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Objective: Combination therapy with rosuvastatin and ezetimibe is generally administered to patients with high cardiovascular risk. 
The objective of this study was to develop a population pharmacokinetic/pharmacodynamic (PK/PD) model of the interaction between 
rosuvastatin and ezetimibe that incorporates enterohepatic recirculation (EHC).
Methods: Concentration–time data were obtained from a two-part, open-label, multiple-dose crossover, drug interaction study. In 
total, 50 healthy male subjects received both monotherapy and co-therapy (Part A: rosuvastatin and co-therapy; Part B: ezetimibe and 
co-therapy). Rosuvastatin (20 mg) or ezetimibe (10 mg) were administered once daily for 7 days as monotherapy or co-therapy. Plasma 
concentrations were measured for PK analysis until 72 h post-dose at steady state. The changes in low-density lipoprotein cholesterol 
(LDL-C) levels from baseline to steady state at 24 h after the last administration were measured. A population PK/PD model 
incorporating EHC was developed using Monolix 2024R1. Covariate effects were explored, and the final model was evaluated through 
goodness-of-fit diagnostics and visual predictive checks. Model-based simulations were conducted to compare the LDL-C lowering 
effects of monotherapy and co-therapy.
Results: A population PK/PD model was established using a two-compartment model for rosuvastatin and a four-compartment model 
for ezetimibe incorporating EHC via intermittent gallbladder emptying. No significant PK interaction was observed. An indirect 
response PD model reflected the independent LDL-C lowering effects of both drugs. Simulations showed LDL-C reductions of 
−51.0% (rosuvastatin), −25.3% (ezetimibe), and −60.7% (co-therapy), supporting the additive efficacy of co-therapy. EHC increased 
the exposure of total ezetimibe with limited LDL-C lowering effects.
Conclusion: The overall PK interaction between rosuvastatin and total ezetimibe was not significant. The developed PK/PD model 
incorporating EHC successfully described the independent LDL-C lowering effects. These findings support the additive benefit of co- 
therapy of rosuvastatin and ezetimibe and may guide future research toward personalized lipid-lowering strategies.
Keywords: pharmacokinetics, pharmacodynamics, modeling, rosuvastatin, ezetimibe

Introduction
Statin monotherapy is the primary pharmaceutical option for dyslipidemias.1 Moreover, patients with high risk of 
coronary artery disease or high low-density lipoprotein cholesterol (LDL-C) levels require combination drug therapy 
including ezetimibe.1 Rosuvastatin is a moderate- to high-intensity 3-hydroxy-3-methylglutaryl-coenzyme A (HMG- 
CoA) reductase inhibitor.2 Rosuvastatin is metabolized by cytochrome P450 2C9 and 2C19 and excreted by the organic 
anion transporter protein 1B1.2,3 Ezetimibe inhibits the intestinal absorption of dietary and biliary cholesterol by 
interacting with Niemann–Pick C1-like protein 1 (NPC1L1) at the brush border.1 After oral administration, ezetimibe 
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is biotransformed into an active metabolite, ezetimibe-glucuronide, by the UDP glycosyltransferases 1A1, 1A3, and 
2B15 in the intestinal mucosa and liver.3,4 Ezetimibe co-therapy can lead to an additional 20% reduction in LDL-C levels 
compared with statin monotherapy.1,3

Ezetimibe shows multiple peaks in plasma concentration–time profiles, suggesting enterohepatic circulation (EHC).5 

EHC involves the transport of bile acids and xenobiotics from the liver to the bile, followed by biliary excretion and 
intestinal reabsorption.6,7 Drug pharmacokinetics (PK) and pharmacodynamics (PD) are affected by biliary excretion and 
reabsorption during the EHC process, resulting in a prolonged elimination half-life and an increased area under the 
plasma concentration–time curve (AUC) with multiple peaks after specific time intervals.7 EHC can be affected by 
several factors, including drug physicochemical properties, co-medication, use of bile acid sequestrants, genetic varia
tions, species, sex, and diseased conditions.7 However, the evaluation of EHC remains challenging owing to the lack of 
suitable models, the complexity of physiological processes, and ethical constraints.7

In spite of the clinical relevance, few PK/PD modeling studies have mechanistically incorporated EHC to evaluate 
drug–drug interactions in combination therapies—particularly for rosuvastatin and ezetimibe. Existing models have 
showed the difficulty in representing the physiological dynamics of biliary recycling and are limited in simulating the 
additive or synergistic lipid-lowering effects of co-administered agents.8 Moreover, most previous models have focused 
on single-agent profiles or employed simplified EHC assumptions, limiting their ability to accurately capture the 
interaction dynamics and delayed reabsorption processes relevant to combination therapy.5,9

In a previous study, the co-administration of rosuvastatin with ezetimibe revealed bioequivalent PK interactions 
between rosuvastatin and total ezetimibe, with the exception of free ezetimibe, which showed additive effects in the 
reduction of LDL-C.3 Based on these results, we developed a population PK/PD model of rosuvastatin and ezetimibe at 
steady state to mechanistically incorporate EHC via intermittent gallbladder emptying and account for the independent 
lipid-lowering actions of rosuvastatin and ezetimibe.8

To our knowledge, in this study, a physiologically relevant EHC model was novelly embedded within a PK/PD 
framework for rosuvastatin–ezetimibe combination therapy, enabling the simulation of LDL-C responses with mono
therapy and co-therapy. In light of the growing interest in individualized therapy, such mechanistic models may support 
future covariate-based approaches to optimizing lipid-lowering strategies.

Methods
Study Population and Design
The concentration–time data used in this analysis were obtained from a two-part clinical trial involving an open-label, 
multiple-dose, two-treatment, two-period, two-sequence crossover study in each part.3 The study was performed in 
accordance with the recommendations of the Korean Good Clinical Practice and the Declaration of Helsinki (https:// 
clinicaltrials.gov/ registry number: NCT02289430). The institutional review board of Gachon University Gil Medical 
Center approved the study protocol and ensured informed consent (GCIRB2014-324). The drug interaction study 
consisted of two parts: part A involved the evaluation of the PKs of rosuvastatin, and part B the evaluation of the 
PKs of ezetimibe. In total, 56 healthy male participants aged 19–45 years of age and within ± 20% of their ideal body 
weight (28 participants in each part) were eligible if they did not have clinically significant medical histories, physical 
examination findings, 12-lead electrocardiogram (ECG) readings or clinical laboratory testing results. Subjects who 
showed creatinine clearance under 80 mL/min by the Cockcroft-Gault equation were also excluded from this study. 
Enrolled subjects were randomly assigned to one of the two sequences. In part A, rosuvastatin 20 mg or a combination of 
rosuvastatin 20 mg and ezetimibe 10 mg was administered once daily for 7 days. In part B, ezetimibe 10 mg or 
a combination of rosuvastatin 20 mg and ezetimibe 10 mg was administered once daily for 7 days. A standard meal was 
provided at 4, 10, and 24 h after the final dose during the hospitalization period. After a 14-day washout period, the 
subject received the other treatment and the same procedures were followed.

To evaluate the drug interactions in the steady state, rosuvastatin and ezetimibe were co-administered once daily for 7 
days. Blood samples for PK evaluation in the steady state were obtained at 16 time points: prior to dosing (0 h) and at 
0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 5, 6, 8, 12, 24, 48, and 72 h after dosing on day 7 considering the longer mean half-life of 
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total ezetimibe with approximately 20 h. The LDL-C level for the therapeutic effect was measured before dosing (day 1) 
and 24 h after the final dose in the perspective of clinical usefulness with once daily administration.

Population PK/PD Analyses
The population PK/PD model was developed using a nonlinear mixed effects modeling approach with Monolix 2024R1 
software (Lixoft, Orsay, France). The stochastic approximation expectation maximization algorithm in Monolix was used 
throughout the model-building process. Concentrations below the lower limit of quantification (LLOQ) were observed in 
8.38% of rosuvastatin samples and 1.25% of ezetimibe samples, all of which occurred after 48 h after the final dosing in 
each period. Those data were regarded as missing and excluded from the analysis, where observations below the LLOQ 
are ignored in the likelihood.

Population PK Model for Rosuvastatin
Different structural and residual error models were explored during the model-building process, including one- and two- 
compartment models with additive, proportional, or combined residual error models. The random effects accounting for 
variability in rosuvastatin included parameters for interindividual variability and residual unexplained variability. All 
parameters were assumed to follow a log-normal distribution, and an exponential error model was used for interindivi
dual variability.

Population PK Model for Ezetimibe
The concentration–time profiles of ezetimibe showed enterohepatic reabsorption with multiple peaks.3 Different structural 
models, including one-, two-, and three-compartment models, were explored during the model-building steps using the EHC 
process. A two-compartment model with an additional gallbladder (GB) component provided the best fit to the data. GB 
emptying times were standardized based on meal times as defined in the protocol (4, 10, and 24 h after the last drug 
administration on day 7) and the appearance of a secondary peak in the obtained concentration–time profiles. Interindividual 
variability and residual unexplained variability were described using an exponential model. A combined proportional and 
additive residual error model was used to describe random errors in the plasma concentrations. All PK parameters were 
assumed to be log-normal, and correlations between the random effects of the parameters were tested in the model.

PD Model for LDL-C
The final PK models for rosuvastatin and ezetimibe were combined with an indirect effects model to describe the LDL-C data. 
Rosuvastatin exerts lipid-lowering effects by inhibiting HMG-CoA reductase, whereas ezetimibe inhibits cholesterol uptake 
by binding to NPC1L1. Considering the decrease in plasma levels of LDL-C following these independent lipid-lowering 
mechanisms of rosuvastatin and ezetimibe, the variation in LDL-C levels over time is described as follows:10

where Kin and Kout denote the LDL-C production and elimination rates, respectively. Ct;R and Ct;E are the PK model- 
predicted rosuvastatin and ezetimibe plasma concentrations at time t, respectively, and IC50; R and IC50; E are the 
respective rosuvastatin and ezetimibe concentrations that lead to 50% maximum inhibition of LDL-C production.

The model assumes Imax ¼ 1 (full inhibitory effect), which was fixed rather than estimated, owing to the lack of 
observable saturation and to reduce model complexity under sparse PD sampling. This approach allowed for robust 
parameter estimation while maintaining mechanistic interpretability of the combined effects of the two drugs.

Covariate Analysis and Model Evaluation
Along with the base structural model selections, the effects of potential covariates were graphically explored and tested in 
both PK and PD models. These covariates included baseline characteristics, such as age and weight, and laboratory 
measurements, such as serum creatinine, albumin, alkaline phosphatase, alanine aminotransferase, aspartate aminotrans
ferase, and gamma-glutamyl transferase. Continuous variables were centered on mean values. Covariates were initially 
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tested using univariate analysis and then using a combination of stepwise forward addition and backward elimination. 
The final model selection was based on goodness-of-fit plots and precision of the parameter estimates, as well as 
numerical criteria, such as objective function value (−2 log-likelihood) change, Akaike information criteria, and Bayesian 
information criteria. The visual predictive check (VPC) involved overlaying the observed data with the median, 5th, and 
95th percentile curves of the prediction using 1,000 simulated replicates.

Model Based Simulation
The LDL-C level changes from the baseline to the steady state 24 h after the last administration of rosuvastatin (20 mg), 
ezetimibe (10 mg), or a combination of these two drugs were simulated and compared based on the final PK-PD model.

Results
Study Population and Baseline Characteristics
A total of 50 subjects (25 each in Parts A and B) were finally included in the population PK/PD analysis, providing 25, 
25, and 50 concentration–time profiles for rosuvastatin, ezetimibe, and a combination of the two drugs, respectively. 
Demographic and biochemical parameters are presented in Table 1. The mean plasma concentration–time profile plots of 
rosuvastatin and ezetimibe are displayed in Figure 1. Generally, the plasma concentration–time curves of ezetimibe 
exhibited two absorption peaks typically at 1–2 h and around 5 h post-dose, although the second peak was relatively less 
pronounced in the current study population.3

PK Analysis for Rosuvastatin
A two-compartment model with first-order absorption was used to describe the PK profile of rosuvastatin (Figure 2). The 
estimated PK parameters for the absorption rate (ka; R), clearance (ClR), central volume of distribution (Vc;R), peripheral 
volume of distribution (Vp;R), and inter-compartmental clearance (QR), along with their interindividual variability 
and percent relative standard error values (RSE%), are summarized in Table 2. Between-subject variability for the 
estimated rosuvastatin PK parameters was moderate, whereas the model parameters were precisely estimated with 
a relatively low RSE%. A substantial correlation of random effects between ka ; R and CLR was observed and was 
included in the final model, significantly improving the goodness-of-fit criteria. The residual variability was described 
using a combined error model consisting of the additive component a and the multiplicative coefficient b:

Table 1 Demographics and Baseline Characteristics of Study 
Population

Part A (N = 25) Part B (N = 25)

Age (years) 24 (19–33) 24 (19–37)
Weight (kg) 69.1 (55.0–88.0) 68.8 (44.8–84.0)

Height (cm) 173 (163–182) 174 (159–183)

Serum creatinine (mg/dL) 0.7 (0.6–0.9) 0.8 (0.6–1.0)
Albumin (g/dL) 4.5 (4.1–4.9) 4.5 (4.2–5.0)

ALP (U/L) 68 (39–93) 72 (48–105)

ALT (U/L) 17 (9–44) 19 (7–43)
AST (U/L) 18 (13–31) 19 (14–29)

γ-GT (U/L) 19 (10–47) 20 (8–61)

Total cholesterol (mg/dL) 145 (110–200) 162 (130–244)
LDL (mg/dL) 91 (43–137) 99 (53–175)

HDL (mg/dL) 48 (33–67) 49 (31–78)

Note: Values are presented as median (minimum – maximum). 
Abbreviations: ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, 
aspartate aminotransferase; γ-GT, gamma-glutamyltransferase; LDL, low-density 
lipoprotein cholesterol; HDL, high-density lipoprotein cholesterol.
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where Cij and fij represent the jth observed and model-predicted concentrations of rosuvastatin in the ith individual, 
respectively. The residual error term eij is assumed to be standard and normally distributed with a mean of 0 and variance 
of 1. No covariate effect was significant for the estimated PK parameters, possibly because the volunteers were all young, 
healthy males. Supplementary Figure 1 presents goodness-of-fit (GOF) plots for the final PK model of rosuvastatin, including 
observed vs predicted values (both individual and population), residuals vs predictions, residuals vs time, and normalized 

Figure 1 Mean and individual plasma concentration–time profiles of rosuvastatin and total ezetimibe at steady state after 7-day treatment administration. (a) Rosuvastatin 
profiles (b) Total ezetimibe profiles. Rosuvastatin (20 mg) and ezetimibe (10mg) monotherapy are presented in black and cotherapy of rosuvastatin and ezetimibe is 
presented in grey.

Figure 2 The final pharmacokinetic/pharmacodynamic (PK/PD) model of rosuvastatin and ezetimibe. ClR (ClE) apparent rosuvastatin (total ezetimibe) clearance, Ct;R (Ct;E) 
rosuvastatin (total ezetimibe) plasma concentration predicted by the model, LDL-C low-density lipoprotein cholesterol, GB gallbladder, GI gastrointestinal, IC50;R (IC50;E) 
rosuvastatin (total ezetimibe) concentration that produced a 50% inhibition of LDL-C production, ka;R (ka;E) first-order absorption rate constant of rosuvastatin (total 
ezetimibe), kb;E first-order transfer rate constant from the central compartment to the GB compartment for total ezetimibe, ke;E switch function release rate constant from 
the GB compartment to the central compartment for total ezetimibe, kin production rate of LDL-C, kout elimination rate of LDL-C, QR (QE) apparent inter-compartment 
clearance of rosuvastatin (total ezetimibe), Vc;R (Vc;E) apparent central volume of distribution for rosuvastatin (total ezetimibe), Vp;R (Vp;E) apparent peripheral volume of 
distribution for rosuvastatin (total ezetimibe).
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prediction distribution errors (NPDE) distributions. The residuals are symmetrically and randomly distributed across time and 
predicted values, indicating the absence of systematic bias and supporting the adequacy of model performance.

PK Analysis for Ezetimibe
A population PK model was developed to simulate the EHC of ezetimibe by incorporating an intermittent GB emptying 
process (Figure 2). The structure of this model included four compartments: central, peripheral, gastrointestinal (GI) 
track, and GB.8 The central compartment was reversibly connected to the peripheral compartment. A hypothetical GB 
compartment was introduced to link the central and GI tract compartments and operate the EHC loop. Biliary secretion 
was modeled using a first-order process with a switch on/off function in order to mimic intermittent GB emptying after 
a meal. Assuming that all EHC processes after a meal were identical, the duration of bile release in each EHC cycle was 
set to 0.75 h.8 The bile release rate constant ke; E

� �
was fixed as the inverse of duration, 1.33 h - 1 = (0.75 h) - 1. The set 

of ordinary differential equations for the final PK model of ezetimibe was defined as follows:

Table 2 Parameter Estimates of the Final Pharmacokinetic/Pharmacodynamic Model

PK Model for Rosuvastatin PK Model for Ezetimibe PD Model for LDL

PK Parameter Mean (RSE %) PK Parameter Mean (RSE %) PD Parameter Mean (RSE %)

ka,R (h
−1) 0.21 9.3 ka,E (h

−1) 0.64 6.5 Baseline LDL (mg/dL) 92.2 3.9

ClR (L/h) 92.27 8.5 ClE (L/h) 20.04 6.7 kin (mg/dL·h) 1.9 22.2
Vc,R (L) 222.23 13.0 Vc,E (L) 31.98 9.8 IC50,R (ng/mL) 4.6 7.8

QR (L/h) 24.16 12.9 QE (L/h) 44.53 8.9 IC50,E (ng/mL) 36.9 11.8

Vp,R (L) 650.71 24.1 Vp,E (L) 363.06 9.5
kb,E (h

−1) 0.013 5.3

ke,E (h
−1) 1.33 Fix

IIV CV% (RSE %) IIV CV% (RSE %) IIV CV% (RSE %)

ωka,R 29.21 22.3 ωka,E 29.27 17.5 ωbaseline LDL 26.8 10.8
ωCLR 43.52 14.4 ωCLE 33.87 14.6 ωkin 45.2 48.8

ωVc,R 49.39 17.2 ωVc,E 43.62 18.4 ωIC50,R 38.4 22.6

ωQR 31.95 34.3 ωQE 41.8 17.1 ωIC50,E 29.6 59.4
ωVc,R 108.25 21.2 ωVc,E 46.13 16.1

ωkb,E 11.93 34.0

Correlation CV% (RSE %) Correlation CV% (RSE %)

ka,R – ClR −0.87 13.9 ClE – QE 0.74 15.7

ClE – Vp,E 0.58 25.5
QE – Vp,E 0.74 17.2

Residual error Mean (RSE %) Residual error Mean (RSE %) Residual error Mean (RSE %)

aR 0.17 22.3 aE 0.33 2.7 aLDL 0.73 0.5

bR 0.20 3.7 bLDL 0.12 0.03

Abbreviations: PK, pharmacokinetics; PD, pharmacodynamics; LDL, low-density lipoprotein cholesterol; RSE, relative standard errors; IIV, inter- 
individual variability; CV, coefficient of variation.
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where An;E represents the amount of ezetimibe in a specific compartment: (1) GI represents the gastrointestinal tract 
compartment, (2) c represents the central compartment, (3) p represents the peripheral compartment, and (4) GB 
represents the gallbladder compartment. The term kij;E denotes the transfer rate constant between compartments i and 
j, which includes the absorption ka; E

� �
, elimination kel; E

� �
, and bile transfer kb; E

� �
rate constants. The term GBE is an 

indicator function with a value 0 or 1, where GBE = 1 when GB emptying occurs within a bile release duration of 
0.75 h after a meal; otherwise, GBE = 0. Three intermittent bile release periods (at 4, 10, and 24 h post-dose) were 
considered according to mealtime. The duration of bile release was assumed to be 0.75 h, which approximates the mean 
duration of GB emptying in healthy subjects. The residual variability was described using an additive error model with 
zero proportional error (b = 0) in Equation 2.

PK parameters showed no significant covariates. The final model estimates, including the correlations of the random 
effects between Vp ;E – ClE, Vp ;E – QE, and QE – ClE, are summarized in Table 2. Supplementary Figure 2 presents the 
GOF plots for total ezetimibe, which show strong agreement between the predicted and observed concentrations. The 
residuals versus predictions and versus time plots exhibit random scatter without apparent trends, and both PWRES and 
IWRES, and NPDEs are centered around zero, suggesting robust model performance.

PK/PD Analysis for LDL-C
An indirect model with two independent drug mechanisms was used to describe changes in LDL-C levels (Figure 2). PK/ 
PD modeling was performed sequentially, incorporating the results of the two PK models. The individual PK parameters 
of rosuvastatin and ezetimibe were set to their estimated values and used as constants in the PK/PD model to fit the PD 
data. The residual error for LDL-C levels was best described by the combined error model in Equation (2).

Parameter estimates from the final full PK/PD model are presented in Table 2. All parameters were estimated with 
good precision (relative standard error <35%). Rosuvastatin and ezetimibe independently inhibited the production rate 
ðKinÞ of LDL-C without any drug–drug interactions. Due to the homogeneity of the study population, no significant 
covariates were identified, and the random effects showed no notable correlations. The goodness-of-fit plots in 
Supplementary Figure 3 demonstrate linear agreement without bias, and both the WRES and NPDEs are centered 
around zero with homogenous spread, indicating a good fit. No time-dependent or prediction-dependent error patterns 
were observed, supporting the adequacy of the PD model. The VPC plots in Figure 3 show that most of the observed 
concentrations were within the 5th and 95th percentiles of the simulated concentrations, suggesting that the final model 
was not unspecified.

Simulation Based on the PK/PD Model
Simulations were performed to compare the LDL-C-lowering effects of rosuvastatin or ezetimibe monotherapy and 
combined therapy based on the final PK/PD model. The mean percentage reduction in LDL-C levels measured 24 h after 
dosing from baseline (pre-dose) was −51.0 ± 15.0% for rosuvastatin monotherapy, −25.3 ± 16.2% for ezetimibe 
monotherapy, and −60.7 ± 13.9% for combination therapy (Figure 4). All three cases showed statistically significant 
reductions; however, combination therapy resulted in a greater reduction than monotherapy (Figure 4).

Discussion
This study represents the first population PK/PD modeling analysis of the drug–drug interaction between rosuvastatin and 
ezetimibe at steady state, incorporating a mechanistic representation of EHC. Compared to previous studies where PK or 
PD endpoints were evaluated separately, our approach enables the simultaneous modeling of exposure–response 
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relationships for both drugs using minimal model complexity. The integration of a physiologically meaningful EHC 
component and the indirect response model for LDL-C allows for the evaluation of additive pharmacodynamic effects 
under clinically relevant dosing regimens. This modeling strategy may provide a quantitative foundation for future 
investigations into individualized lipid-lowering therapy and can aid clinicians in evaluating the LDL-C response to 
combination therapy involving drugs undergoing enterohepatic recirculation.

After oral intake, foreign compounds entering the GI tract are absorbed into the portal vein by enterocytes and delivered to 
hepatocytes.6 They are then secreted into the bile and reabsorbed across the intestinal lumen during EHC.6 EHC involves 
biliary excretion, intestinal reabsorption with or without hepatic conjugation, intestinal deconjugation, and systemic 
circulation.6,7 In general, compounds with molecular weight greater than 400 g/mol, polarity, and biotransformation, including 
conjugation, can undergo EHC.6,7 Co-medication including bile-sequestrating agents, age, sex, genetic variations, disease 
conditions, and diurnal variations may affect biliary excretion during the EHC process, which may prolong the pharmaco
logical effect.7 The clinical significance of EHC, including its pharmacological and toxicological effects, is related to the 
extent of biliary excretion and efficiency of reabsorption.7 In this study of a recommended combination therapy, a population 
PK/PD model was developed for rosuvastatin and ezetimibe with respect to drug-drug interactions via EHC.3 After a meal, 
fatty acids and amino acids from the stomach stimulate the I-cells in the duodenum and jejunum to release cholecystokinin, 
which contract the GB and secrete bile into the biliary tree.11 As a result, multiple peaks in the concentration–time plots related 
to GB emptying are observed around mealtime.8 Since multiple peaks in concentration–time profiles of ezetimibe were more 
remarkable in the previous study, the effect of EHC on the PKs of ezetimibe was explored.3

Figure 3 Visual predictive check plots for the final pharmacokinetic-pharmacodynamic model for (a) Rosuvastatin, (b) Total ezetimibe, (c) Low-density lipoprotein 
cholesterol (LDL-C) under rosuvastatin monotherapy, (d) LDL-C under ezetimibe monotherapy, and (e) LDL-C under co-therapy with rosuvastatin and ezetimibe. Solid 
lines represent the 5th, 50th, and 95th percentiles of the observed data. Blue areas represent 95% confidence intervals for 5th and 95th percentiles of simulated data. Red 
areas represent 95% confidence intervals for median of simulated data. The time of drug administration at steady state (Day 7) was set to 0 h.
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Ezetimibe is absorbed and metabolized in the intestinal wall, and ezetimibe and ezetimibe phenolic glucuronide are 
transported through the portal vein.8 After further glucuronidation of ezetimibe in the liver and biliary secretion into the 
intestinal lumen, ezetimibe-glucuronide is hydrolyzed to the parent drug and reabsorbed into systemic circulation.4,12,13 Total 
ezetimibe is the sum of unchanged ezetimibe and ezetimibe-glucuronide. Total ezetimibe is considered the primary endpoint in 
PK/PD modeling, because ezetimibe-glucuronide which accounts for 80–90% of the total ezetimibe in plasma, has a potent 
therapeutic effect similar to that of its parent compound.4 This model consisted of four compartments including the GB for 
EHC, considering two pathways from GB; the one is to central compartment, including blood and liver and the other is to GI 
compartment.8 Therein, the GI compartment-linked model provided a better description than the central compartment-linked 
model based on the goodness-of-fit plots. Considering the ezetimibe metabolism, physiological process, and pattern of the 
secondary EHC peak, drug transport with bile release to the intestinal lumen could contribute to this model.14

Although ezetimibe exhibits distinct secondary peaks owing to enterohepatic recirculation, the second peak at 
approximately 5 h was modest and not clearly observed in the present study. This may be attributed to low reabsorption 
dynamics in healthy subjects and the relatively smoothened average profile. In addition, the limited sensitivity of plasma 
sampling to detect subtle postprandial fluctuations could have contributed to this visual subtlety. Nevertheless, the 
structural PK model incorporating GB emptying adequately captured the EHC effect, even if the secondary peak was less 
visually prominent in the mean profile (Figure 1).

The overall PK parameters of rosuvastatin and ezetimibe between monotherapy and co-therapy were consistent in this 
study, and the effect of comedication on the PK parameters including ka, CL and Q was limited. Although a slightly 
increased AUC of total ezetimibe was observed in the NCA analysis, the current PK model showed that the PK 
interaction between rosuvastatin and ezetimibe at the steady state, including EHC, is not significant.3

Applying the Bliss independence method would be appropriate given the independent therapeutic mechanisms of 
rosuvastatin and ezetimibe in lowering LDL-C.3,10 Multicompartmental models for EHC could have issues, including 
increased complexity, parameter identifiability, and estimation difficulties, so minimal model complexity with assumed 
variables was required.8,15 The basic model of indirect responses assumes that the value of Imax is 1.16 Hill coefficient, 
which represents the steepness of the concentration–response curve, is simply fixed at 1.9 Although the mechanisms of 
cholesterol synthesis inhibition and LDL receptor upregulation have been reported, statins have decreased the LDL-C 
synthesis rate constant ðKinÞ in previous PD models.17,18 Considering the pharmacological effect of ezetimibe as an inhibitor 

Figure 4 Distribution of low-density lipoprotein cholesterol (LDL-C) levels at baseline (yellow) and 24 hours after administration (blue) of rosuvastatin (20 mg), ezetimibe 
(10 mg), and their combinations at steady state, simulated in 1,000 individuals using the final pharmacokinetic/pharmacodynamic model. (a) % change of LDL-C (b) LDL-C level.
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of intestinal cholesterol uptake, its concentration was incorporated within Kin. The final PD model adequately described the 
LDL-C changes and supported the additive effects of rosuvastatin and ezetimibe without drug interactions.3,18,19

The recycled amount of ezetimibe was calculated using several methods to evaluate the effect of EHC. With 17% of 
the absorbed dose in the previous study, the AUC was estimated to increase by approximately 86% compared to the value 
in the absence of EHC.5 When the drug fraction excreted into bile was indirectly explored using the ratio between kb and 
kel (elimination rate), approximately 30% of the absorbed amount was recirculated.8 In the current model, the effect of 
EHC on ezetimibe exposure was explored based on the AUC ratio.13 The AUC ratio in the absence of EHC was 
estimated assuming that reabsorption was incorporated into the elimination process. In the present study, the AUC ratio 
was estimated to be 0.94, which significantly decreased in the absence of EHC. However, this difference did not 
significantly affect LDL-C level changes. The results of this modeling estimated that exposure to total ezetimibe was less 
affected by EHC compared to previous studies.5,8,13 This phenomenon was possibly caused by the concentration–time 
profiles, where the second and third peaks were not prominently observed (Figure 1). In addition, total ezetimibe 
quantitatively insensitive to EHC and infrequent sampling during reabsorption in healthy subjects may have contributed 
to these results, which could be a limitation of this study.

The PK/PD profiles of the study drug, particularly rosuvastatin, possibly show variability according to ethnic 
variability including genetic polymorphism, co-medication, age, and gender.20 These potential covariates were 
explored and found to be insignificant in our model. The absence of significant covariate effects may partly be due 
to the homogeneity of the study population. In particular, the dataset was derived from a clinical trial in healthy 
volunteers consisting exclusively of young adult males, thereby limiting the extrapolation of our findings to other 
populations such as females, older adults, or individuals with underlying disease. This demographic restriction may 
have affected the sensitivity of the model to detect covariate influences, as well as the observable impact of EHC on 
ezetimibe exposure.

Future studies, including individuals with comorbidities or genetic polymorphisms, could provide further insights into 
inter-individual variability in drug response. A broader demographic representation will also be essential to evaluating 
whether the current PK/PD relationships remain consistent across patient subgroups and to support individualized lipid- 
lowering strategies.

Conclusion
At the steady state, rosuvastatin and total ezetimibe showed no significant interaction in modeling analysis. The EHC PK 
process was well described by a four-compartment model with intermittent GB emptying and incorporated in the LDL-C 
synthesis process in a PD interaction model. This PK/PD model of co-medication led to a reasonable LDL-C-lowering 
effect, with adequate assumptions and minimal complexity. The PD model supported the independent lipid-lowering 
mechanisms of rosuvastatin and ezetimibe. The EHC process increased the exposure to total ezetimibe with a limited 
effect on LDL profiles.

The lack of significant covariate effects, possibly due to the homogeneous study population, may highlight the 
importance of considering EHC processes when evaluating drug interactions. Researchers should in future studies 
investigate the influence of covariates including various demographic factors, comorbidities or genetic polymorphisms 
on drug response, and explore the utility of mechanistic or physiologically based PK/PD models in guiding personalized 
treatment strategies.
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