPK models of CYP3A4 substrates to predict 
the “grapefruit effect” as well as the effect of furanocoumarin- 
containing juices from limes and Seville oranges.
HOW MIGHT THIS CHANGE CLINICAL PHARMA-
COLOGY OR TRANSLATIONAL SCIENCE?
	; The models support the exploration of “what- if ” scenarios, 

such as: (i) the application of GFJ as “booster” to increase the 
oral availability of CYP3A4 substrates; (ii) the consideration of 
GFJ as CYP3A4 inhibitor in clinical studies; (iii) the adjust-
ment of drug doses in patients consuming GFJ; and (iv) the use 
of the models as a foundation to study drug interactions with 
furanocoumarin- rich foods.
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decreased by about 80% to a per capita consumption of ~0.7 kg 
in 2018.2

The US Food and Drug Administration (FDA) classifies GFJ as 
a moderate to strong inhibitor of cytochrome P450 (CYP) 3A4,3 
which metabolizes about 50% of marketed drugs.4 Potential inter-
actions with over 85 different drugs are mentioned in the current 
literature.4 Although the FDA classification only considers the 
juice, the effect is independent of the preparation (whole fruit or 
juice) or the grapefruit variety. But variety, storage, and differences 
in juice manufacturing may influence ingredient concentrations.1 
Grapefruit contains a variety of flavonoids and furanocoumarins 
with the flavonoid naringin being the most abundant ingredient. 
Flavonoids are assumed to have only a minor contribution to the 
inhibitory effect after grapefruit consumption, in contrast to fu-
ranocoumarins that irreversibly inhibit CYP3A4 as suicide in-
hibitors.5,6 Here, the furanocoumarins bergamottin (BGT) and 
6,7- dihydroxybergamottin (DHB) are among the most import-
ant CYP3A4 inactivators present in grapefruit.7 The “grapefruit 
effect” is characterized by a time- dependent CYP3A4 inhibition, 
lasting more than 24 hours,8 and by the more pronounced effect 
on intestinal rather than hepatic CYP3A4.9,10 Hence, especially 
drugs with a low oral bioavailability related to CYP3A4 metab-
olism bear a high risk of interaction.4 Thereby, one glass of juice 
(200— 250 mL ≙ 1 fruit) might already cause a clinically rele-
vant effect.4 For example, pronounced increases in felodipine (up 
to 3.3- fold9,11) and simvastatin (up to 18- fold12) area under the 
plasma concentration- time curve (AUC) were observed after GFJ 
ingestion, which could result in pronounced pharmacodynamic 
effects or increased risk of adverse effects.9,12 The consumption of 
furanocoumarin- containing citrus fruits (e.g., Seville oranges and 
limes), was also shown to affect drug pharmacokinetics.13,14

Clinically relevant interactions with GFJ are listed on drug la-
bels but these listings are often based on the metabolic characteris-
tics of the drug instead of clinical trials.15 Here, dose- effect models 
of grapefruit juice- drug interactions (GFJDIs), derived by, for ex-
ample, physiologically- based pharmacokinetic (PBPK) modeling 
as a mechanistic modeling technique, could be viable to predict 
and quantify the effect of grapefruit consumption on the phar-
macokinetics and pharmacodynamics of administered drugs and 
subsequently guide drug labeling. PBPK modeling is accepted by 
the regulatory agencies, the FDA, and the EMA, with the investi-
gation of drug interactions to support drug clinical study design as 
a prominent use case.16 Hence, the presented project aimed to es-
tablish a mechanistic PBPK model of grapefruit juice, by modeling 
its naturally occurring active ingredients BGT and DHB to predict 
the effect of GFJ ingestion on the pharmacokinetics of CYP3A4 
substrates. The GFJDI PBPK model files as well as all the imple-
mentation of GFJDIs will be publicly shared with the scientific 
community on GitHub (http://models.clini calph armacy.me).

METHODS
Software
Concentration- time profiles extracted from published clinical stud-
ies were digitized with Engauge Digitizer version 12.1 (M. Mitchell,17 
2020). The PBPK model was developed with PK- Sim and MoBi (Open 
Systems Pharmacology Suite 9.1, released under the GNU General Public 

License version 2 (GPLv2) license by the Open Systems Pharmacology 
community, www.open- syste ms- pharm acolo gy.org, 2020). Parameter 
optimization (Monte- Carlo and Levenberg– Marquardt algorithms) 
and sensitivity analyses were performed with PK- Sim. Pharmacokinetic 
and statistical analyses as well as plot generation were performed with 
R version 4.1.3 (The R Foundation for Statistical Computing, Vienna, 
Austria, 2019).

Literature research and clinical data
Information on the absorption, distribution, metabolism, and elimina-
tion (ADME) properties of BGT and DHB as well as information on 
their inhibition kinetics were derived from literature. Additionally, con-
centration measurements of these ingredients in GFJ were collected from 
the literature to analyze typical concentrations as well as the variability 
of concentrations in the juice. Furthermore, plasma concentration- time 
profiles of BGT and DHB after GFJ consumption were collected.

Clinical studies investigating the effect of grapefruit consumption on 
the pharmacokinetics of CYP3A4 victim drugs were collected from the 
literature. Here, studies were included in the analysis if PBPK models of 
the victim drugs were available in the Open Systems Pharmacology repos-
itory (https://github.com/Open- Syste ms- Pharm acolo gy/OSP- PBPK- 
Model - Library) and previously evaluated as CYP3A4 victim drugs in 
drug– drug interaction predictions. Plasma concentration- time profiles of 
victim drugs (and their metabolites) with and without administration of 
GFJ were extracted and digitized from available clinical GFJDI studies. 
The gathered studies were split into a training dataset for model building 
and a test dataset for model evaluation. The training dataset was selected 
to include plasma concentration- time profiles of BGT and DHB and of 
felodipine with co- administration of isolated BGT and DHB (instead of 
whole GFJ) to separate the inhibiting effects of both substances. Moreover, 
the dataset included plasma concentration- time profiles of felodipine and 
midazolam administered with or after one or multiple glasses of GFJ.

PBPK modeling of grapefruit juice
To establish PBPK models of BGT and DHB, parameter values that 
could not be informed from the literature were identified by mathemat-
ical optimization. Overall, the development of the GFJDI PBPK model 
was accomplished in a stepwise procedure. First, a set of preliminary 
drug- dependent parameters of the ingredient models was identified 
using available plasma concentration- time profiles of the compounds. 
Subsequently, the preliminary models were coupled to PBPK models of 
the CYP3A4 victim drugs felodipine18 and midazolam19 to simulate the 
GFJDI studies of the training dataset. The implemented mechanism- 
based inhibition of CYP3A4 by the ingredients is further described in the 
Supplementary Material, Section 1.2. Based on the simulation results, 
the preliminary drug- dependent parameter values of the ingredients were 
further refined and different literature values were tested to parametrize 
the mechanism- based inhibition of CYP3A4, using the whole training 
dataset for parameter estimation. Subsequently, the grapefruit interac-
tion PBPK model was used to predict GFJDIs of felodipine and mid-
azolam assigned to the test dataset and GFJDIs with further CYP3A4 
victim drugs, namely alfentanil,19 carbamazepine,20 itraconazole,19 
verapamil,21 simvastatin,22 alprazolam, erythromycin, and triazolam 
(https://github.com/Open- Syste ms- Pharm acolo gy/OSP- PBPK- Model 
- Library). Prior to predicting the GFJDI, the control simulations (with-
out GFJ ingestion) were conducted. Based on the simulation results of 
the victim drug control, the CYP3A4 kcat of the victim drugs was refined, 
fitting the simulation to the observed data of the control. The optimized 
kcat was then used in the GFJDI simulation to predict the interaction.

Grapefruit- drug interaction model evaluation
The performance of the grapefruit PBPK model to predict the effect of 
GFJDIs was evaluated graphically by comparing (i) predicted victim drug 
plasma concentration- time profiles without and with GFJ consumption 
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to those observed in the clinical studies and (ii) predicted GFJDI area 
under the plasma concentration-time curve from the time of drug ad-
ministration to the time of the last plasma concentration measurement 
(AUClast) ratios and GFJDI maximum plasma concentration (Cmax) 
ratios to corresponding observed data ratios in goodness- of- fit plots. 
Geometric mean fold errors (GMFEs) of all GFJDI AUClast and Cmax 
ratios were calculated as quantitative performance metrics. The model 
evaluation is described in more detail in the Supplementary Material, 
Section 1.1.

RESULTS
In total, 43 clinical studies were used for the development of 
the grapefruit PBPK model, providing 118 mean and 3 median 
plasma concentration- time profiles of the victim drugs felodip-
ine, midazolam, alprazolam, triazolam, carbamazepine, alfen-
tanil, erythromycin, itraconazole, simvastatin, and verapamil 
(50 control profiles, 71 GFJDI profiles) as well as 42 plasma 
concentration- time profiles of their metabolites (18 control pro-
files, 24 GFJDI profiles). Overall, a broad spectrum of GFJDI 
scenarios was investigated. Victim drugs were applied: (i) orally 
or intravenously, (ii) once or repeatedly, and (iii) together with 
GFJ or 0– 144 hours after juice consumption. GFJ was admin-
istered (iv) as single-  or double- strength preparation (1:3 or 1:1 
dilution of juice concentrate with water) or grapefruit segments 
or ethanolic extract from segment- free parts, (v) in volumes of 
200– 300 mL, and (vi) in single or multiple doses before victim 
drug administration. Additionally, 2 studies investigated (vii) 
the effect of different doses of BGT or (viii) DHB on felodipine 
plasma concentration- time profiles. Last, two studies investi-
gated (ix) the effect of Seville orange juice and (x) lime juice on 
felodipine pharmacokinetics. A detailed description of all clini-
cal studies is provided in the Supplementary Material, Section 
3. An overview of the modeling workflow and the developed 
GFJDI network is provided in Figure 1.

PBPK models of BGT and DHB were established and con-
sumption of GFJ was simulated as oral administration of the 
respective compounds. To determine the ingested doses of these 
compounds, information on the administered juice volume and 
the concentration of ingredients in GFJ is required. As concen-
trations of BGT and DHB contained in the GFJ were only mea-
sured for 13 of 71 and 11 of 71 investigated scenarios, additional 
concentration measurements were gathered from the literature 
and all available concentration measurements were analyzed. 
Overall, reported doses were highly variable, ranging from 0.50 
to 94.56 μmol/L (mean [± SD]: 18.49 [± 14.04]) for BGT and 
from 0.80 to 132.57 μmol/L (mean [± SD]: 28.9 [± 33.23]) for 
DHB and differed among the available juice preparations, as 
illustrated in Figure 2a,b, respectively. Mean DHB concentra-
tions measured in juice prepared from frozen concentrate (mean 
[± SD]: 25.1 μmol/L [± 20.48], n = 20) were significantly higher 
(t- test; P = 0.00637) than those measured in canned juice (mean 
[± SD]: 9.92 μmol/L [± 10.58], n = 20). For BGT concentra-
tions, differences in frozen concentrate (mean [± SD]: 18.7 
[± 6.66], n = 20) and canned juice (mean [± SD]: 16.63 [± 20.4], 
n = 19) were not statistically significant (t- test; P = 0.677). The 
complete analysis of reported ingredient concentrations is de-
scribed in the Supplementary Material, Section 2.1. Mean 

concentrations of BGT and DHB for each juice preparation ob-
tained from the available measurements were used to calculate 
administered doses in the administered GFJ if the clinical study 
did not provide concentration measurements.

BGT and DHB exhibit similar ADME properties. Both 
furanocoumarins are of moderate lipophilicity and presum-
ably well absorbed from the intestines.5 It is assumed that 
both compounds undergo extensive metabolic elimination 
and that enzyme inactivation is mediated by reactive metabo-
lites.23 Hence, the BGT and DHB PBPK models include: (i) 
a CYP3A4- mediated clearance process, (ii) mechanism- based 
inhibition of CYP3A4, and (iii) free glomerular filtration. The 
mechanism- based inactivation of CYP3A4 was parametrized 
using literature values. The CYP3A4- mediated clearance was 
described using Michaelis– Menten kinetics. As no measure-
ments of the CYP3A4 metabolism were available in the litera-
ture, the inhibition constant (KI) was used as a surrogate for the 
Michaelis– Menten constant and the catalytic rate constant was 
estimated. Other drug- dependent parameters were either taken 
from the literature (e.g., molecular weight, pKa, solubility, and 
fraction unbound), calculated within PK- Sim (e.g., cellular per-
meabilities) or optimized (e.g., specific intestinal permeability 
and lipophilicity). All drug- dependent parameters used in the 
final models are listed in Table 1. Predicted vs. observed plasma 
concentration- time profiles of both ingredients are illustrated in 
Figure 2c,d, thereby the plasma concentration- time profiles for 
BGT and DHB are sufficiently described, with average GMFE 
values of 1.53 and 1.02 for AUClast, and 1.10 and 1.08 for Cmax 
of DHB and BGT, respectively. The corresponding AUClast and 
Cmax values can be found in Table S5, whereas goodness- of- fit 
plots of predicted vs. observed: (i) AUClast, (ii) Cmax, and (iii) 
plasma concentration values are depicted in Figure S5.

Overall, the ingredient models successfully described the effect 
of grapefruit intake on various CYP3A4 victim drugs. Figure 3 
displays predicted vs. observed plasma concentration- time profiles 
of different victim drugs and their metabolites (if metabolite mod-
els were available) of exemplary studies with and without the con-
sumption of GFJ.

Figure 4 illustrates predicted compared with observed plasma 
concentration- time profiles of the victim drug felodipine and 
illustrates the versatility of the ingredient models to describe 
different scenarios. Felodipine is the drug in which the “grape-
fruit effect” was observed first and which subsequently was used 
extensively as a probe drug to further assess the GFJDI in clini-
cal studies. The models describe the GFJDI with felodipine: (i) 
after intravenous or after oral administration of felodipine with 
GFJ (ii) ingested once or repeatedly, (iii) ingested with or up 
24 hours before felodipine, and administered as (iv) single-  or 
double- strength preparation. Furthermore, the model predicts 
the effect of (v) individual grapefruit ingredients or (vi) Seville 
orange or (vii) lime juice on felodipine plasma concentrations. 
Compared with the effect of one glass of single- strength GFJ on 
oral felodipine, the model successfully predicts the lack of ef-
fect on intravenously applied felodipine (Figure 4a), a 55% (ob-
served: 46%) higher felodipine AUClast if GFJ was ingested over 
several days before felodipine administration (Figure 4c) as well 
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Figure 1 Modeling workflow and model overview. (a) The modeling process can be divided into literature research on GFJ and its active 
ingredients, model development of GFJ ingredients and its interactions and model evaluation. (b) Overview of the PBPK model structure. 
Different compartments represent ADME- relevant organs of the body. Connections between compartments represent arterial and venous 
blood flow. (c) The final GFJDI model describes mechanism- based inhibition of CYP3A4 by BGT and DHB to cover the effect of GFJ and 
includes a broad range of CYP3A4 victim drugs along with their metabolites. ADME, absorption, distribution, metabolism, and excretion; AUC, 
area under the plasma concentration- time curve; BGT, bergamottin; Cmax, maximum plasma concentration; conc, concentration; CYP3A4, 
cytochrome P450 3A4; DHB, 6,7- dihydroxybergamottin; GFJDI, grapefruit juice- drug interaction; GMFE, geometric mean fold error; GOF, 
goodness- of- fit; PBPK, physiologically- based pharmacokinetic.
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as a 10% (observed: 19%) higher felodipine AUClast if double- 
strength GFJ was administered (Figure 4f). Furthermore, the 
performance of the BGT and DHB model was investigated by 
simulating the inhibiting effect of single ingredients and by sim-
ulating the effect of juices of limes (Figure 4j) and Seville or-
anges (Figure 4k). In the corresponding clinical studies, BGT 
and DHB concentrations of 5 and 36 μmol/L were determined 
in Seville oranges, whereas concentrations in GFJ were 16 and 
23 μmol/L, respectively.13 Pure lime juice contained 100 μmol/L 
BGT and no DHB and was diluted to ¼ strength, whereas the 
administered GFJ contained 25 μmol/L BGT (DHB concentra-
tions not indicated).14 Solely the effect of grapefruit segments 
(Figure 4i; blended segments without flavedo, albedo, and vas-
cular elements) and extract (segment- free parts extracted with 
ethanol) could not be sufficiently described.

The impact of different juice types, and consequently ingre-
dient concentrations, was examined for alprazolam. In this case, 

the effects of canned juice (BGT: 1.13 mg, DHB: 0.74 mg) and 
juice from frozen concentrate (BGT: 1.27, DHB: 1.87 mg) were 
analyzed to investigate if the grapefruit effect may be more potent 
when using a frozen concentrate preparation. A moderate increase 
in the effect on alprazolam AUC (up to 25%) was observed if fro-
zen concentrate was used compared with canned juice.

Plasma concentration- time profiles of all clinical studies 
included in the PBPK modeling analysis are depicted in the 
Supplementary Material, Section 3. The overall model perfor-
mance is illustrated in Figure 5a,b in goodness- of- fit plots of 
predicted compared with observed GFJDI AUClast and Cmax ra-
tios of victim drugs and their metabolites of all included clinical 
studies. Overall, mean (range) GMFE values of 1.30 (1.00– 3.66) 
and 1.31 (1.00– 3.08) were calculated for GFJDI AUClast and 
Cmax ratios, respectively, with 93% of predicted GFJDI AUClast 
and Cmax ratios deviating less than 2- fold from the corresponding 
observed values.

Figure 2 Concentration measurements of (a) BGT and (b) DHB in different GFJ preparations. Boxplots show the following descriptive statistics: 
The median value, the IQR, and the 1.5- fold IQR, as well as individual measurements (small dots) and potential outliers (big dot; at least 1.5 
IQR greater than the third quartile); as well as predicted vs. observed plasma concentration- time profiles of (c) BGT and (d) DHB. Solid lines 
represent model predictions while the different shapes represent observed data. BGT, bergamottin; DHB, 6,7- dihydroxybergamottin; GFJ, 
grapefruit juice; IQR, interquartile range; Ki, concentration for half- maximal inactivation; n: number of participants.
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The effect of GFJ on CYP3A4 exhibits two key characteristics. 
First, BGT and DHB are irreversible inhibitors of CYP3A4, re-
sulting a time- dependent CYP3A4 inhibition, lasting more than 
24 hours. Consequently, the effects of GFJ on victim drug pharma-
cokinetics can be observed even if the victim drug is taken 24 hours 
after grapefruit consumption, which is sufficiently covered by the 
model as shown in Figure 4d,e. Second, the CYP3A4 inhibition 
is more pronounced in the intestine, whereas hepatic CYP3A4 
is only affected after frequent juice consumption over several 
days. Overall, the model successfully described the effect of GFJ 
ingestion on oral drug bioavailability and successfully simulated 
the decreased intestinal CYP3A4 metabolism, as illustrated in 
Figure 5c comparing predicted to observed GFJDI bioavailability 
and intestinal availability (FG) ratios. The effect of intestinal and 
hepatic CYP3A4 inhibition by GFJ simulated with the model is 
exemplarily shown for midazolam as a victim drug. Figure 6a de-
picts predicted compared with observed plasma concentration- 
time profiles of midazolam with or without the ingestion of one 
glass of GFJ (single-  or double- strength), whereas Figure 6b shows 
plasma concentration- time profiles of midazolam without or after 
consumption of a total of 6 glasses of GFJ for 2 days prior to mid-
azolam administration. The model sufficiently described the effect 
of GFJ ingestion on midazolam plasma concentration- time profiles 
in all 3 cases and predicted a 276% (observed: 276%) higher mid-
azolam AUC for the consumption of 6 glasses compared with one 
glass of GFJ. Furthermore, marked increases in midazolam terminal 
half- life (t1/2) could be observed if the drug was administered after 
multiple doses of GFJ but not for co- administration with a single 
glass of GFJ. As illustrated in Figure 5d, comparing predicted to 
observed GFJDI t1/2 ratios, the model was able to describe the ef-
fect of single and multiple doses of GFJ on midazolam, felodipine, 
and triazolam t1/2.

To further investigate the difference in the effect magnitude of 
GFJ on duodenal vs. hepatic CYP3A4, the model was applied to 

predict CYP3A4, BGT, and DHB concentrations in the duode-
num and liver during administration of one glass of juice (Figure 6, 
left column) or multiple glasses of juice (Figure 6, right column). 
For the ingestion of one glass of juice, the model predicts maximum 
hepatic ingredient concentrations below KI, whereas concentra-
tions close to or above KI are predicted for frequent GFJ inges-
tion. Ingredient concentrations in the duodenum exceed KI by 
several fold for single and frequent juice ingestion. Subsequently, 
the model predicts a strong decrease in intestinal CYP3A4, inde-
pendent of frequency of juice consumption, as well as a frequency- 
dependent decrease in hepatic CYP3A4.

DISCUSSION
In the presented analysis, a GFJDI PBPK model was successfully 
established and evaluated. The model describes the consumption 
of GFJ as oral administration of the furanocoumarins BGT and 
DHB and successfully describes and predicts CYP3A4- mediated 
GFJDIs for a broad spectrum of victim drugs and scenarios.

Models of BGT and DHB were established as important 
CYP3A4 inactivators in grapefruit, regarding: (i) their abun-
dance in the juice as well as (ii) their inactivation activity.7 In vivo 
studies could show that a naringin solution24 or furanocoumarin- 
free GFJ25 did not markedly impact felodipine pharmacokinetics, 
implying that furanocoumarins are the main CYP3A4 inactiva-
tors in GFJ. However, the inhibitory effects of BGT and DHB 
observed in vivo were slightly smaller compared with the effect 
of whole GFJ.26,27 Hence, the effect cannot be attributed to one 
of these ingredients alone. Overall, CYP3A4 inactivation by 
grapefruit is complex and may result from a combination of in-
gredients present in the juice.7 This may explain why the current 
grapefruit model covering solely BGT and DHB could not suf-
ficiently describe the administration of GFJ ethanol extract and 
homogenized segments. This may be related to altered ingredi-
ent concentrations in respective preparations, and thus an altered 

Table 1 Drug- dependent parameters of bergamottin and 6,7- dihydroxybergamottin

Parameter Unit

Bergamottin 6,7- dihydroxybergamottin

Model Literature Ref Model Literature Ref

MW g/mol 338.4 (lit) 338.4 46 372.417 (lit) 372.417 47

logP 4.95 (opt) 4.81, 5.3 46 3.72 (opt) 2.67, 3.4 47

pKa — — — 13.84 (lit) 13.84 47

fu,plasma % 2.73 (calc) 2.73 48 7.70 (calc) 7.70 48

Solubility mg/L 10 (7) (lit) 10 (7) 46 44 (7) (lit) 44 (7) 47

Km (CYP3A4) μmol/L 1.9 (asm) — — 1.10 (asm) — — 

kcat (CYP3A4) 1/minute 0.05 (opt) — — 2.10 (opt) — — 

GFR fraction 1 (asm) — — 1 (asm) — — 

KI (CYP3A4) μmol/L 1.9 (lit) 1.9– 40 6,29,49 1.10 (lit) 1.1– 59 6,49,50

kinact (CYP3A4) 1/minute 0.70 (lit) 0.08– 0.70 6,29,49 0.41 (lit) 0.06– 0.52 6,49,50

Ki (CYP3A4) μmol/L 6.10 (lit) 0.5– 13.3 6 0.50 (lit) 0.4– 0.9 6

Intestinal permeability cm/minute 1.60 E- 3 (opt) — — 6.41 E- 5 (opt) — — 

asm, assumed; calc, calculated; GFR, glomerular filtration rate; kcat, catalytic rate constant; Ki, concentration for half- maximal inhibition; KI, concentration for 
half- maximal inhibition kinact maximum inactivation rate constant; Km, Michaelis– Menten constant; lit, literature; logP, lipophilicity; MW, molecular weight; opt, 
optimized; pKa, acid dissociation constant.
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contribution of the ingredients to the grapefruit effect. For exam-
ple, naringin concentrations in the ethanol extracts were ninefold 
higher compared with GFJ. Even though naringin and/or its me-
tabolite naringenin does not strongly contribute to the CYP3A4 

inhibition at concentrations measured in GFJ, it is conceivable 
that especially naringenin may additionally impact victim drug 
concentrations at such high concentrations.5 The characterization 
of the pharmacokinetics of BGT and DHB has been challenging 

Figure 3 Comparison of predicted and observed victim drug plasma concentration- time profiles with and without the administration of GFJ 
of (a) simvastatin and (b) its metabolite simvastatin acid,12 (c) alfentanil,39 (d) itraconazole, and (e) its metabolite hydroxyitraconazole,40 (f) 
triazolam,41 (g) R-  and S- verapamil, and (h) their metabolites R-  and S- norverapamil,42 (i) carbamazepine.43 Lines represent model predictions 
while the different shapes represent observed data (± SD, if available). D, day; d, double strength; GFJ, grapefruit juice; iv, intravenous; n, 
number of participants; po, oral, qd, once daily; s, single strength; sd, single dose; sol, solution; tab, tablet; tabER, extended- release tablet; 
tid, three times daily.

Simvasta�n
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Triazolam

Verapamil Carbamazepine
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due to the limited information on their metabolism and concen-
tration measures in the human body. Within the scope of the pre-
sented analysis, the models were developed to describe GFJDIs 
with CYP3A4 victim drugs. As more comprehensive information 
becomes available, these models can be easily refined.

Overall, CYP3A4- mediated GFJDIs are highly variable. First, 
this can be related to the high interindividual variability of intes-
tinal CYP3A4, where up to an 8- fold difference in intestinal con-
centrations was reported.28 Second, it should be considered that 
grapefruit is a natural product and the concentration of ingredients 

Time dependent effect of CYP3A4 inhibi
on

Effect of GFJ ingredients (BGT and DHB)

Effect of double-strength GFJ

Effect of GFJ extracts

Effect of vic�m route (oral or intravenous) Effect of GFJ frequency

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Effect of other citrus juices

(j) (k)
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may vary7 depending, for example, on external growing conditions 
and the fruit variety. Storage and processing of the fruit can also in-
fluence the concentrations.1 A high variability of BGT and DHB 
concentrations in GFJ with differences of more than 100- fold 
could be observed during the analysis of ingredient concentrations 
reported in the literature. For ~ 80% of the simulated scenarios, the 

ingredient concentrations were not indicated in the clinical study 
but had to be assumed based on the administered juice preparation 
to estimate the ingested dose. Even though in most cases the true 
concentration of BGT and DHB was unknown, the model suffi-
ciently described and predicted GFJDIs for different victim drugs 
assuming mean ingredient concentrations which is supported by 

Figure 4 Comparison of predicted and observed felodipine drug plasma concentration- time profiles with and without administration of GFJ (a) 
after intravenous administration or (b) oral administration of felodipine,9 (c) with and without the administration of GFJ (frequently administered 
or a single glass), (d) with and without grapefruit ingestion concomitantly, 4 hours or 24 hours before felodipine administration along with 
corresponding (e) dehydrofelodipine plasma concentration- time profiles (f) with and without the administration of double-  or single- strength 
GFJ11 (g) with and without the administration of different doses of BGT (2– 12 mg) compared with GFJ,26 (h) with and without the administration 
of juice “serum” (aqueous supernatant of frozen concentrate suspended in water, containing primarily DHB) compared with GFJ,27 as well as 
(i) blended segments (segments) and ethanol extract from segment free parts (extract)44 and (j) with and without the administration of lime 
juice14 or (k) Seville orange13 in comparison to GFJ. Lines represent model predictions, whereas the different shapes represent observed 
data (± SD, if available). BGT, bergamottin; D, day; d, double strength; DHB, 6,7- dihydroxybergamottin; ER, extended- release formulation; extr, 
extract; GFJ, grapefruit juice; iv, intravenous; n, number of participants; po, oral; s, single strength; sd, single dose; segm, segments; sol, 
solution; tab, tablet; tid, three times daily.

Figure 5 Performance of the GFJDI model. The performance of the model to predict the effect on the included victim drugs is illustrated in 
goodness- of- fit plots, comparing predicted versus observed (a) GFJDI AUClast ratios and (b) GFJDI Cmax ratios of all GFJDI studies as well as (c) 
GFJDI bioavailability and Fg ratios and (d) GFJDI t1/2 ratios of selected studies. The line of identity is shown as a straight solid line; the curved 
solid lines mark the prediction success limits proposed by Guest et al.45 A 1.25- fold deviation is shown as dotted lines; a 2- fold deviation is 
shown as dashed lines. Details on the GFJDI studies and all references are provided in the Supplementary Material, Section 3. AUClast, area 
under the plasma concentration − time curve from dosing to the last concentration measurement; Cmax, maximum plasma concentration; F, 
oral bioavailability; Fg, intestinal availability; GFJ, grapefruit juice; GFJDI, grapefruit– drug interaction; PK, pharmacokinetic; t½, terminal half- life.
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Figure 6 Effect of grapefruit on intestinal and hepatic CYP3A4. Comparison of predicted and observed (a, b) midazolam plasma concentration- 
time profiles, (c, d) predicted duodenum and liver CYP3A4 concentrations and predicted (e, f) BGT and (g, h) DHB concentrations in plasma, 
duodenum and liver after oral administration of midazolam with and without concomitant consumption of one glass of single-  or double- 
strength GFJ (left column) or after consumption of GFJ over 2 days before midazolam administration (right column).10 BGT, bergamottin; 
CYP3A4, cytochrome P450; d, double- strength; DHB, 6,7- dihydroxybergamottin; GFJ, grapefruit juice; GFJDI, grapefruit- drug interaction; D, day; 
po, oral; tab, tablet; n, number of participants; s, single- strength; sd, single dose; tid, three times daily.
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mean calculated GMFEs of 1.30 and 1.31 for GFJDI AUClast and 
Cmax ratios. This may be due to the fact that the effect is almost 
completely established after the consumption of 200 mL of juice, 
and doubling the dose of perpetrator moieties (e.g., by adminis-
tering double- strength juice), does not considerably impact the 
effect.10,11 However, regarding the pronounced variability, speci-
fying ingredient concentrations in future studies would enhance 
comparability between studies and improve comprehension of 
the grapefruit effect. Although GFJDIs with triazolam are gener-
ally well- described (GMFE GFJDI AUClast ratio = 1.49; GFJDI 
GMFE Cmax ratio = 1.40), the model tends to overpredict the ef-
fect of GFJ, which cannot be solely attributed to high variability in 
CYP3A4 and juice ingredients. Given that GFJDIs with the struc-
turally related CYP3A4 substrate midazolam are sufficiently de-
scribed (GMFE GFJDI AUClast ratio = 1.17; GMFE GFJDI Cmax 
ratio = 1.24), it is plausible to assume that the overprediction of the 
effect could also result from an inadequate description of intestinal 
CYP3A4 metabolism of triazolam.

The current model only reflects the inhibition of CYP3A4. 
However, inhibition of further metabolic and transport pro-
teins besides CYP3A4 is reported.29 For verapamil, transport 
via P- glycoprotein (P- gp) may be considered, however, clinical 
studies with digoxin as sensitive P- gp victim drug showed that 
grapefruit ingestion did not impact P- gp- mediated transport.30 
For simvastatin and erythromycin, transport via OATP may 
also be impacted by GFJ. Plasma concentrations of simvastatin 
lactone and its metabolite simvastatin acid were adequately pre-
dicted for co- administration with single- strength GFJ. However, 
when co- administrated with double- strength juice, the predicted 
grapefruit effect deviated from the observed effect. In this case, 
it cannot be ruled out that concentrations of other ingredients, 
such as naringin, might be high enough to markedly impact the 
transport of simvastatin. For example, it has been demonstrated 
that the flavonoid naringin can impair OATP- mediated trans-
port of pravastatin and pitavastatin.31 Carbamazepine is addi-
tionally metabolized via CYP2C8 and CYP2B6.20 Even though 
grapefruit has been shown to inhibit CYP2B6 as well,23 the 
current simulation, only considering CYP3A4 inhibition, ade-
quately describes the grapefruit- carbamazepine interaction. This 
is demonstrated by GMFEs of GFJDI AUClast and Cmax ratios 
of 1.16 and 1.17, respectively. Hereby, the model describes the 
complex interaction with carbamazepine as a victim and auto- 
inducer of CYP3A4, whereby CYP3A4 is mutually induced and 
inhibited.

The two key characteristics of the “grapefruit effect”— the time- 
dependent CYP3A4 inhibition, lasting more than 24 hours, and 
the predominant intestinal inhibition— were well- captured by 
the model. The time- dependent CYP3A4 inhibition could be 
described using inhibition parameters from the literature, demon-
strated by the sufficient prediction of felodipine and dehydro-
felodipine plasma concentration- time profiles, if felodipine was 
administered simultaneously, or up to 24 hours after GFJ.8 The 
CYP3A4 inhibition is primarily limited to intestinal CYP3A4, 
whereas only frequent juice consumption causes hepatic CYP3A4 
inhibition.10 The model reasonably described this characteristic by 

predicting: (i) the lack of effect of one glass of juice on intrave-
nous victim drugs, (ii) the effect on oral bioavailability and Fg, and 
(iii) the effect on drug t1/2. Based on model predictions of BGT, 
DHB, and CYP3A4 concentrations in the duodenum and liver, 
concentrations of the ingredients in the liver after the consump-
tion of one glass of juice are well below KI and, thus, insufficient 
to inactivate CYP3A4. In contrast, predicted duodenal ingredient 
concentrations are severalfold above KI and a strong decrease in in-
testinal CYP3A4 concentrations is predicted, independently of the 
frequency of GFJ ingestion.

Additional PBPK modeling approaches to describe the “grape-
fruit effect” are available in the literature. These approaches 
aimed to describe the “grapefruit effect “either mechanistically 
by modeling BGT32 or DHB as active ingredients,33,34 or non- 
mechanistically by adjusting intestinal CYP3A4 concentrations, 
gastric emptying time,35 or Vmax.

36,37 The herein presented anal-
ysis included a particularly large set of clinical studies (n = 43), 
investigating 10 different CYP3A4 victim drugs as well as their 
metabolites. Thereby, the model was thoroughly challenged and 
used to extensively investigate the unique features of the “grape-
fruit effect.” The GFJDI model sufficiently describes: (i) the 
effect on intravenously and orally applied victim drugs, (ii) the 
effect on oral bioavailability and FG, (iii) the impact on drug t1/2 
for single vs. repeated grapefruit consumption, (iv) the effect on 
victim drug metabolite plasma concentration- time profiles, and 
(v) the time- dependent effect of the CYP3A4 inhibition. In ad-
dition, no other modeling approach aimed to predict the effect 
of GFJ by modeling both active ingredients— BGT and DHB— 
although the effect cannot be attributed to one of these ingredi-
ents alone. Furthermore, the models of BGT and DHB could be 
successfully applied to predict the effects of Seville orange and 
lime juice consumption on the pharmacokinetics of felodipine. 
Both furanocoumarins are found in several commonly consumed 
fruits and their respective juices, herbs, and vegetables (e.g., pars-
ley, different citrus fruits but also celeriac and parsnip).38 Here, 
the developed PBPK models could provide the basis to investi-
gate the effects of additional furanocoumarin- containing foods 
on CYP3A4 substrates.

In summary, a grapefruit PBPK model was successfully de-
veloped and the effect of GFJ on various victim drugs could be 
described by modeling ingestion of GFJ as oral administration 
of the active ingredients BGT and DHB. The selection of mod-
eled GFJDIs was based on the availability of victim drug PBPK 
models within the Open Systems Pharmacology Suite as well as 
clinical studies providing plasma concentration- time profiles in 
the literature. However, the GFJDI model can be easily adapted 
to predict GFJDIs with additional CYP3A4 substrates, such as 
buspirone, lovastatin, or tacrolimus,3 which may also provide 
further insights into the performance of the presented grapefruit 
model. Moreover, the model could also be utilized to investigate 
dosing adjustments and provide a building block to investigate 
potential effects of furanocoumarins in foods. Additionally, the 
model can also be used for educational purposes to illustrate the 
pronounced effect that the consumption of GFJ might have on 
a patient’s medication.
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