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Abstract
Enterohepatic circulation (EHC) is a process that many drugs go through, in which, after extravascular
administration, they are absorbed in the intestine, secreted in the bile and then reabsorbed during one or more
circulation cycles that alter plasmatic concentrations of said drugs. The aim of this study was to compare a new
pharmacokinetic model of EHC with the classic model of extravascular administration after administering
Simvastatin. A single-center, randomized, controlled, prospective, longitudinal, single-dose, cross-over study
was performed with a 7-day washout period, in healthy Mexican subjects. The plasma samples obtained were
quantified with HPLC-MS / MS using a validated analytical method. Cmax, tmax, AUC0-24h and AUC0-∞ were
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determined, and both models were compared with the Akaike Information Criterion (AIC) and r^2. Results show
that the pharmacokinetic parameters calculated with the EHC model are fairly similar to those obtained with the
trapezoidal model, even more so than those obtained with the classic model. The AIC and r^2 criteria were lower
for the EHC model (AIC=11.256 and 12.555, r^2=0.568 and 0.440) vs the classic model (AIC=9.382 and 9.195,
r^2= 0.884 and 0.922). In conclusion, a new pharmacokinetic model for EHC was developed, and results
confirmed that it adjusts well to experimental data, offering an alternative way to calculate Cmax, tmax and AUC0t, and can also be adapted to other drugs that exhibit EHC as well.

Keywords: Enterohepatic circulation (EHC); Pharmacokinetics; Pharmacokinetic model; Simvastatin
1. Introduction
Enterohepatic circulation (EHC) of bile acids is a secretion and recapture process that begins with bile acid
excretion from the liver, followed by intestine absorption towards portal circulation, ending up in the liver to
restart the same cycle [1,2]. Although EHC of endogenous compounds occurs mainly for bile acids, it can also
take place for hormones such as estrogen [3], thyroxine (T4) and triiodothyronine (T3) [4]; vitamin D [5], folate
[6] and insulin-like growth factors (IGF) [7].

There are also reports of drugs that are subject to EHC [8]. The most important change caused by EHC in a
pharmacokinetic profile can be found in the area under the curve (AUC) of plasma concentration [9], which is
depicted as multiple peaks in concentration vs time, also known as “the sawtooth effect” [10]. Several articles
have discussed the impact that EHC can have on pharmacokinetics [11–15]. From a clinical standpoint, EHC can
modify the pharmacological effect by altering plasmatic concentration [16].

Several models have been considered to explain the EHC process studied for certain drugs. These models are
generally compartmental and can be classified by their general characteristics in: simple two compartment
models [17,18], compartmental models based on gallbladder emptying start time (Tgap) [19,20], continued
release models [21], single release models [22–24], and multiple release models through switch function [25], by
sigmoid function [26] or by sinusoidal function [27]. Recently, these compartmental models have been studied to
describe their advantages and disadvantages [28]. This paper displays a different approach by an inclusion of
parameters in an empirical function to be able to modify the profile and achieve a double peak representation of
concentration through time, thereby sticking to the exponential function values. In any case, these models should
be tested with volunteered data from experimental studies using drugs that have EHC.

Among drugs that show EHC is Simvastatin, a lipid lowering drug derived from microbial products (through
Aspergillus terreus fermentation), which once hydrolyzed to its active state, competitively inhibits the 3-hydroximethylglutaryl coenzyme A reductase (HMG-CoA), thus avoiding its conversion to mevalonate, a limiting step
in cholesterol´s biosynthesis [29]. This project aims to apply and evaluate adequacy of a mathematical model that
describes the pharmacokinetics of Simvastatin with EHC in healthy Mexican subjects.
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2. Material and Methods
This research study was conducted in compliance with the Mexican Official Norm NOM-177-SSA1-2013 [30]
and was approved by a research and an ethics committee, as well as the regulatory authority, COFEPRIS, which
ensures that international ethical standards for clinical research were met.

The reference drug used in this study was Simvastatin 20 milligram tablet (Zocor®, Merck Sharp & Dohme,
Drug A) and the trial drug was a similar formulation, fabricated by Kener Laboratories (Drug B). Both products
were analyzed and approved in accordance with the Mexican pharmacopoeia (FEUM).

The following inclusion criteria were met for subject recruitment: 18-55 years old, 18-27 kg/m2 Body Mass
Index (BMI), complete clinical history with no relevant findings, normal routine blood work (less than 3 months
old). Exclusion criteria included recent illness, alcohol or drug abuse history, smokers, concomitant medications,
pregnancy, recent hospitalization, or loss of 450 mL of blood. A total of 8 subjects were included, 5 men and 3
women. The two drugs were randomly assigned. Elimination causes were defined as consent form withdrawal,
serious adverse events or adverse events that could interfere with the pharmacokinetics.

A longitudinal, prospective, cross-randomized, single blind study was performed which consisted of two
treatments administered during two periods of time (2x2), in fasting conditions. This was carried out in E-BIOSCEDOPEC, Mexico City. The drugs were administered in a single dose per period with 250 milliliters of water.
There was a washout time of 7 days between periods.

Both periods consisted of the same process (described below), and after the second period, the subjects were
asked to come back 3 days later for a follow-up assessment and to end their participation.

During each period, a catheter was placed on the subject arm to collect blood samples at baseline (pre-dose), 0.5,
0.75, 1.0, 1.25, 1.50, 1.75, 2.0, 2.25, 2.50, 2.75, 3.0, 3.5, 4.0, 5.0, 6.0, 9.0, 12.0 and 24 hours after drug
administration. All samples were extracted onto heparinized tubes. Immediately afterwards, the tubes were
centrifuged at 4000 rpm for 15 minutes at room temperature to separate the plasma. Then, they were placed in
deep freezing (-70°C). After both periods had passed, the samples were delivered to the Analytical Unit.

The plasma samples were quantified by a High Performance Liquid Chromatography (HPLC) validated method
with equipment coupled to Tandem Mass Spectrometry (MS-MS), with a Zorbax eclipse XDB-C18 column, 2.1
x 50 mm, 5 µm, with mobile phase of formic acid 10 mM: MeOH (20:80 v/v), at a flow rate of 0.3 mL/min.
Sibutramine was used as an internal standard (IS). The mass/load ratio for Simvastatin was 441.36>325.41 and
280 >125 for the IS. To extract the Simvastatin from the plasma, a liquid-liquid technique was used with an
extraction solution of ether: hexanes 80:20 v/v. This method was validated by the Analytical Unit in compliance
with the NOM-177-SSA1-2013.
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The main pharmacokinetic parameters (tmax, Cmax, AUC0-24h and AUC0-∞) were obtained for each subject
through the quantification of Simvastatin plasma concentration. AUC0-24h was calculated by the trapezoidal
method, while the AUC from the last measurable concentration to infinity was calculated with the terminal phase
slope assuming that this phase followed a monoexponential profile. Afterwards, the descriptive statistics were
obtained for each drug using the arithmetic average and standard deviation. Using the analysis of variance for
Cmax, AUC0-24h and AUC0-∞ logarithms, the intrasubject variance coefficients were determined. This was
carried out using SPSS v22. Cmax, tmax, AUC0-24h and AUC0-∞ were determined from the mean profiles, the
EHC model and the biexponential model.

The mathematical model used to describe EHC is multiexponential, modifying the distribution and elimination
phase profiles to achieve concordance with the observed data. The function used (represented below) is related to
multiexponential pharmacokinetics models, but several lag time functions were added to get a model for EHC
peaks. Lag time peaks were added for distribution and elimination phases. Sofware to adjust data as Curve
Expert Professional v2.5. Typical model used is:

(

)

(

)

Where Cp is the plasma concentration of a drug at time t, and it accounts for eight parameters (b1 to b8), which
relate to the absorption, distribution, and elimination phases for two compartment models, parameters b1 and b2
were related to absorption phase, then lag time functions were considered in this early phase. This model was
compared to the classic compartment model:

Where Cp is the plasma concentration of a drug at time t, and it accounts for four parameters (b1 to b).

Both models were adapted by calculating their parameters using non lineal regression methodology with the
Levenverg-Marquardt algorithm of damped least-squares [31]. The best model was selected through the
determination coefficient, error mean squared and the Akaike Information Criterion (AIC) [32], that quantitively
evaluated the adaptation of each model. This was also done using SPSS v22. The pharmacokinetic graphs of both
formulations were designed with Sigma Plot v11, while the model graphs were designed with software Maple
v18.

3. Results
A total of 8 subjects participated in the study, the mean age being 28.62 years old, mean weight of 67.69
kilograms, mean height of 1.63 meters and mean BMI of 25.18 kg/m2. Regarding adverse events, one subject
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reported frontal headache during the study, with no need of medical intervention or concomitant drug
administration. The average pharmacokinetic profiles of both drug formulations were graphed (Figure 1). The
main pharmacokinetic parameters were obtained (Table 1). Both drug formulations exhibited a second peak to
represent EHC approximately at 5 h. Also, the function parameters for both models (Tables 2 and 3) were
calculated.

A great difference can be observed between the functions for 4 and 8 parameters. Clearly, the 8-parameter
function for ECH displays a good fit (Figure 2), even better than the classical pharmacokinetics model (CME and
AIC parameters are lower in all cases).

Subjects 1, 2, 4 and 7 were selected to illustrate the model results showing the coinciding degree between plasma
concentration profiles for Simvastatin (Figure 3). An additional graph was prepared for the EHC
pharmacokinetics function and its derivative to show other model characteristics (Figure 4).

Figure 1: Average pharmacokinetic profiles for both Simvastatin formulations (20 mg) after a single oral dose
for two periods of time in healthy Mexican subjects (n=8). Values represented as mean ± standard deviation. (h:
hours).

Table 1: Pharmacokinetic parameters for both Simvastatin formulations (20 mg) after a single oral dose for two
periods of time in healthy Mexican subjects (n=8). Values represented as mean ± standard deviation

Parameter
AUC0-24h (ng·h/mL)
AUC0-∞ (ng·h/mL)
Cmax (ng/mL)
tmax (h)

Biexponential model
Drug A
Drug B
12.91
12.39
12.91
12.40
2.69
2.97
1.68
0.87
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ECH model
Drug A Drug B
20.81
18.95
∞
∞
3.03
3.58
1.31
1.11

Trapezoidal method
Drug A
Drug B
22.10 ± 10.56 17.16 ± 5.78
26.61 ± 13.10 21.09 ± 7.56
4.05 ± 1.63
4.07 ± 2.18
2.09 ± 1.48
1.09 ± 0.35
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Table 2: Regression parameters of the biexponential pharmacokinetic function

Parameter

Drug A
Model 4 parameters
Mean value

Drug B
Model 4 Parameters
Mean value

b1

171.342

4.401

b2

0.555

0.314

b3

-171.004

-4.477

b4

0.578

2.850

CME

0.856

1.275

r^2

0.568

0.440

AIC

11.256

12.555

Unit
ng/mL
h-1
ng/mL
h-1
-

Table 3: Regression parameters of the EHC pharmacokinetic function

Parameter

Drug A
Model 8 parameters
Mean value

Drug B
Model 8 Parameters
Mean value

b1

0.15

0.31

b2

0.043

0.022

b3

1.696

1.405

b4

4.715

3.900

b5

3.784

2.802

b6

2.122

2.726

b7

1.319

1.111

b8

0.988

0.746

CME

0.248

0.157

r^2

0.884

0.922

AIC

9.382

9.195
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Figure 2: Fitting level for A and B profiles for ECH modified equations being r2>0.8. (cp: plasmas
concentration, h: hours).

4. Discussion
The study of drug EHC brings with it a more accurate understanding of the dynamic behavior this process has.
The mathematical model used here aims to offer an alternative option for the compartmental models typically
used to describe these dynamic mechanisms in EHC. The model can be used as an effective tool to study drugs
with this type of behavior, and it also helps explain clinical impact by assessing plasma concentration
modifications caused by this phenomenon. This is not easily interpreted by the conventional models.

The evaluation and comparison between performance of both models revealed that the eight-parameter model
rendered a better plasma concentration profile adjustment for Simvastatin, since it supplied a lower AIC value
and a better r2 (see tables 2 and 3).
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Figure 3: Examples of the results from the pharmacokinetic modeling of Simvastatin administered orally.
Subjects 1, 2, 4 and 7. The solid line represents the simulation using the EHC pharmacokinetic function, the
dotted line represents the simulation using the biexponential function and the dots represent experimental values.
Blue is used for Drug A and red for Drug B. (cp: plasmas concentration, h: hours).

It can be observed that the EHC model is closer to the real pharmacokinetic behavior than the biexponential
model. This model can also include the delay time (t-lag), useful for EHC modeling.

The classic compartmental models are exponential, and thereby, when the administration is extravascular, the
function is biexponential for a one-compartment model and triexponential for a two-compartment model [33].
The classic compartmental function has the following structure:

∑

Where Cp is plasma concentration, Ai is the terms of equation coefficients, λi are the first order speed constants
for each process, e is the natural logarithm base and t is time. One of the terms of the biexponential function
corresponds to the absorption phase and another to the elimination phase.

The EHC model was inspired from the classic compartmental function structure. In this model, the first
exponential term corresponds to the absorption phase, and for the function to work, the elimination term of the
classic compartmental model was split in two exponentials, one for the early cycle and another for the late one.

The classic compartmental model is modified to include late terms in order to achieve the EHC presence in the
CP vs t graphs, which is why the model´s structure changes in the next general model, where the constants
and

are related to the early and late cycles of EHC:
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∑

(

∑

)

Where Cp is the plasma concentration, Ai are the compartmental function terms „coefficients, λi are the first
order compartmental function speed constants, Bi are the EHC process coefficients, αi and βi are enterohepatic
process constants, e is the natural logarithms„ base and t is time. As it is shown, the EHC model is a modified
compartmental model and it possesses the advantage that it can include the number of necessary peaks to
describe a pharmacokinetic profile just by adding the terms of the enterohepatic process.

Figure 3 shows that every Simvastatin concentration peak is somewhat symmetrical and has a bell-like shape. As
other studies have suggested, it‟s possible that this shape may not be the most adequate to represent every peak
[34–37]. This is especially true if we consider that the gallbladder empties during short periods of time and not at
all the rest of the time. On this note, the proposed model in this paper is more resembling to the Wajima
sinusoidal liberation model [27].
Strictly speaking, the αi and βi values are not exactly equal to the highest width of every peak, since the EHC
model is based on the sum of three exponentials, which contribute to the global shape of the curve.

If we only consider two peaks, the following equations can help determine tmax and their respective Cmax:
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Figure 4: First derivative (red line) of the EHC pharmacokinetic function Blue line: study subject 1 treated with
Drug A. The derivative crosses the t axe at approximately b4 and b7 (see table 3), which coincide with both tmax
(cp: plasma concentration, t: time).

Graphically, it can be proven that these equations provide solid approximations if calculated from the derivative
of the EHC model function along with the non-derivative function. The zeros from the derivative function
coincide almost perfectly with the tmax of the EHC model function.
Intuitively, the trapezoidal rule method to calculate the AUC will probably overestimate the real value when the
drug has EHC. In fact, it has been proven that the AUC depends on sample times in relation to the secondary
peaks [14]. In this sense, the models that allow the AUC to be determined using formulas could be helpful to
approach the calculations differently. If only two peaks are considered, the next equation would allow the AUC0t to be calculated:

√

(

)

√

(

)|

Table 1 shows the calculated AUC using this equation. For the lower or equal values to the last sample time, a
similar value to the trapezoidal method is obtained, however, the formula does not provide a finite value for the
AUC0-∞, making it less practical in these cases.

5. Conclusions
The application of these models in pharmacokinetic research provides a different vision of the CEH processes,
however, in bioequivalence studies it is not a trivial task and it greatly modifies possible acceptance criteria.
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In any case, to prove the usefulness of the model, it is necessary to develop further bioequivalence studies to
compare the similarity between the AUC using the trapezoidal method in the experimental data and the data
obtained from the EHC model.

According to the reported results from previous bioequivalence studies [38], Simvastatin has shown a relatively
high intrasubject variability when administered orally, spanning from 20 to 30% for Cmax and AUC variation
coefficients, which concur with the data gathered from this pilot study (Table 1). This indicates that a sample size
higher than the one stated in Mexican norms is needed to properly execute a bioequivalence study [30].
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