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Abstract— Background: Lopinavir is a highly potent 

protease inhibitors commonly used in treatment of HIV 

infection. The drug has a very low bioavailability due to a rapid 

metabolism by cytochrome P450 3A (CYP3A) isoenzyme.  We 

aimed to develop a biologically relevant pharmacokinetic model 

of lopinavir with a description of a CYP3A4-mediated first pass 

metabolism and enterohepatic circulation (EHC).  

Methods: A theoretical model of lopinavir was developed using 

the classical pharmacokinetic modeling concept. The model 

consisted of one compartment with first-order absorption from 

gastrointestinal (GI) depot and first-order clearance into 

recycling depot which incorporated into the model structure 

using ACSLX. Results: Lopinavir plasma concentration-time 

course was successfully simulated against a dataset from the 

literature. The model had an absorption rate constant (Ka) of 

0.991 h-1, a reabsorption rate constant (Kreabsorb) of 0.171 h-1, 

and a volume of distribution (V/F) of 54.7 L. The 12 hours area 

under the concentration-time curve (AUC0-12h) values from our 

model simulation compares to the experimental data were 

0.8141 g/ml.h and 0.7058 g/ml.h, respectively. Maximum 

plasma concentration of the drug (Cmax) predicted from our 

model compare to the experimental data were 0.273 g/ml and 

0.442 g/ml, respectively. While, minimum plasma 

concentration of the drug (Ctrough) predicted from our model 

compare to the experimental data were similar at 0.0015 g/ml.  

Conclusions:  Modified one compartment with first-order 

absorption from gastrointestinal (GI) depot and first-order 

clearance into recycling depot describes a pharmacokinetic of 

oral single dose of lopinavir 400 mg. The model can also 

simulate a concentration-time course with a difference dosing 

and variable which  can be used for further describing the 

pharmacology of the drug interaction when combine with the 

other drugs. 

I. INTRODUCTION 

Compartmental pharmacokinetic (PK) modeling is an 

in silico approach in which pharmacokinetic and 

pharmacodynamic processes can be incorporated and 

quantitatively described [1]. PK/PD or pharmacokinetic/ 

pharmacodynamic modeling and simulation are now widely 

used in all phases of drug development, from preclinical 

phase studies to post-marketing surveillance (PMS) studies. 

In late clinical phase, PK/PD modeling is useful for 

determining a safe dose, verifying a dose exposure-response 

relationship, and assessing the impact of applicable 

covariates [2].  
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The antiretroviral therapy guidelines recommend the 

use of combination therapy, including a non-nucleoside 

reverse transcriptase inhibitor (NNRTI) or a protease 

inhibitor (PI) plus a dual-nucleoside/nucleotide reverse 

transcriptase inhibitor (NRTI). Protease inhibitors (PI) is one 

of a class of antiretroviral agents for treatment HIV-1 

infection in human including of saquinavir, indinavir, 

amprenavir, atazanavir, nelfinavir, tipranavir and lopinavir, 

which is used in combination with low dose ritonavir as a 

recommended choice in PI class to treat the HIV-1 infected 

children and pregnancy patients [3–5]. 

Lopinavir (ABT-378), with a chemical structure shown in 

Fig.1, is the most potent inhibitor of the human 

immunodeficiency virus (HIV) protease enzyme by forming 

an inhibitor-enzyme complex result in preventing cleavage 

of the gag-pol polyproteins. Immature or noninfectious viral 

particles are subsequently produced. Despite of a very low 

bioavailability due to a rapid metabolism by gastrointestinal 

and hepatic cytochrome P450 3A4 (CYP3A4) isoenzyme 

[6–9]. Ritonavir is used to increase lopinavir bioavailability 

primarily by inhibiting CYP3A4 isoenzyme. A boosted 

regimen between lopinavir and ritonavir, a known potent 

CYP3A4 inhibitor, has been shown to achieve desirable 

plasma therapeutic concentration of lopinavir in many 

clinical studies. To determine the efficacy of the regimen, 

safety assessment has been studied but revealed little insight 

of such mechanism of the interaction [10–13].  

 
 To understand a pharmacokinetic behavior of lopinavir, 

the aim of this study was to develop the theoretical model of 

oral plasma lopinavir concentration-time course following a 

400-mg single oral dosing in humans.  

II. MATERIALS AND METHODS 

A. Lopinavir pharmacokinetics 

Lopinavir has been introduced to market in a form of soft 

gelatin capsule combined with ritonavir  (Kaletra; Abbott 

Laboratories, Chicago, IL) [14]. Single oral dosing 

pharmacokinetic studies in rats and human without ritonavir 
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Figure 1. A chemical structure of Lopinavir (ABT-378)  
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Figure 2. A Pharmacokinetic Model of Lopinavir   

 

were available and revealed low levels of the drug plasma 

concentration below 0.01 g/ml, while a recommendation 

require through plasma concentration level of lopinavir in 

both children and adult naïve patients to be above 1 g/ml   

[3–5]. These results may be due to its poor oral 

bioavailability and extensively metabolized before entering 

the systemic circulation [8]. Using an in vitro liver 

microsomal experimental model, the metabolic pathway of 

lopinavir has been described elsewhere [6] and CYP3A4 

have found to be responsible for the metabolism of the drug 

[6].  Plasma protein binding of lopinavir is relatively high 

(97.4 - 99.7%) in humans. The drug is predominantly 

eliminated by fecal excretion and a small amount (2%) of 

the drug is excreted in urine [8]. 

B. Compartmental Modeling of Lopinavir 

Based on available pharmacokinetic information 
including metabolism of the drug mediated by hepatic and 
gastrointestinal cytochrome P450 3A4, a theoretical model of 
lopinavir was developed. Pharmacokinetic parameters used in 
this model were obtained from C. Zhang et al. (2012) [15]  
and Heine et al. (2011) [16]. Those included total clearance 
(CL/F, where F represent the relative bioavailability), 
volume of distribution (V/F), rate of absorption (Ka), and 
absorption lag time at 0.7 h. Those PK parameters are 
summarized in Table 1. The pharmacokinetic model structure 
of lopinavir with first-order absorption and first-order 
elimination processes is presented in Fig. 2. After an oral 
administration, lopinavir is absorbed into the central 
compartment. Subsequently, the drug can be metabolized by 
hepatic CYP3A4 and enters a hepatic recycling process, 
potentially through a transporter-mediated biliary excretion 
process within the liver [8], [9]. All of the parameters in these 
processes are also summarized in Table 1.   

Our model with an expression of a differential equation 
(1) was used and plasma concentration-time courses were 
simulated;  
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Where Ka represents an absorption rate constant. CGI and 
CLPV are concentration of lopinavir in gastrointestinal depot 
and central compartment, respectively. CLH and CLU are 
clearance of the drug from central compartment to recycling 
depot and a clearance of the drug in urine. The parameter CGI 
can be calculated by following (2) and (3);  
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 Where Fr represents a percent reabsorbed fraction, 
Kreabsorb is a first-order rate constant of drug absorption from 
the recycling depot into the gastrointestinal depot. CR is 
represented concentration of lopinavir in the recycling depot. 

TABLE I.  PHARMACOKINETIC PARAMETERS OF LOPINAVIR USED IN  
SIMULATION PROCESSES 

A 

Parameter Value (95% CI or %RSE) References 

Ka (h
-1) 0.991 (0.63-1.43) [15] 

CL/F (L/h) 37.9 (28.5-52.1) [15] 

V/F (L) 54.7 (50.5,64.7) [15] 

Kreabsorb (h
-1) 0.171 (12.3) [16] 

Fr (%) 17 (70.6) [16] 

C. Model validation 

The plasma concentration-time curve was simulated using 

ACSLx 3.0.2.1 Tox Sim (AEgis Technologies, Huntsville, 

AL, USA).  Lopinavir concentration-time course in healthy 

human volunteers (n=14) was used to validate the model. 
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Plasma lopinavir concentration levels were extracted from 

the literature [6] using Plot Digitizer 2.1 (Free Software 

Foundation, Inc., Boston, MA). Concentration levels at 0.5, 

0.95, 1, 1.5, 2, 3, 4, 6, 8 and 10 h following a single 400-mg 

oral dose of lopinavir capsule were captured. The area under 

the plasma concentration-time curve (AUC0-12h) and a 

goodness-of-fit were performed using GraphPad Prism 

version 6.01 for Windows, (GraphPad Software, San Diego, 

CA, USA, www.graphpad.com). 

III. RESULTS AND DISCUSSIONS 

A one-compartment model with a first-order absorption 

and a recycling pathway with a first-order clearance to the 

gastrointestinal tract was developed (Fig. 2). Lopinavir 

plasma concentration-time course was simulated using the 

pharmacokinetic model. Our model performances were 

compared against the observed data from the study by Sham 

et al (1998). Our model can describe not only the 

concentration-time course profile of lopinavir, but it can also 

predict the area under the curve of the drug. The predicted 

value of AUC12h was 0.8141 g/ml.h, whereas the observed 

value from the study was 0.7058 g/ml.h.  

TABLE II.  LOPINAVIR PHARMACOKINETIC PARAMETER OBTAINED 

FROM THE SIMULATIONS COMPARE TO THE REAL DATA FROM LITERATURE
A 

Parameter Simulation results Experimental results 

AUC0-12
a
  (g/ml.h) 0.8141 0.705 

Cmax
b 

 (g/ml) 0.273 0.442 

Ctrough
c 

 (g/ml) 0.001561 0.001596 

a. area under the plasma concentration-time curve  b. maximum  observed concentration of lopinavir 

in plasma. c. minimum observed  concentration of lopinavir in plasma. 

 

Pharmacokinetic parameters simulated by our model are 

shown in Table II. The plasma concentration-time curves 

from our model simulation are shown in semi-log scale 

(Fig.3A) and in linear scale (Fig.3B). Our simulation results 

predicted higher plasma concentration levels in the first 3 

hours after lopinavir administration compared to the 

experimental data might be the result of another route of 

clearance from central compartment such as protein 

transporters in the liver [7].  The goodness-of-fit from our 

simulation model to the data was satisfactorily acceptable 

with an R-squared (R
2
) value of 0.7939. The fitted SDslope 

and SDintercept at 95% confident interval were 0.0379  

(-0.2254 to -0.05025) and 0.09438 (-0.7403 to -0.3051), 

respectively.  

The simulated Cmax level was slightly lowered at 0.273 

g/ml (0.442 g/ml in the experimental data) whereas the 

simulated Ctrough level (0.001561 g/ml) was almost identical 

to the experimental data (0.001596 g/ml) were However, 

the plasma lopinavir concentration was lower than 0.01 

g/ml after 8 hours of single dose administration in both 

studies and given not difference of AUC0-12h value. 

Despite of many studies have been reported that 

enterohepatic recirculation responsible for a metabolism 

pathway of lopinavir, our simulation demonstrates similar 

results.  

 
From our model simulation exercises, relative 

bioavailablity (F) and the rate of elimination (Ke) were the 

most sensitive parameters in the changes of plasma 

concentration of lopinavir. 

The data obtain from clinical study exhibited the second 

peak in the experimental data. This might be an effect of the 

enterohepatic recirculation process. Nonetheless, despite an 

addition of such process into our model, we could not mimic 

such second-peak phenomena in any of our simulations. 

However, our model with biologically relevant processes 

provided an adequate understanding of oral single-dose 

lopinavir pharmacokinetic and its metabolism pathway 

associated with CYP3A4. Thus, this approach can simulate a 

concentration-time curve with difference dosing and variable 

which can be used for further application (i.e. other drugs in 

the same class, drug-drug interaction between lopinavir and 

a CYP3A4 inhibitor) in patients with HIV/AIDS.  

IV. CONCLUSIONS 

A pharmacokinetic model of lopinavir was successfully 

developed. Our model was featured by these following 

biologically relevant processes. Those included; 1) the 

CYP3A4-mediated relative bioavailability and  

2) enterohepatic recirculation.  The pharmacokinetic model 

could explain the selected experimental data.  

 

 

Figure 3. Lopinavir plasma concentration-time course in 12 hours of oral 

lopinavir 400 mg single dose. Semilog scale has shown as A.  
Solid dotted, data extracted from healthy human volunteer.  

Solid line, data obtained from model simulation.     
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