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Introduction
Clinical drug-drug interaction (DDIs) is a major problem, 
largely resulting from the inhibition or induction of drug-
metabolizing enzymes (DMEs), particularly cytochrome P450s 
(CYPs)[1].  Although CYP induction-mediated DDIs are less 
frequent and less of a safety concern than CYP inhibition-
mediated DDIs[2], these interactions can nevertheless reduce 
both the exposure and the pharmacological effect of a drug; 
this can occur when the drug is cleared by an enzyme that is 
induced by a coadministered drug.  The induction of CYP3A 

is particularly important because it is the major CYP isoform 
and has been estimated to be involved in the metabolism of 
approximately 50% of marketed drugs[3].

The induction of CYPs has been well known for decades.  
However, the underlying mechanisms of this induction still 
remain to be understood[3].  The major mechanism of rat 
CYP3A1/2 induction is via an increased rate of gene transcrip-
tion mediated by the pregnane X receptor (PXR)[4].  Briefly, the 
mechanism of rat CYP3A1/2 induction involves the binding 
of an inducer to PXR, the formation of an inducer-bound 
PXR/RXR (retinoid X-receptor) complex, translocation of the 
complex to the nucleus, and binding of the complex to DNA-
responsive elements in the 5’-regulatory region of target genes 
(ie, CYP3A1/2) thereby triggering the transcription of these 
genes.  Many drugs that induce CYP3A1/2 are PXR ligands 
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and have demonstrated transactivation in the PXR reporter 
assay.  

Dexamethasone (DEX) has been widely used to treat 
patients with inflammatory and autoimmune conditions[5–7], 
and it has been reported to be a remarkable inducer of both 
human CYP3A4 and rat CYP3A1/2[8–10].  Recently, multiple in 
vitro and in vivo studies have demonstrated that the pharma-
codynamics (PD) of CYP3A1/2 induction by DEX are dose- 
and time-dependent[11–13].  However, none of these studies 
explored the quantitative relationship between DEX exposure 
and the resultant alterations in CYP3A1/2 mRNA levels, 
protein levels and enzyme activity using a pharmacokinetic/
pharmacodynamic (PK/PD) modeling approach.  

The objective of the present study was to develop a 
mechanism-based PK/PD model that could quantitatively 
characterize the time-dependent relationship among the 
multiple elements (CYP3A1/2 mRNA, protein and enzyme 
activity) of CYP3A1/2 induction in rats treated with DEX.  
The key element in mechanism-based PK/PD modeling is the 
explicit distinction between parameters that describe drug-
specific properties and those that describe biological system-
specific properties[14].  As a result, the potential of unknown 
compounds to induce CYP3A1/2 could be predicted and 
simulated by this mechanism-based PK/PD model solely by 
utilizing knowledge of the in vitro potency (Smax and SC50) and 
single-dose in vivo pharmacokinetics of these compounds.

Materials and methods
Animals and treatments
Normal male Sprague-Dawley rats weighing 200–250 g were 
purchased from the Department of Laboratory Animal Science 
at the Peking University Health Science Center.  The animals 
were housed and acclimatized in a temperature- (22 °C) and 
light-controlled (12 h/12 h light/dark) animal care unit for 
10 d before experimentation.  They were allowed food and 
water ad libitum.  All of the experiments were conducted in 
accordance with the European Community guidelines for the 
use of experimental animals and were approved by the Peking 
University Committee on Animal Care and Use.

Rats weighing 200–250 g received DEX (Sigma-Aldrich Inc, 
USA, 100 mg/kg in 5 mL/kg of corn oil) intraperitoneally 
(ip) after fasting for 12 h prior to the experiments.  For the 
PK analysis, serial blood samples were collected from three 
treated rats at various times after dosing (0.083, 0.25, 0.5, 0.75, 
1, 2, 3, 4, 6, 8, 12, 16, 24, 30, 36, and 48 h).  The collected blood 
was centrifuged at 3000×g at 4 °C for 10 min.  Plasma samples 
were then stored at -80 °C until analysis.  In the PD study, 84 

rats were randomly sorted into DEX or control (corn oil only) 
treatment groups.  The treated rats were anesthetized with 60 
mg/kg pentobarbital sodium and sacrificed at 0, 1, 2, 4, 8, 12, 
16, 24, 30, 36, 42, 48, 54, and 60 h (n=3 per time point).  For the 
CYP3A1/2 enzyme activity assays, approximately 4 g of liver 
was rapidly excised for the preparation of liver microsomes.  
The remaining liver tissues were flash-frozen in liquid nitro-
gen and stored at -80°C for RNA extraction.

Plasma concentration assays 
The DEX concentrations were determined by a reverse phase 
high performance liquid chromatography (HPLC) method[15].  
The lower limit of quantification was 0.25 μg/mL.  The 
variability of the assay was <15%, and the inter-day and intra-
day coefficients of variation (CV) were less than 10%.  

CYP3A1 and CYP3A2 mRNA measurements 
RNA isolation and cDNA synthesis
Total RNA was extracted from the rat livers using the TRIzol 
reagent (Invitrogen, USA), according to the manufacturer’s 
protocol.  The amount of purified RNA was determined by 
UV spectroscopy measurements at 260 nm, and its purity 
was determined by calculating the ratio of UV activity at 260 
nm/280 nm.  cDNA was reverse-transcribed from 0.5 μg of 
total RNA using random primers (25 μmol/L), a dNTP mix-
ture (10 mmol/L), RTase M-MLV (RNase H-) (200 U/μL), 
M-MLV buffer (5×) and an RNase inhibitor (40 U/μL) (Takara, 
Dalian, China).

Construction of reference standards
The reference standards were constructed for the absolute 
quantification of CYP3A1, CYP3A2, and GAPDH (the latter 
used as a house-keeping control) by real-time PCR.  Fragments 
of these three target genes were cloned by conventional PCR 
using the appropriate primer sets[16], as listed in Table 1.  The 
presence of the specific amplified products was confirmed by 
electrophoresis using a 1.2% agarose gel with ethidium bro-
mide.  The purification of the amplification products was per-
formed using an Agarose Gel DNA Purification Kit (Takara, 
Dalian, China), according to manufacturer’s recommenda-
tions.  The DNA manipulation techniques, which included the 
insertion of the amplification products into the pMD19-T vec-
tor (Takara, Dalian, China), the transformation of the vector 
into competent Escherichia coli (JM109) (Takara, Dalian, China), 
screening for positive clones, plasmid DNA preparation and 
so on, were performed according to standard protocols.  The 
identity of the cloned insert was confirmed by direct sequenc-

Table 1.  Primers used for real-time PCR. 

         Gene                                              Forward primer (5′–3′)                                           Reverse primer (5′–3′)                        Genbank number
 
 CYP3A1 GGAAATTCGATGTGGAGTGC AGGTTTGCCTTTCTCTTGCC NM_013105
 CYP3A2 AGTAGTGACGATTCCAACATAT TCAGAGGTATCTGTGTTTCCT NM_153312
 GAPDH CTGTGGTCATGAGCCCCTCC CGCTGGTGCTGAGTATGTCG NM_017008
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ing, which was performed using the universal sequencing 
primer M13F (-47) by GenScript Co (China).

Real-time PCR amplification and dissociation curve analysis
Real-time PCR was performed using an ABI PRISM 7300 
real-time quantitative PCR system (ABI, USA), using SYBR® 
Premix Ex Taq™ (Takara, Dalian, China), according to the 
manufacturer’s instructions.  Following cycling, dissociation 
curves were obtained by heating and cooling the samples at 
the following conditions: 95 °C for 15 s, 60 °C for 30 s, and 
95 °C for 15 s[17].  The standard curves for CYP3A1, CYP3A2, 
and GAPDH were constructed using standard values obtained 
by 10-fold serial dilutions, ranging from 1 attomol/μL to 1×106 
attomol/μL, of the extract of plasmids harboring the target 
insert.  Reference standard curves were generated for each 
assay, and the standards and unknown samples were run 
in triplicate.  The controls, which consisted of water and the 
mRNA control, were used to determine the extent of primer-
dimer formation and DNA contamination in the isolated sam-
ples, respectively.  The amplification plots and dissociation 
curves of the controls did not show any signal or dissociation 
product, suggesting the lack of primer-dimer formation and 
genomic DNA contamination in the RNA samples.  The slope, 
intercept, percent efficiency (E) and R2 values from the three 
standard curves in each experiment were used to calculate 
the intra-assay CVs and the inter-assay reproducibility.  Low 
CVs (less than 15%) for both inter- and intra-assay variability 
implied good reproducibility of the real-time PCR standard 
curves for CYP3A1, CYP3A2, and GAPDH.

CYP3A1 and CYP3A2 protein measurements
For the CYP3A1/2 protein measurements and the CYP3A1/2 
enzyme activity assays, liver microsomes were prepared 
from fresh livers using a differential centrifugation method, 
as described previously[18].  The protein concentration of the 
microsomal suspension was determined using the BCA assay 
kit (Biomiga Inc, San Diego, USA), according to the manu-
facturer’s protocol.  After determining the protein concentra-
tion, the microsomal suspension was diluted with 0.25 mol/L 
sucrose solution to a final protein concentration of 10 mg/mL 
and was stored at -80 °C until use.  The CYP3A1 and CYP3A2 
protein concentrations were determined by a non-competitive 
enzyme-linked immunosorbent assay (ELISA)[19].  The amount 
of microsomal proteins used was 0.1 μg for CYP3A1 and 1 
μg for CYP3A2.  The isoform protein values are expressed as 
pmol per milligram of protein.

CYP3A1/2 enzyme activity
The CYP concentrations of rat liver microsomes were deter-
mined according to the spectrophotometric method described 
by Omura and Sato[20].  The CYP3A1/2 enzyme activities were 
evaluated by the testosterone substrate assay[21].  The separa-
tion and detection of testosterone and its metabolites were 
performed using a Bisep™-1100 HPLC system (Unimicro 
Technologies Inc, USA), according to a previously described 
method[22].

Pharmacokinetic/pharmacodynamic modeling
PK analysis
A two-compartment mammillary model with zero-order 
absorption was used to describe the plasma PK after admin-

istration of 100 mg/kg DEX.  The equations describing the 
model were as follows: 
where Xc and Xp are the amount of DEX in the central and 
peripheral compartments, respectively; T0 is the duration of 
the zero-order phase of absorption; Cp is the plasma concentra-
tion; Vc is the central volume of distribution; Vp is the periph-
eral volume of distribution; CL is the systemic clearance and Q 
is the inter-compartmental clearance.

PK/PD analysis
A schematic for the PK/PD model for CYP3A1/2 induction 
is presented in Figure 1.  This model included three elements: 
CYP3A1/2 mRNA dynamics, CYP3A1/2 protein dynamics 
and CYP3A1/2 enzyme activity.

CYP3A1 and CYP3A2 mRNA dynamics
Graphical analyses of the CYP3A1 and CYP3A2 mRNA con-
centrations versus time demonstrated a considerable time 
delay between CYP3A1/2 mRNA and drug concentration 
(Figures 2 and 3).  Therefore, an indirect response model with 
a chain of transit compartments, as described previously[23, 24], 
was applied for the transduction of the DEX exposure to the 
mRNA response.  In the absence of the drug, it was assumed 
that CYP3A1 and CYP3A2 mRNA were produced from their 
DNA according to a zero-order rate constant, kin, and degraded 
according to a first-order rate constant, kout.  The effect of the 
DEX concentration on the transcription rates of mRNA was 
described as a PXR-mediated process.  The fractional occu-
pancy (FO) of the DNA responsive elements by the DEX-PXR 
complex was related to the DEX plasma concentration and was 
calculated from the DEX concentration using a Hill equation, 
as reported by Sarangapani[25].  The time delay accounting for 
the transcription process of CYP3A1 and CYP3A2 mRNA was 
characterized by two parallel chains of transit compartments, 
as shown in Figure 1.  The optimal number of transit com-
partments was assessed by stepwise addition or deletion of 
one transit compartment and was selected from the inflection 
point on the objective function value (OFV) versus compart-
ment number curve[26, 27].  The equations describing this chain 
of events are as follows:

Vc·
 dCp =

 DOSE – CL
· Xc

 – Q 
· Xc +

 Q 
· Xp                            (1)       dt          T0       Vc           Vc          Vp

dXp =
 Q

· Xc 
 – Q 

· Xp                                                                                         (2) dt     Vc                  Vp 

FOi =
 DEX-PXR-DNAi =

        Cp
γi                               (3)                 DNAi,total           SC50,i

γi +Cp
γi

Si,0=Smax,i· FOi                                                               (4)
dSi,l =

 1 · (Si,0 – Si,l)
                                                        (5) dt      τi
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The initial condition for CYP3A mRNA is as follows:

where i is the identification for the CYP3A subtype: 1 for 
CYP3A1 and 2 for CYP3A2; DEX-PXR-DNAi is the concen-
tration of the DNA ligand binding sites bound to the DEX-
PXR complex; DNAi,total is the total concentration of binding 
sites for this complex; Si,0 is the stimulation constant; Smax,i is 
the maximum stimulation of the transcription rate of CYP3A 
mRNA (kin,i); kout,i is the degradation rate constant for CYP3A 
mRNA; SC50,i is the DEX concentration required to reach 50% 
Smax,i; γi is the Hill coefficient; Si,ni is the ni

th transit compart-
ment of the stimulation and τi is the mean transit time between 
each transit compartment.  

CYP3A1 and CYP3A2 protein dynamics
CYP3A1 and CYP3A2 mRNA induction was followed by an 
increase of CYP3A1 and CYP3A2 protein expression.  This 
induction is described by the following equation:

The initial condition for each CYP3Ai protein is as follows:

where ksyn,i is the synthesis rate constant, assuming that the 
translation of CYP3Ai protein is proportional to its mRNA 
level; kdeg,i is the first-order degradation rate constant of 
CYP3Ai protein and mi is the amplification factor, indicating 
that one copy of the mRNA can be translated into multiple 
copies of the protein.

CYP3A1/2 enzyme activity
Because the measurement of 6β-hydroxy testosterone (6β-
OHT) formation is a reliable indicator of CYP3A1/2 activity 
levels[28] and all of the reactions were performed in the linear 
range, with respect to CYP concentration and incubation time, 
the formation of 6β-OHT (EA, enzyme activity) was described 
to be proportional to the CYP3A1 and CYP3A2 protein con-
centrations:

where α and β are the rates of formation of 6β-OHT for 
CYP3A1 and CYP3A2, respectively, and their values were 
expressed as pmol of 6β-OHT per min per pmol of CYP3A1 or 
CYP3A2.  

Data analysis
The development of the PK/PD model was performed in two 
steps using a sequential process, as described previously[29].  
First, the pharmacokinetic data were modeled.  Then, the 
PK parameters were fixed, and the predicted DEX concen-
tration-time profile was used as an input function for the 
entire PK/PD model.  All of the three PD models described 
by Equations (3)–(11) were estimated simultaneously.  This 
approach is computationally much faster than the simultane-

dCYP3Ai = ksyn,i · mRNAi
mi – kdeg,i · CYP3Ai                 (9)     dt

CYP3Ai,0 = 
ksyn,i  · mRNAi,0

mi                                                 (10)
                           kdeg,i

EA=α·CYP3A1+β·CYP3A2                            (11)

mRNAi,0 =
  kin,i                                             (8)                  kout,i

dSi,ni =
 1 

· (Si,ni-l – Si,ni)
                                                   (6)  dt      τi

dmRNAi = kin,i · (1+Si,ni) – kout,i· mRNAi 
                     (7)     dt

Figure 1.  A schematic picture for the PK/PD model for CYP3A1/2 induction.
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ous estimation of the PK and PD models and is not expected 
to compromise the precision and accuracy of the PD param-
eter estimates, unless the PK model is misspecified[29, 30].  All 
of the analyses were performed using a first-order conditional 
estimate (FOCE) with INTERACTION method in NONMEM 
version 7.1.2 (Icon Development Solutions, MD, USA).

The animals used in the PK study contributed to several 
measurements, and the population approach was used to 
compute the mean population estimates.  An exponential 
error model was selected for modeling the between-subject 
variability (BSV).  In contrast, the PD data were fit using 
the naïve pool approach because each animal contributed 
with a single measurement; therefore, it was not possible to 
distinguish between inter-animal and residual variability.  
The residual variability for both the PK and PD models was 
modeled initially with a combined error model; if one of the 
components (additive or proportional) of the residual was 
negligible, it was deleted from the model.

The goodness of fit was assessed by model convergence, 
precision in parameter estimates, decrease in objective func-
tion value (χ2=10.83, P<0.001, df=1) and examination of the 
residuals.  The ability of the PK/PD model to describe the 
observed data was evaluated by a visual predictive check 
(VPC) based on 1000 data sets that were simulated with the 
obtained final parameter estimates, and the median and 2.5th 
and 97.5th percentiles were calculated.  Exploratory analyses, 
graphical displays and other statistical analyses, including the 
evaluation of the NONMEM outputs, were performed (ver-
sion 2.12.1 for Windows).

Results
Pharmacokinetics
The time course of plasma DEX concentrations after 100 
mg/kg ip administration is shown in Figure 2.  During an early 
exploratory analysis, several models (ie, one-, two-, and three-
compartment PK models with zero-order or first-order absorp-
tion processes were developed to fit to the time course of the 
DEX plasma concentration.  The two-compartment model 
had a lower OFV than the one-compartment model (123.188 
versus 142.226; P<0.001 by χ2 test; df=2), and it showed a more 
favorable distribution of CWRES over time.  The addition of 
an extra peripheral compartment did not yield a significantly 
lower OFV.  Absorption of DEX from the peritoneal cavity was 
best characterized by a zero-order kinetic process because this 
yielded a significantly better fit than a first-order absorption 

rate constant.  The OFV was 45.60 units lower with zero-order 
absorption.  The estimates of the PK parameters are listed in 
Table 2.  Only the BSV for inter-compartment clearance (Q) 
was included in the final PK model.  The T0 (the duration of 
the zero-order absorption) obtained was 10.47 h.  The maximal 
plasma concentration (Cmax) of DEX was achieved within 8 h 
and declined bi-exponentially, with a terminal half-life (T1/2) of 
2.64 h.  The volume of distribution at steady state (Vss, equal to 
the sum of Vc and Vp) was very large, indicating that DEX has 
a significant extravascular distribution in rats.  The PK profile 
for DEX was similar to that reported by a previous study[31].

CYP3A1 and CYP3A2 mRNA dynamics
The CYP3A1 and CYP3A2 mRNA levels in vehicle-treated 
animals remained relatively constant throughout the time 
course (data not shown), indicating that the baselines were 
stable.  The model corresponding to Equations (3)–(8), with 
different numbers of transit compartments, was evaluated 
to describe the profiles of CYP3A1 and CYP3A2 mRNA 
concentrations versus time.  The transit model using one 
transit compartment provided the lowest OFV and the best 
fit for the CYP3A1 mRNA induction profile.  For CYP3A2 
mRNA, an OFV of 1836.70 was obtained for the model with 
no transit compartment, whereas an OFV of 1794.16 was 
obtained for a transit compartment model using eight transit 
compartments.  The OFV continued to decrease with the 
inclusion of additional transit compartments, but there was 
no further visual improvement in the model predictions. 

Table 2.  Pharmacokinetic parameters for dexamethasone. 

         Parameters                                                  Definitions                                                                   Values (% RSE)                              BSV (% RSE)
 
 CL/F (mL·kg-1·h-1) Clearance  172.7   (6.70) –
 Q/F (mL·kg-1·h-1) Inter-compartmental clearance   14.32 (36.52) 0.655 (36.66) 
 Vc/F (mL/kg) Central volume 657.4   (12.55) –
 Vp/F (mL/kg) Peripheral volume 263.2   (31.95) –
 T0 (h) The duration of the zero-order absorption   10.47 (6.36) –

BSV, between subject variability; RSE, relative standard error.

Figure 2.  Time course of plasma DEX concentrations after 100 mg/kg ip 
administration. The symbols represent individual data from rats and the 
solid line represents the model fit lines. The dashed lines depict 95% pre-
diction interval of the PK model.
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The results corresponding to the VPC, as shown in Figure 3, 
confirmed that the model fit the data and was appropriate to 
describe the mean tendency of the data and their dispersion.  
The estimated CYP3A1 and CYP3A2 mRNA baseline levels 
were 32.48 attomol/μg (total RNA) and 203.46 attomol/μg 
(total RNA), respectively.  The CYP3A1 and CYP3A2 mRNA 
values increased gradually to their peak levels (21.29- and 
8.67-fold increase, respectively, vs baseline) within 24 h and 
36 h, respectively, and then returned to their baseline levels 

60 h after drug administration.  The estimated parameters for 
CYP3A1 and CYP3A2 mRNA dynamics are listed in Table 3.  
The estimated Smax,i values for CYP3A1 and CYP3A2 mRNA 
synthesis were 22.42- and 8.55-fold of the kin,i, respectively.  
The high Hill coefficient estimates (8.01 and 5.00 for CYP3A1 
and CYP3A2 mRNA, respectively) could be explained by one 
of the following: 1) the CYP3A1/2 DNA responsive elements 
were initially saturated with the DEX-PXR complex because 
the plasma concentration was much higher than the SC50,i 

values (2.39 μg/mL for CYP3A1 mRNA and 2.82 μg/mL for 
CYP3A2 mRNA) within 18 h after DEX administration, or 2) 
the affinity of the DEX-PXR complex binding to CYP3A1/2 
DNA responsive elements could be increased dramatically by 
heterodimerization with the nuclear hormone receptor RXR[32].  
Subsequently, the two chains of transit compartments with 
different numbers of compartments and mean transit times 
resolved the delay of the mRNA transcription relative to the 
concentration of DEX.  The first chain for CYP3A1 mRNA had 
one compartment and a τ1 of 4.59 h, whereas the second chain 
for CYP3A2 mRNA had eight compartments and a τ2 of 2.58 h.

CYP3A1 and CYP3A2 protein dynamics
The time courses of CYP3A1 and CYP3A2 protein expres-
sion were simulated by the model (Figure 4), and the lag time 
between mRNA and protein expression changes was approxi-
mately 12 h.  The CYP3A1 protein exhibited an inductive 
potency in DEX-treated rats (from 31.92 to 256.03 pmol·mg-1 
protein, an 8.02-fold increase), which was greater than that of 
the CYP3A2 protein (from 39.39 to 97.99 pmol·mg-1 protein, a 
2.49-fold increase).  The estimated parameters for Equation (9) 
are listed in Table 4.  A visual predictive check indicated that 
the time courses of CYP3A1 and CYP3A2 protein dynamics 
were well described by the model.

CYP3A1/2 enzyme activity dynamics
The maximum induction of testosterone 6β-hydroxylation 

Table 3.  Dynamic parameters for CYP3A1 and CYP3A2 mRNA after DEX administration.

                  Parameters                                                                                    Definitions                                                                                  Values (% RSE)
 
 kin,1 (attomol·h-1·μg-1 total RNA) Transcription rate for CYP3A1 mRNA   7.47   (4.65) 
 kout,1 (h-1) Degradation rate for CYP3A1 mRNA   0.23   (6.45) 
 Smax,1 Maximum stimulation of the transcription rate of CYP3A1 mRNA 22.42 (10.90) 
 SC50,1 (μg/mL) DEX concentration required to reach 50% Smax,1   2.39 (15.89) 
 γ1  Hill-type parameter for CYP3A1 mRNA   8.01   (6.92) 
 τ1 (h) Mean transit time of the stimulation of kin,1   4.59   (4.71) 
 n1  Number of the transit compartments for CYP3A1 mRNA   1  (Fixed) 
 kin,2 (attomol·h-1·μg-1 total RNA) Transcription rate for CYP3A2 mRNA 40.00  (19.56) 
 kout,2 (h-1) Degradation rate for CYP3A2 mRNA   0.197 (21.00) 
 Smax,2 Maximum stimulation of the transcription rate of CYP3A2 mRNA   8.55  (11.72) 
 SC50,2 (μg/mL) DEX concentration required to reach 50% Smax,2   2.82  (38.50) 
 γ2  Hill-type parameter for CYP3A2 mRNA   5.00  (13.16) 
 τ2 (h) Mean transit time of the stimulation of kin,2   2.58  (12.79) 
 n2 Number of the transit compartments for CYP3A2 mRNA   8  (Fixed)

RSE, relative standard error.

Figure 3.   Time course of CYP3A1 (A) and CYP3A2 (B) mRNA expression. 
The symbols represent individual data from rats and the solid line repre-
sents the model fit lines. The dashed lines depict 95% prediction interval 
of the mRNA PD models.
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activity was observed after DEX dosing, as depicted in Figure 
5.  Because both CYP3A1 and CYP3A2 proteins are capable 
of catalyzing 6β-hydroxylation of testosterone, the enzyme 
activities were composed of two parts, as described by Equa-
tion (12).  The gray dashed line and the dotted line in Figure 5 
show the contributions of CYP3A1 and CYP3A2, respectively, 
to 6β-OHT formation, which were generally parallel to their 

protein levels. The rates of formation of 6β-OHT for CYP3A1 
and CYP3A2, as shown in Table 5, were estimated to be 
0.463 pmol·min-1·pmol-1 CYP3A1 and 7.49 pmol·min-1·pmol-1 
CYP3A2, respectively.

Discussion
In the present study, a mechanism-based PK/PD model was 
successfully developed to characterize the complex relation-
ships between DEX PK and the time courses of CYP3A1/2 
mRNA, protein and enzyme activity in male Sprague-Dawley 
rats.  

We found that a conventional two-compartment model 
with a zero-order absorption process best described 
the pharmacokinetics of DEX in our study.  Both one-
compartment[33, 34] and two-compartment models[35] have been 
found to best describe DEX plasma concentration profiles 

Table 4.  Pharmacodynamic parameters for CYP3A1 and CYP3A2 protein after DEX administration.

                                    Parameters                                                                                       Definitions                                                            Values (% RSE)
 
 ksyn,1 (pmol·h-1·mg-1 protein)/(attomol mRNA·μg-1 total RNA) Synthesis rate for CYP3A1 protein 0.0359 (18.68) 
 kdeg,1 (h-1) Degradation rate for CYP3A1 protein 0.0268 (15.99) 
 m1 Amplification factor for CYP3A1 protein 0.911   (3.99) 
 ksyn,2 (pmol·h-1·mg-1 protein)/(attomol mRNA·μg-1 total RNA) Synthesis rate for CYP3A2 protein 0.486   (11.77) 
 kdeg,2 (h-1) Degradation rate for CYP3A2 protein 0.0567 (11.79) 
 m2 Amplification factor for CYP3A2 protein 0.287   (9.68) 

RSE, relative standard error.

Figure 4.   Time courses of CYP3A1 protein (A) and CYP3A2 protein (B) 
after DEX administration. The symbols represent individual data from rats 
and the solid line represents the model fit lines. The dashed lines depict 
95% prediction interval of the protein PD models.

Figure 5.   Time course of CYP3A1/2 enzyme activity after DEX adminis-
tration. The symbols represents individual data from rats and the solid 
line represents the model fit lines. The black dashed lines depict 95% 
prediction interval of the enzyme activity dynamic model. The gray dashed 
line and the dotted line represent the simulated contributions of CYP3A1 
and CYP3A2 to 6β-OHT formation, respectively.

Table 5.  Pharmacodynamic parameters for CYP3A1/2 enzyme activity after DEX administration.

                    Parameters                                                                                               Definitions                                                                     Values (% RSE)
 
 α (pmol·min-1·pmol-1 CYP3A1) Rate of formation of 6β-OHT for CYP3A1 0.463  (22.73) 
 β (pmol·min-1·pmol-1 CYP3A2) Rate of formation of 6β-OHT for CYP3A2 7.49  (5.51) 

RSE, relative standard error.
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in other research studies.  Our ability to differentiate the 
bi-exponential elimination of DEX may have been facilitated 
by the relatively long sampling duration.  The CL and Vc 
estimates for DEX obtained in our study were comparable to 
the values reported by Varma[34].  The first-order absorption 
of DEX has been reported previously[36].  However, first-order 
absorption was not an appropriate fit for our data because of 
the saturation of absorption from the peritoneal cavity when a 
high dosage of DEX was administered.

The PD data from this study demonstrated that a single 
dose of DEX could generate markedly elevated levels of 
CYP3A1 and CYP3A2 mRNA, protein and enzyme activi-
ties.  The total plasma concentration of DEX was used as a 
forcing function in the PK/PD system, with the assump-
tions of rapid diffusion into hepatocytes, binding with PXR 
and translocation to the nucleus.  Our mechanism-based PD 
model was developed based on the model introduced by 
Sarangapani[25], which described the time course of CYP2B1/2 
proteins, their enzyme activities in the liver and increases in 
liver weight induced by octamethylcyclotetrasiloxane (D4).  
In this previous study, the authors did not investigate the 
relationship between CYP2B1/2 mRNA and the inducer.  The 
resultant mRNA regulation serves as a key component of the 
signaling pathway downstream of CYP induction, and it has 
been widely used as an important indicator of CYP induction 
during drug development[3].  Thus, the CYP3A1/2 mRNA 
levels were incorporated into our mechanism-based PK/
PD model to enhance the integrity and stability of the mod-
els and to provide a better understanding of the sequence of 
molecular events that cause CYP3A1/2 induction.  The time 
course of CYP3A1/2 mRNA was described using an indirect 
response model, where the impact of DEX on the synthesis 
rate of CYP3A1/2 mRNA was introduced by a receptor-based 
sigmoidal induction model with Smax, SC50, and γ parameters.  
Several functions with an increase in complexity were also 
tested to select the optimal model for the effect of DEX on 
the rates of CYP3A1 and CYP3A2 mRNA synthesis.  The sig-
moid Smax model in Equations (3)–(4) was shown to better fit 
the data than the linear model (ΔOFV=-31.47, P<0.0001 for 
CYP3A1 mRNA; ΔOFV=-37.18, P<0.0001 for CYP3A2 mRNA) 
or the Smax model (ΔOFV=-41.54, P<0.0001 for CYP3A1 mRNA; 
ΔOFV=-23.28, P<0.0001 for CYP3A2 mRNA).

The indirect response model was found to adequately 
describe CYP2B1/2 protein profiles after D4 administration.  
However, the indirect response model was not appropriate 
for our study because significant time delays between DEX 
exposure and CYP3A1/2 mRNA induction (approximately 
16 h for CYP3A1 mRNA and 28 h for CYP3A2 mRNA) were 
observed.  These delayed onsets of induction are likely due 
to the complex series of events that are required to trigger an 
induction in transcription[37].  In our study, we applied a series 
of transit compartments, which explained the time spent by 
mRNA maturation, to account for this observed temporal 
delay between the DEX plasma concentration and the increase 
in mRNA levels.  Our indirect response models, with a series 
of one transit compartment and eight transit compartments, 

adequately characterized the general trends of CYP3A1 and 
CYP3A2 mRNA dynamics, respectively.  

Differential induction of CYP3A1 and CYP3A2 mRNA 
expression by DEX was observed; this disparity was likely 
a result of a difference in the rate of CYP3A1 and CYP3A2 
transcription.  The estimated maximum change in synthesis 
rates for CYP3A1 and CYP3A2 mRNA due to induction were 
22.42- and 8.55-fold, respectively.  As reported, the CYP3A1 
and CYP3A2 promoters both contain HNF4-binding sites 
and two DEX response elements, referred to as DexRE-1 and 
DexRE-2[38].  The DR-3 sequence in DexRE-2, which can be 
bound by the heterodimer of PXR and RXR, plays a key role 
in CYP3A1/2 mRNA induction[4, 39].  The DexRE-1 of CYP3A2 
is mainly occupied by COUP-TF, whereas the DexRE-1 of 
CYP3A1 is preferentially bound by protein complex B, which 
can stimulate the binding of PXR/RXR to DexRE-2[39].  There-
fore, although the CYP3A1 and CYP3A2 genes share highly 
comparable promoter structures, small sequence differences in 
DexRE-1 may contribute to the apparent discrepancies in the 
transcription rates of CYP3A1 and CYP3A2 mRNA.

The baseline levels of CYP3A1 and CYP3A2 protein in 
liver microsomes were 28.95 pmol/mg and 48.60 pmol/mg, 
respectively, and this result was consistent with the values 
previously reported in the literature[40].  Experiments from 
previous studies showed significant induction of CYP3A1 
and CYP3A2 proteins in rats treated with the same dose of 
DEX[41, 42], which is similar to the results obtained in the pres-
ent study.  Although CYP3A2 protein was less inducible than 
CYP3A1, the contribution of CYP3A2 protein to 6β-OHT 
formation was greater than that of CYP3A1 during the time 
course of induction (Figure 5 and Table 5).  This phenomenon 
was likely observed because CYP3A2 has higher basal protein 
expression levels than CYP3A1.  

Mechanism-based PK/PD models differ from conventional 
PK/PD models in that they contain specific expressions 
to characterize, in a quantitative manner, processes in the 
causal path between drug administration and effect[14].  In 
addition, mechanism-based PK/PD models can resolve drug-
specific and biological system-specific parameters.  Because 
the system-specific parameters (ie, kin, kout, τ, ksyn, kdeg, α, and 
β) characterize the physiological functioning of CYP3A1/2 
mRNA, protein and enzyme activity in the rat, they should 
remain generally consistent within the Sprague-Dawley rat 
population.  These values of system-specific parameters can 
only be estimated by in vivo analysis[14].  In contrast, drug-
specific parameters (ie, Emax and EC50) can often be predicted 
based on in vitro bioassays[43, 44].  As a result, this mechanism-
based PK/PD approach may serve as a tool for predicting the 
extent of CYP3A1/2 induction by potential inducers and the 
magnitude of changes in the PK of a probe substrate, based on 
drug-specific parameters and the PK of the inducers.

In summary, the present study sought to establish a mecha-
nism-based PK/PD model to characterize the effect of DEX on 
CYP3A1/2 induction as a function of time.  The results of this 
study illustrate the relationships between the molecular events 
involved in CYP3A1/2 induction by a single dose of DEX.  In 
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addition, the system-specific parameters of this mechanism-
based PK/PD model could help to design and conduct DDI 
studies with the aim of regulating the induction of CYP3A1/2.
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