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A B S T R A C T   

This work aimed to develop a physiologically based pharmacokinetic (PBPK) model for raltegravir accounting for 
UDP-glucuronosyltransferase (UGT) metabolism to assess the effect of UGT gene polymorphisms. Raltegravir 
elimination was evaluated using Km and Vmax values from human recombinant systems and UGT tissue scalar 
considering liver, kidney, and intestine. The predicted/observed ratios for raltegravir PK parameters were within 
a 2-fold error range in UGT1A1 poor and normal metabolizers, except in Asian UGT1A1 poor metabolizers. This 
PBPK modeling approach suggests that UGT1A3 is the main contributor to raltegravir’s metabolism. UGT1A3 
and UGT1A1 gene polymorphisms might have an additive effect on raltegravir’s drug disposition and response. 
The final model accounting for hepatic, renal, and intestinal UGT metabolism, biliary clearance, and renal 
excretion improved model predictions compared with the previously published models. This PBPK model with 
the quantitative characterization of raltegravir elimination pathways can support dose adjustments in different 
clinical scenarios.   

1. Introduction 

Model-informed precision dosing requires the quantitative assess
ment of elimination pathways to predict drug disposition accurately. 
Physiologically based pharmacokinetic (PBPK) models have gained 
prominence and regulatory acceptance for evaluating drug-drug in
teractions, pharmacogenetics, and special populations in recent years. 
These PBPK applications hinge on the availability of high-quality 
enzyme and transporter data (European Medicines Agency, 2015; 
Jones and Rowland-Yeo, 2013). For example, a PBPK model to support 
phenotype-guided dose adjustment requires quantitative characteriza
tion of elimination pathways, including enzyme kinetic parameters, 
transport-metabolism interplay when appropriate, and well-designed 
clinical data to verify model predictions (Peters et al., 2019). Howev
er, abundance and functionality assessments for non-CYP enzymes and 
drug transporters are current knowledge gaps that hinder the even 

broader application of PBPK modeling and simulation (Ladumor et al., 
2019). 

UDP-glucuronosyltransferase (UGT) isoforms catalyze glucur
onidation reactions of many endogenous substrates and drugs such as 
raltegravir, irinotecan, and telmisartan. Genetic polymorphisms in the 
alleles encoding UGT isoforms result in reduced expression levels or 
lower in vitro/in vivo activity Kasteel et al., 2020). Consequently, poly
morphic variants associated with low enzyme UGT activity result in 
increased drug exposure and potentially drug-induced toxicity. Ralte
gravir is an HIV-integrase inhibitor eliminated primarily by UGT en
zymes. In vitro studies using recombinant UGT showed that raltegravir 
metabolism is mediated mainly by UGT1A1, UGT1A9, and UGT1A3 
(Kassahun et al., 2007). High inter-patient variability in raltegravir 
pharmacokinetics has been reported (Cattaneo et al., 2012). 
UGT1A1*28 carriers showed higher raltegravir plasma concentrations 
and lower metabolic ratio when compared with homozygous 
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UGT1A1*1/*1 (Belkhir et al., 2018). Although other UGT isoforms play 
a role in raltegravir elimination, their contribution to pharmacokinetics 
or clinical outcomes is unknown. 

Raltegravir is administered orally twice daily with an usual dose of 
400 mg. It reaches a steady-state maximum plasma concentration (Cmax) 
of 1,000 to 3,000 ng/mL in the fasted state (Andrews et al., 2010; 
Brainard et al., 2011a; Hanley et al. 2009; Iwamoto et al., 2008a; 
Krishna et al., 2018; Neely et al., 2010; Rizk et al., 2012; Taburet et al., 
2015; Weiner et al., 2014). It is well-tolerated even at higher doses (800 
mg twice a day administered for 10 days) (Iwamoto et al., 2008a). The 
excretion of unchanged raltegravir in feces accounts for 51 (± 10) % of 
the dose. The high concentrations of glucuronide in the bile and the high 
amount of unchanged drug recovered in feces support the participation 
of gastrointestinal glucuronidase in raltegravir metabolism (Kassahun 
et al., 2007). In urine, 32 (± 9) % of the dose was recovered as ralte
gravir and raltegravir-glucuronide, each accounting for 9% and 23%, 
respectively (Kassahun et al., 2007). Secondary peaks are often observed 
in pharmacokinetic studies (Blonk et al., 2015; Rizk et al., 2012; Tab
uret et al., 2015; Watts et al., 2014), and the reasonable explanations are 
the delayed absorption or the entero-hepatic recycling. In vitro studies 
with liver, intestine, and kidney subcellular fractions indicate the 
participation of different tissues in raltegravir glucuronidation (Liu 
et al., 2019). Our goal was to develop a PBPK model accounting for UGT 
1A1, 1A3, 1A7, 1A8, and 1A9-mediated metabolism isoenzymes on 
raltegravir disposition (Liu et al., 2019). Simulations were performed 
with the final PBPK model to show the impact of UGT1A1 and UGT1A3 
genetic polymorphisms on raltegravir plasma concentration-time 
profiles. 

2. Methods 

2.1. PBPK model strategy 

PBPK modeling and simulation were performed using Simcyp v. 20 
(Certara, Princeton, NJ). The drug file containing compound properties 
for raltegravir (SV-raltegravir) in Simcyp was used as a base model for 
further development, refinement, and verification processes (Table 1). A 
full-body PBPK model was developed for raltegravir in healthy volun
teers for 400 mg oral administration single or twice-daily doses. The 
model was verified by comparing model-based simulations with 
observed in vivo concentration-time profiles obtained from published 
clinical studies. Raltegravir concentration-time profiles were extracted 
using a web-based data extraction tool (https://automeris.io/WebPlotDi 
gitizer/). The enzyme kinetics data for UGT1A1, 1A3, 1A9, 1A7, and 
1A8, biliary clearance, and entero-hepatic circulation were incorporated 
into the raltegravir PBPK model. Human physiological parameters were 
available in the virtual population of healthy volunteers (Sim-Healthy 
Volunteers) implemented in Simcyp. Fig. 1 describes the PBPK model 
building and verification workflow to evaluate raltegravir disposition. 
The PBPK model developed here was compared with three previous 
published raltegravir PBPK models (Table 1) (Liu et al., 2020; Moss 
et al., 2013; Sychterz et al., 2021). 

Model predictions were evaluated using a single oral dose (400 mg) 
or twice-daily doses (400 mg BID) of raltegravir. The model was verified 
using clinical data from healthy volunteers for the single-dose regimen 
(Blonk et al., 2012; Iwamoto et al., 2008a; Iwamoto et al., 2008b; Wang 
et al., 2011; Wenning et al., 2009a). Raltegravir steady-state concen
trations were verified with observed PK data in healthy and HIV-infected 
adult subjects (Andrews et al., 2010; Brainard et al., 2011a; Hanley 
et al., 2009; Iwamoto et al., 2008a; Krishna et al., 2018; Neely et al., 
2010; Rizk et al., 2012; Taburet et al., 2015; Weiner et al., 2014). 
Simulated concentration-time profiles for single or multiple doses were 
verified using clinical data reported from UGT1A1 polymorphisms 
studies (Belkhir et al., 2018; Wenning et al., 2009b; Yagura et al., 2015). 
All simulations were carried out in 10 virtual trials with 10 subjects 
each, in the fasted state and using the same dosing regimen, the 

Table 1 
Summary of input data for raltegravir physiologically based pharmacokinetic 
models of the present work and the published articles.  

Parameters  
Liu et al. 
(2020) 

Sychterz et al. 
(2021) 

Moss et al. 
(2013) 

Present 
work 

Physical chemistry     
Molecular weight 

(g/mol) 
444.42 444.42 445.16 444.42 

log P 0.58 1.07a 0.58 1.07a 

pka (monoprotic 
acid) 

6.67 6.7a 6.67 6.7a 

fraction unbound 0.17 0.17a 0.17 0.17a 

B/P  0.62a 0.6 0.62a 

Absorption     
intestinal 

permeability 
(transcellular) 
[10− 5 cm/min] 

1.71b    

Model  first-order 
absorptiona  

ADAM 

fa 1    
ka (1/h) 0.4    
lag time (h) 0.3    
Caco-2 pH 6.5:7.4 

(10− 6 cm/s)    
9.2d 

Caco-2 pH 7.4:7.4 
(10− 6 cm/s)   

6.6d  

Distribution Rogers 
and 
Rowland 

Poulin and 
Theil; full 
PBPK model 

Poulin and 
Theil; full 
PBPK 
model 

Poulin and 
Theil; full 
PBPK 
model 

Kp scalar  1  1 
Vss/F (L/kg)  0.34  0.34 
Elimination     
hepatic Clint uL/ 

min/106 

hepatocytes   

12.4e  

Km UGT1A1 [µM] 99c    

Vmax UGT1A1 
[nmol/min/mg] 

2.74b    

Km UGT1A9 [µM] 296c    

Vmax UGT1A9 
[nmol/min/mh] 

1.63b    

UGT1A1 Clint [μL/ 
min/pmol]  

1.48a   

fuinc  1a   

ISEF  1a   

Km UGT1A1 [µM]    260g 

Vmax UGT1A1 
[pmol/min/mg]    

334g 

fuinc UGT1A1    1 
Km UGT1A3 [µM    41g 

Vmax UGT1A3 
[pmol/min/mg]    

30g 

fuinc UGT1A3    1 
Km UGT1A9 [µM]    193g 

Vmax UGT1A9 
[pmol/min/mg]    

459g 

fuinc UGT1A9    1 
Km UGT1A7 [µM]    452g 

Vmax UGT1A7 
[pmol/min/mg]    

23g 

fuinc UGT1A7    1 
Km UGT1A8 [µM]    386g 

Vmax UGT1A8 
[pmol/min/mg]    

39g 

fuinc UGT1A8    1 
Clint biliary [µL/ 

min106] (CV)    
12 (30)h 

CLR (L/h)  3.3a 3.6f 3.3i  

a default compound file parameters provided in Simcyp software 
b fitted 
c Kassahun et al. (2007) 
d Moss et al. (2012) 
e fitted using Wang et al. (2011) 
f Iwamoto et al. (2008a) 
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proportion of females, and age range described in each clinical study. 
For multiple-dose studies, the simulations were conducted for 15 days 
(total duration of 372 h), and the concentration-time profile in the last 
dose administration interval (360 to 372 h) was assessed. The PBPK 
model was evaluated by visually comparing observed plasma 
concentration-time profiles with the predicted plasma concentrations in 
healthy virtual volunteers. The ratios of predicted/observed pharma
cokinetic parameters - area under the curve plasma concentration versus 
time (AUC) extrapolated to infinity (AUC0–∞), time to reach Cmax (Tmax), 
Cmax, and total clearance (CL/F) - were calculated, and the number of 
ratios within a 2-fold error range (0.5≤ ratio ≤ 2) was recorded. 

2.2. Development and verification of a PBPK model of raltegravir in 
healthy volunteers - single oral dose 

Since the Simcyp V20 default raltegravir file does not account for all 
UGT isoenzymes, glucuronidation by different tissues, biliary clearance, 
and entero-hepatic recycling, it does not appropriately capture the 
clinical concentration-time profiles (Figs. S1 and S2). Consequently, 
model setup and parameterization were critically reviewed and updated 
as follows. The default physicochemical parameters of raltegravir (mo
lecular weight, log P, pKa) were maintained (Table 1). In the absence of 
intravenous pharmacokinetic data, drug parameters related to the oral 
absorption model were evaluated. The Advanced Dissolution, Absorp
tion, and Metabolism (ADAM) model using either the mechanistic 
permeability (MechPeff) model or in vitro permeability data in Caco-2 
cells with active and passive transport at pH 7.4:7.4 (6.6 × 10− 6 cm/ 
s) or pH 6.5:7.4 (9.2 × 10− 6 cm/s) (Moss et al., 2011) was evaluated for 
the prediction of the human jejunum effective permeability (10− 4 cm/s) 
(Peff,man). The absorption profile predictions based on the MechPeff 

model based on physicochemical inputs and Caco-2 pH 6.5:7.4 9.2 ×
10− 6 cm/s resulted in similar absorption profiles. Both were superior to 
the first-order absorption model used in the default model. Based on 
Caco-2 cells, Peff,man value of 2.09 × 10− 4 cm/s. The lag time of 0.3 h 
from the absorption default model was kept in the model. 

Following the optimization of the absorption process, the predictions 
of the volume of distribution at steady state (Vss) were evaluated. Tissue- 
to-plasma partition coefficients (Kp) were estimated using Poulin and 
Theil method (Method 1) in a full PBPK perfusion-limited distribution 
model. The predicted Vss was 0.34 l/kg. 

Systemic clearance of raltegravir was mediated by UGT isoenzymes, 
biliary clearance, and renal clearance (Table 1). Based on the literature, 
the renal clearance was set to 3.3 L/h (Neely et al., 2010). In vitro data of 
raltegravir glucuronidation were obtained from Liu et al. (2019). First, 
the systemic clearance was predicted using the Michaelis Menten con
stant (Km) and the maximum rate of metabolism (Vmax) or the Clint 
values obtained from human liver, intestine, and kidney microsomes. 
Nevertheless, the predicted systemic clearance was approximately 
4-fold lower than the observed one (Fig. S3). Since the simulation based 
on in vitro data from human microsomes did not adequately predict 
raltegravir clearance, the next step in the model building was the eval
uation of the in vitro metabolism from recombinant UGT isoenzymes 
(Liu et al., 2019). Km and Vmax or Clint values from recombinant 
UGT1A1, UGT1A3, UGT1A7, UGT1A8, and UGT1A9 isoforms were 
incorporated into the elimination model. As the results obtained using 
Km and Vmax values were similar to that using Clint values, the first one 
was selected. The correction of the contribution of each UGT isoenzyme 
in each tissue (liver, kidney, or intestine) was considered using the 
rhUGT tissue scalar approach. The rhUGT tissue scalars (Table 2) were 
calculated for each drug-metabolizing isoenzyme by the equation: 

rhUGT
tissue scalar

=
Vmax (HLM or HIM or HKM)

VmaxrhUGT 

HLM, HIM, and HKM are human microsomes obtained from the liver, 

g Liu et al. (2019) 
h fitted to clinical data 
i Neely et al. (2010) 

Fig. 1. PBPK model building and verification workflow for raltegravir disposition in healthy volunteers and the effect of UGT1A1 gene polymorphisms. Abbrevi
ations: MW: Molecular weight, fu: fraction unbound, B/P: blood to plasma ratio; PM: poor metabolizer IM: intermediate metabolizer, NM: normal metabolizer; UGT: 
UDP-glucuronosyltransferase. 
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intestine, and kidney. Vmax is the maximum rate of a metabolic pathway, 
and rhUGT is the human recombinant UGT isoform. Finally, the intrinsic 
biliary clearance was fitted to oral PK data (Andrews et al., 2010; 
Brainard et al., 2011a; Hanley et al., 2009; Iwamoto et al., 2008a; 
Krishna et al., 2018; Neely et al., 2010; Rizk et al., 2012; Taburet et al., 
2015; Weiner et al., 2014). 

2.3. PBPK model verification and refinement 

2.3.1. Raltegravir administered in twice-daily oral doses 
After successful PBPK simulations for raltegravir as single oral 

dosing, simulations were performed to predict pharmacokinetic profiles 
and parameters after twice-daily oral doses of 400 mg raltegravir in the 
fasted state. In addition, enterohepatic recirculation (EHR) may be a 
critical process for glucuronide metabolites. Raltegravir glucuronides 
are eliminated through biliary excretion (Reddy et al., 2021). Due to the 
lack of in vitro data to support the addition of EHR to raltegravir model, a 
non-mechanistic approach was applied. After a sensitivity analysis, the 
biliary clearance was optimized to 12 µL/min/10− 6. The proportion of 
drug cleared by the biliary route that is available for reabsorption was 
set as 100% in the final PBPK model to account for the extent of con
jugated metabolite reconverted to the parent drug in the gut lumen. 
Later, the biliary clearance value and the reabsorption percentage were 
incorporated into the single oral dose PBPK model. 

2.4. Simulation of UGT1A1 polymorphism impact on raltegravir 
pharmacokinetics 

The classification for UGT1A1 genotype-predicted phenotype was in 
line with the Clinical Pharmacogenetics Implementation Consortium 
and defined as follows: normal metabolizers (*1/*1; *1/*36; *36/*36), 
intermediate metabolizers (*1/*28; *1/*6), and poor metabolizers 
(*28/*28; *6/*28; *6/*6) (Gammal et al., 2016). After verification, 
PBPK simulations were performed to assess the effect of UGT1A1 poly
morphism on raltegravir pharmacokinetics. The frequency of UGT1A1 
poor, intermediate or normal metabolizer in Simcyp was set as 1 (100%) 
for simulations of each phenotype. Predicted raltegravir data in UGT1A1 
poor, intermediate, and normal metabolizers were compared to reported 
clinical data on UGT1A1 genotypes (Belkhir et al., 2018; Wenning et al., 
2009b; Yagura et al., 2015). 

3. Results 

3.1. Raltegravir single oral dose administration 

The final PBPK model captured the concentration-time profiles 
observed in five clinical studies in healthy subjects in the fasted state 
(Figs. 2 and S4); 88.7% of the clinical data were within the simulated 
5th–95th percentile range. Predicted/observed AUC0–∞, Tmax, Cmax, and 
CL/F parameter ratios in healthy volunteers are listed in Fig. 3. Eighteen 
out of twenty (90%) simulated PK parameters values were contained 
within a 2-fold error range. 

3.2. Raltegravir multiple oral dosing regimen 

Six clinical studies in healthy volunteers (Andrews et al., 2010; 
Hanley et al., 2009; Iwamoto et al., 2008a; Krishna et al., 2018; Neely 
et al., 2010; Weiner et al., 2014) and three clinical studies in 
HIV-infected patients (Brainard et al., 2011a; Rizk et al., 2012; Taburet 
et al., 2015) were evaluated regarding the raltegravir multiple oral 
dosing regimen. Predicted mean concentration-time profiles and asso
ciated 5th–95th prediction intervals of raltegravir after the 31st dose 
administration overlaid with the observed data, as shown in Figs. 2 and 
S5. More than 90% of the observed clinical concentration data were 
within the 5th–95th percentile range. Predicted/observed ratios for the 
PK parameters AUC0–12, Tmax, trough plasma concentrations (Ctrough), 
Cmax, and CL/F in volunteers or patients treated with 400 mg twice daily 
oral dose raltegravir are listed in Fig. 3. Thirty-eight out of forty-five 
(84.4%) simulated PK parameters values were within a 2-fold error 
range. 

3.3. Raltegravir UGT1A1 phenotypes 

The verified PBPK models were applied to predict the effect of 
UGT1A1 phenotypes on raltegravir pharmacokinetics. After 400 mg 
raltegravir, as a single oral dose, the predicted means of concentration- 
time profiles and 5th–95th percentile range captured well the poor 
metabolizer phenotype (*28*28 genotype) when compared with the 
observed data (Fig. S6) (Belkhir et al., 2018). 

The predicted/observed Ctrough values for UGT1A1 metabolizer 
phenotypes after 400 mg multiple doses are shown in Fig. 4. After 400 
mg twice-daily oral doses of raltegravir, the predicted/observed Ctrough 

Table 2 
Tissue scalar factor for UDP-glucuronosyltransferases (UGT) isoenzymes.   

tissue scalar 
UGT liver kidney intestine 

1A1 5.20 6.98 0.98 
1A3 57.9 0 10.87 
1A7 0a 101.39 14.17 
1A8 0 59.79 8.36 
1A9 3.78 5.08 0.71  

a isoform not expressed in the tissue. 

Fig. 2. Plot of the final PBPK raltegravir model. Plasma concentration-time 
profiles of raltegravir following a single oral dose of 400 mg or a twice-daily 
dose of 400 mg in the fasted state. The solid line represents the simulated 
mean plasma concentration, and the dotted lines represent simulated 5th and 
95th percentiles. 
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ratio for the normal metabolizer phenotype were 0.86 and 1.10, 
considering two independent clinical trials (Belkhir et al., 2018; Yagura 
et al., 2015). The predicted/observed Ctrough ratio for intermediate 
metabolizer (*1*28 or *1*6 genotypes) was within a 2-fold error range 
(Moss et al., 2012; Sychterz et al., 2021). The Ctrough predicted/observed 
ratio for poor metabolizer was 0.67 relative to Belkhir et al. (2018) 
clinical study, which investigated UGT1A1*28 carriers, the most 
frequent variant allele in all populations. Nevertheless, pre
dicted/observed Ctrough ratio for poor metabolizers were variable (0.11 
to 0.41) and outside the 2-fold error range relative to Yagura et al. 
(2015) clinical study (*28*28; *6*28 and *6*6 genotypes). The more 
discrepant ratio was observed for the *6*6 genotype with a Ctrough 
predicted/observed ratio of 0.11-fold (Fig. 4). The high variability in the 
predictions for UGT1A1*6 carriers, which is relatively common in East 
Asian, but absent in Europan and African populations, is discussed 
below regarding the non-random association of UGT1A1 and 1A3 
alleles. 

4. Discussion 

In the present study, a full PBPK model of raltegravir was developed 
and verified in healthy volunteers. The absorption model incorporates 
the intestinal permeability from in vitro Caco-2 cells experiments (Moss 
et al., 2011). Raltegravir is a class II drug according to the BDDCS 
classification, which suggests that gut and liver drug transporters might 
influence drug disposition (Benet et al., 2011). Class II drugs have low 
water solubility, high-fat solubility, and high permeability. Raltegravir 
(10 mM) was fully soluble at pH 6.8 or higher due to the deprotonation 

of the hydroxyl group (Moss et al., 2012). Increased raltegravir exposure 
is observed after high-fat food intake. High-fat meal resulted in a 2-fold 
increase in AUC and Cmax of raltegravir compared to fasted condition 
(Brainard et al., 2011b). Despite the increased plasma exposure, the 
magnitude of this food effect does not result in dosing recommendations 
for raltegravir when administered with specific meals (Isentress, 2008). 

Raltegravir has shown pH-dependent dissolution with increasing 
oral bioavailability at higher pH values (Moss et al., 2013). The under
prediction of Cmax observed in some simulated clinical studies can be 
attributed to the dynamic interplay of pH-dependent dissolution and 
drug transporters to the variability of raltegravir absorption (Komasaka 
et al., 2021). Raltegravir has been described as a substrate for the efflux 
transporters MDR1 P-gp and BCRP (Hoque et al., 2015), which are 
expressed in the apical membrane of the enterocytes (Hashiguchi et al., 
2013; Hoque et al., 2015; Moss et al., 2011; Rizk et al., 2014; Zembruski 
et al., 2011). The efflux ratio obtained at the pH 6.5 in the apical 
compartment in Caco-2 cells was 1.6 (Moss et al., 2011), suggesting that 
active efflux is not the main contributor to raltegravir intestinal 
permeability. In fact, multiple doses of the P-glycoprotein inhibitor ri
tonavir did not change raltegravir AUC or Cmax (Hanley et al., 2009; 
Iwamoto et al., 2008b). Thus, P-glycoprotein was not incorporated in 
the final PBPK model, and the omitted mechanism is not expected to 
affect the predictions of raltegravir exposure. 

For the full PBPK distribution model with 12 organs, both Poulin and 
Theil (method 1) and Rodgers and Rowland (methods 2 and 3) were 
tested. The Poulin and Theil equation described better raltegravir dis
tribution, resulting in a Vss value of 0.34 l/kg with a tissue-plasma 
partition coefficient (Kp) scalar of 1. Other PBPK models used Poulin 

Fig. 3. Forest plot showing the raltegravir PBPK modeling performance. The solid line represents the identity (predicted/observed) ratio. The shaded area represents 
a 0.5 to 2-fold ratio window. The predicted/observed ratio in each clinical study is shown as dots. 
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and Theil equation to describe raltegravir distribution (Moss et al., 2013; 
Sychterz et al., 2021), except one using Rodgers and Rowland equation 
(Liu et al., 2020). The binding to cellular macromolecules, ionic in
teractions, and pH gradients within tissues are not accounted for by the 
Poulin and Theil model. Here, the homogenous tissue distribution by 
passive diffusion, described by Poulin and Theil method, captured ral
tegravir’s Vss reasonably well (Obach et al., 2008). 

The current raltegravir PBPK model accounts for hepatic, renal, and 
intestinal UGT1A1, 1A3, 1A7, 1A8, and 1A9-mediated metabolism, 
biliary clearance, and renal excretion. Glucuronidation of raltegravir is 
mediated by UGT enzymes. In vitro data using recombinant UGT iso
forms have shown that UGT1A1 and UGT1A9 catalyzed raltegravir 
glucuronidation at similar rates, and UGT1A3, UGT1A7, and UGT1A8 
showed lower rates (Liu et al., 2019). In contrast, Kassahun et al. (2007) 
demonstrated that the UGT1A1 glucuronidation rate was higher than 
that of UGT1A9 and UGT1A3. In vitro in vivo extrapolation with 
rhUGT/tissue scalar correction allowed to estimate the relative contri
bution of each UGT isoform in the liver, intestine, and kidney tissues in 
vivo (Reddy et al., 2021). Our PBPK approach has shown that the in vivo 
contribution of raltegravir metabolized by liver UGT1A3 (39.74%) was 
higher, followed by liver UGT1A9 (7.51%) and liver UGT1A1 (4.83%) 
(Fig. S7). It should be noted that UGT1A7 and UGT1A8 are not expressed 
in the liver (Kasteel et al., 2020). The model also accounted for the renal 
UGT isoforms with a relative contribution of 0.70%, 1.01%, 0.57%, and 
0.49% of kidney UGT1A1, UGT1A9, UGT1A8, and UGT1A7 in 

raltegravir elimination, respectively. 
Clinical studies have reported drug-drug interactions with ralte

gravir. Efavirenz, which modulates the expression of UGT enzymes by 
activating the pregnane X receptor, moderately reduces raltegravir AUC 
(Iwamoto et al., 2008a; Iwamoto et al., 2008b). Raltegravir exposure 
was slightly increased when combined with atazanavir, a known in
hibitor of UGT1A1, UGT1A3, and UGT1A4 (Iwamoto et al., 2008a; 
Neely et al., 2010; Zhang et al., 2005; Zhu et al., 2010). In the absence of 
selective UGT isoforms inhibitors, the clinical DDI information is of 
limited value in assessing the contribution of UGT isoforms on ralte
gravir drug disposition. Leveraging in vitro metabolism data in recom
binantly expressed systems (Liu et al., 2019), an extrapolation using 
UGT tissue scalars was performed to assess the contribution of UGT 
isoforms on raltegravir clearance. The inclusion of the additional 
mechanistic glucuronidation metabolism and appropriate physiological 
scalars and in silico modeling to accurately predict raltegravir elimina
tion might be further used to explore other “what if” scenarios. 

The PBPK model described by Liu et al. (2019) incorporated only in 
vitro data from UGT1A1 and UGT1A9 isoforms (Kassahun et al., 2007). 
The PBPK model developed by Sychterez (2021) used the optimized 
value of 1.48 μl/min/pmol for UGT1A1 intrinsic clearance, as in the 
default compound file provided by Simcyp software. Lastly, raltegravir 
elimination in the PBPK model proposed by Moss et al. (2013) was 
predicted using the intrinsic hepatic clearance fitted to clinical data. In 
the current work, the mechanistic model building based on recombinant 

Fig. 4. Forest plot showing the PBPK modeling performance to assess the impact of UGT1A1 polymorphisms on raltegravir disposition. The solid line represents the 
identity (predicted/observed) ratio. The shaded area represents a 0.5 to 2-fold ratio window. Predicted/observed ratios in each clinical study are shown as dots 
or triangles. 
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UGT isoforms data corrected by tissue scalar results in a promising 
predictive performance for future applications. 

Some studies suggest the role of membrane transporters in ralte
gravir disposition. However, their relevance to the clinical context is still 
unknown. In vitro studies indicate that raltegravir is a substrate of 
human MDR1 (P-gp) and BCRP and renal uptake transporter OAT1. Still, 
it is not a substrate for OATP1B1, OATP1B3, OATP1A2, OCT1, sodium 
taurocholate cotransporting peptide (NTCP), and multidrug resistance 
proteins MRP1 (ABCC1), MRP2 (ABCC2), and MRP3 (ABCC3) (Hashi
guchi et al., 2013; Hoque et al., 2015; Rizk et al., 2014). P-gp and BCRP 
are efflux drug transporters located in the biliary canaliculi of hepato
cytes (Kock et al., 2012). The role of biliary excretion on raltegravir 
(fraction excreted of 15%) and raltegravir glucuronide (fraction 
excreted of 85%) disposition was previously described (Kassahun et al., 
2007). From the underestimated raltegravir exposure in the 
multiple-dose during the PBPK model development (Fig. S8), the 
incorporation of biliary clearance and EHR was evaluated. The under
estimation of raltegravir plasma exposure could be attributed to the 
saturation of metabolism processes. Nevertheless, non-linear pharma
cokinetics was discarded since raltegravir AUC and Cmax are propor
tional up to 1600 mg doses (Isentress FDA, Drug Approval Package). 
Sensitivity analysis and parameter estimation were performed to obtain 
the biliary clearance value (12 µl/min/10− 6). The dose available for 
reabsorption in the gut was 100% in the final PBPK model. Secondary 
peaks are often observed in pharmacokinetic studies (Rizk et al., 2012; 
Taburet et al., 2015), and EHR is a reasonable explanation. The final 
model demonstrated an apparent fraction absorbed (relative to total oral 
dose) of 1.45, which is greater than unity, suggesting the relevance of 
EHR for raltegravir systemic exposure. 

Raltegravir unchanged fraction eliminated in urine is reported to 
account for 2.9% (0.5–25.5%) after 400 mg single oral dose (Neely et al., 
2010) or 9.95% and 11.4% after 400 mg single or twice-daily oral doses, 
respectively (Iwamoto et al., 2008b). The PBPK model developed in the 
current work is supported by data reported in clinical trials, as ralte
gravir unchanged fraction eliminated in urine was 11.1% after single or 
twice daily 400 mg raltegravir oral dose. The default raltegravir sub
strate file provided by Simcyp and employed by Sychterez (2021) results 
in 15.8% of renal contribution to overall raltegravir elimination. The 
current study and the PBPK model described by Sychterez (2021) used 
the renal clearance value of 3.3 L/h obtained from Neely et al., (2010), 
while the one reported by Moss et al. (2013) used the renal clearance 
value of 3.6 L/h obtained from Iwamoto et al. (2009). The PBPK model 
developed by Liu et al. (2020) reported the inclusion of renal elimina
tion as the glomerular filtration rate fraction of 1. These data show that 
renal excretion is not a major route of elimination for raltegravir. 
Indeed, moderate or severe renal impairment is not clinically relevant to 
raltegravir drug disposition (Iwamoto et al., 2009). 

The literature systematically describes UGT1A1 as the main ralte
gravir glucuronidation enzyme based on the in vitro assays performed by 
Kassahun et al. (2007). Consequently, the effect of UGT1A1 genetic 
polymorphisms on raltegravir pharmacokinetics was assessed in clinical 
trials. The microsatellite variation UGT1A1*28, including an extra 
TATA box sequence A(TA)7TAA, slightly decreased the glucuronidation 
activity and increased raltegravir AUC values for raltegravir (Wenning 
et al., 2009b; Yagura et al., 2015; Belkhir et al., 2018). The single 
nucleotide polymorphism UGT1A1 c.211G>A (UGT1A1*6), which is 
rare in Caucasian and African Americans but common in Asian pop
ulations, was associated with higher plasma concentrations of ralte
gravir (Yagura et al., 2015). The PBPK model described by Sychterez 
et al. (2021), which did not account for UGT1A3, 1A7, 1A8, or 1A9, 
overpredicted the increased raltegravir plasma exposure in UGT1A1 
poor metabolizers. Our findings suggest that UGT1A3 activity is the 
main contributor to raltegravir elimination. Accordingly, UGT1A3 
pharmacogenetics showed a higher impact than UGT1A1 on raltegravir 
kinetic disposition (Fig. 5). Here, the predicted/observed ratios were 
lower than unity in UGT1A1 poor metabolizers. This behavior was 

evident for simulations compared to the UGT1A1 *6/*6 diplotype, 
which are mainly found in the Asian population. A reasonable expla
nation is the linkage disequilibrium (LD) between UGT1A1 and 1A3 
variants described in Japanese. UGT1A1*6 and UGT1A3*4a have shown 
significant disequilibrium (D’ = 1) (Ieiri et al., 2011). The amino acid 
change R45W in UGT1A3*4a was previously associated with 70% of 
enzyme activity, evaluated as estrone glucuronidation rate relative to 
the wild type (Iwai et al., 2004). As the UGT1A3 poor metabolizer (PM) 
phenotype was not assessed in clinical trials and not incorporated into 
the model concomitant to the UGT1A1 PM phenotype, the current model 
underpredicts the combined effect of UGT1A3 and UGT1A1 gene poly
morphisms, which is expected in Asian UGT1A1*6 carriers. Supposing 
that our hypothesis on the interplay of UGT1A1 × UGT1A3 gene poly
morphisms confirms in the clinics, increased plasma exposure to ralte
gravir may be observed in UGT1A3 PM/UGT1A1 PM subjects. Our 
simulations have shown that UGT1A3 PM/UGT1A1 PM subjects show a 
2.7-fold increase in raltegravir AUC compared to UGT1A3/UGT1A1 
normal metabolizers (NM). Since raltegravir is considered a safe drug 
even at high doses, dose adjustments in UGT1A3 NM/UGT1A1 NM may 
be recommended to avoid drug wastage. 

In conclusion, our findings suggest that UGT1A3 activity is the main 
contributor to raltegravir elimination. As the effect of UGT1A3 phar
macogenetics was not previously assessed in clinical trials, our simula
tions anticipate that UGT1A3 has a higher impact than UGT1A1 on 
raltegravir kinetic disposition (Fig. 5). Other gene polymorphisms in LD 
between UGT1A1 and 1A3 variants cannot be discarded, and the 
interplay of genetic polymorphisms of UGT1A1 and 1A3 in raltegravir 
metabolism needs to be investigated in clinical trials. The current PBPK 
model for raltegravir has some limitations. The lack of a permeability- 
limited model considering the main drug transporters involved in ral
tegravir disposition limits the evaluation of drug-drug interaction or 
drug-disease interactions related to transporters. The addition of 
mechanistic in vitro data of drug transporters expressed in key tissues for 
raltegravir disposition could significantly increase the predictive ca
pacity of this model. All simulations were performed using the virtual 
library populations of healthy volunteers. HIV-AIDS patients can present 
disturbances in the GI tract such as elevated gastric pH, decreased 
gastric transit time, decreased intestinal absorption surface area, diar
rhea, and fat malabsorption syndromes (for lipid-soluble drugs) (Hatton 
et al., 2019). These factors can affect raltegravir bioavailability. So, 
building an HIV-infected population could improve the predictions for 
the raltegravir concentration-time profiles in this population. 

Fig. 5. PK profiles in different UGT1A1 and UGT1A3 metabolizer phenotypes. 
NM: normal metabolizer; PM: poor metabolizer. Simulation on UGT1A1 NM/ 
UGT1A3 NM was set as a reference (mean predictions in solid blue line and 5th- 
95th percentiles of predictions in dashed blue lines). UGT1A1 PM/UGT1A3 NM, 
UGT1A1 NM/UGT1A3 PM and UGT1A1 PM/UGT1A3 PM: are displayed in 
yellow, green and red, respectively. 
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5. Conclusions 

The developed PBPK model successfully predicted the mean ralte
gravir PK profile after 400 mg single and multiple oral doses and might 
be applied to different clinical scenarios. Overall, the PBPK model 
adequately predicted the pharmacokinetic changes associated with 
UGT1A1 genotype/phenotype, except for UGT1A1*6 carriers. The in 
vitro in vivo extrapolation proposed here suggests that UGT1A3 is the 
main contributor to raltegravir metabolism. UGT1A3 and UGT1A1 ge
netic polymorphisms might have an additive effect on raltegravir drug 
disposition and response. The current approach improved the predictive 
performance compared with the previously published raltegravir 
models. The final model accounts for liver, kidney, and intestine UGT 
metabolism, biliary clearance, and renal excretion. Due to the robust 
characterization of elimination pathways, this PBPK model can support 
raltegravir dose adjustments in different clinical scenarios. 
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