
Investigating the Utility of Humanized Pregnane X Receptor-
Constitutive Androstane Receptor-CYP3A4/7 Mouse Model to

Assess CYP3A-Mediated Induction

Justin Q. Ly, Susan Wong, Liling Liu, Ruina Li, Kirsten Messick, and Jae H. Chang

Genentech, Inc., South San Francisco, California (J.Q.L., S.W., L.L., R.L., K.M.), and ORIC Pharmaceuticals,
South San Francisco, California (J.H.C.)

Received February 22, 2021; accepted April 2, 2021

ABSTRACT

Clinical induction liability is assessed with human hepatocytes.
However, underpredictions in the magnitude of clinical induction
have been reported. Unfortunately, in vivo studies in animals do
not provide additional insight because of species differences in
drug metabolizing enzymes and their regulatory pathways. To cir-
cumvent this limitation, transgenic animals expressing human or-
thologs were developed. The aim of this work was to investigate
the utility of mouse models expressing human orthologs of preg-
nane X receptor, constitutive androstane receptor, and CYP3A4/7
(Tg-Composite) in evaluating clinical induction. Rifampin, efavir-
enz, and pioglitazone, which were employed to represent strong,
moderate, and weak inducers, were administered at multiple doses
to Tg-Composite animals. In vivo CYP3A activity was monitored by
measuring changes in the exposure of the CYP3A probe substrate
triazolam. After the in vivo studies, microsomes were prepared
from their livers to measure changes of in vitro CYP3A4 activity. In
both in vivo and in vitro, distinction of clinic induction was recapit-
ulated as rifampin yielded the greatest inductive effect followed by
efavirenz and pioglitazone. Interestingly, with rifampin, in vivo
CYP3A activity was approximately 4-fold higher than in vitro

activity. Conversely, there was no difference between in vivo and in
vitro CYP3A activity with efavirenz. These findings are consistent
with the report that, although rifampin exhibits differential induc-
tive effects between the intestines and liver, efavirenz does not.
These data highlight the promise of transgenic models, such as
Tg-Composite, to complement human hepatocytes to enhance the
translatability of clinical induction as well as become a powerful
tool to further study mechanisms of drug disposition.

SIGNIFICANCE STATEMENT

Underprediction of the magnitude of clinical induction when using
human hepatocytes has been reported, and transgenic models
may improve clinical translatability. The work presented here
showcases the human orthologs of pregnane X receptor, constitu-
tive androstane receptor, and CYP3A4/7 model, which was able to
recapitulate the magnitude of clinical induction and to differentiate
tissue-dependent induction observed with rifampin but not with
efavirenz. These results not only foreshadow the potential applica-
tion of such transgenic models in assessing clinical induction but
also in further investigation of the mechanism of drug disposition.

Introduction

The practice of polypharmacy has been on the rise, in part, because of
advancements and breakthroughs that have been made in seeking remedies
for assorted maladies. From 1999 to 2008, patients using more than one
prescription drug in the United States increased by 4.4%–5.8% (CDC,
2010), and a similar trend has been noted worldwide (Guthrie et al., 2015;
Oktora et al., 2019). Despite the therapeutic advantage, one major draw-
back to patients taking multiple drugs is that the likelihood of eliciting an
adverse drug reaction increases because of drug-drug interaction (DDI). It
is estimated that adverse drug reaction is responsible for approximately
6% of hospitalizations (Lazarou et al., 1998; Pirmohamed et al., 2004),

and that DDI constitutes 20% of reported events (Magro et al., 2012).
Drugs can be eliminated by a variety of mechanisms and, among them,
drug metabolism is responsible for eliminating >70% of drugs (Wienkers
and Heath, 2005), of which the principal drug metabolizing enzyme
(DME) is CYP3A (Shimada et al., 1994). For victim drugs that are sub-
strates for CYP3A, unwanted outcomes of DDI can manifest in different
ways, such as when a “perpetrating” drug inhibits CYP3A to enhance the
exposure of the victim drug to nontolerated levels. In contrast, the perpe-
trating drug can induce DME activity to reduce the level of the victim
drug to subtherapeutic concentrations, which renders the drug treatment in-
effective. Consequently, one of the important considerations during drug
research is to mitigate DDI liability of drug candidates.
The gold standard to assess potential clinical liability associated with

P450 induction is human hepatocytes. However, there are uncertainties
in translating in vitro hepatocyte data to the clinic as highlighted by a
high frequency of false positives and false negatives in retrospective
analyses of clinically known inducers (Fahmi et al., 2010; Kenny et al.,
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2018). One reason for the poor outcome may be that the in vitro system
is a static system that is unable to capture the dynamic interaction that
occurs at the molecular and physiologic level. In addition, a perpetrating
drug may exert differential effects in vitro, which may both inhibit and
induce DMEs, complicating translation to the clinic. Though some suc-
cess and much progress have been demonstrated with physiological-
based pharmacokinetic (PBPK) modeling (Guo et al., 2013; Wagner et
al., 2016), there continues to be challenges arising from uncertainty
such as with measuring in vitro endpoints, finding relevant and appro-
priate scaling in vitro parameters, as well as incomplete characterization
of in vivo disposition of compounds that are in early stages of clinical
trials (Jones et al., 2015; Shebley et al., 2018; Peters and Dolgos, 2019).
Consequently, it has been reported that PBPK can underpredict the
magnitude of induction (Almond et al., 2016). Though in vivo preclini-
cal models may be able to bridge the gap between in vitro to the clinic,
they are not typically employed because there can be striking species
differences in the expression and activity of DMEs (Shimada et al.,
1997; Nelson et al., 2004; Chu et al., 2013) as well as their regulatory
pathways (Xie et al., 2000; Lu and Li, 2001).
To address the limitations around species differences in the expres-

sion and activity of proteins responsible for drug metabolism, genetical-
ly modified mouse models lacking endogenous murine DME and/or
their regulatory genes but expressing human orthologs of the corre-
sponding genes were developed. There have been several investigations
with one such model, the transgenic mouse model expressing human or-
thologs of PXR, CAR, and CYP3A4/3A7 (Tg-Composite), which
showed that it was able to recapitulate the magnitude of inhibition and
induction of marketed drugs (Chang et al., 2016; Ly et al., 2017). In ad-
dition to constitutive expression of CYP3A4 mRNA in the intestines
and the liver of Tg-Composite animals, differential effect was demon-
strated where rifampin exhibited a greater induction than pregnenolone-
16a-carbonitrile on the expression of CYP3A4 in both the intestines and
the liver, and triazolam levels decreased by 91% and 37% in the pres-
ence of rifampin and sulfinpyrazone, respectively, whereas no change
was observed for pioglitazone (Hasegawa et al., 2011). Though these
studies have reported that transgenic models are able to recapitulate the
extent of induction observed in the clinic, additional investigations are
needed to further elucidate the relationship between in vitro parameters
to in vivo, especially around how the in vitro parameters of induction
are manifested in vivo. One powerful aspect of utilizing preclinical
models is that, from the same animal, both in vitro and in vivo parame-
ters can be measured. The objective of this work was to further investi-
gate the translatability of the Tg-Composite model to clinically
observed DDI, particularly around induction. Studies were conducted to
determine both in vitro and in vivo activity of CYP3A using triazolam
as a probe substrate, as it has been reported that in mice, triazolam
shows enhanced specificity toward human CYP3A compared with mid-
azolam. Varying doses of rifampin, efavirenz, and pioglitazone, which
are categorized as strong, moderate, and weak inducers, respectively
(Shou et al., 2008; Zhang et al., 2014), were studied in Tg-Composite
mice using triazolam as the CYP3A probe substrate. In addition to as-
sessing the effect of these inducers on triazolam exposure in vivo, livers
were harvested from the animals to prepare microsomes where the in vi-
tro CYP3A activity was measured. These data were used to evaluate
the relationship between alterations of in vitro CYP3A activity to the
extent of induction observed in vivo.

Materials and Methods

Materials. Rifampin, efavirenz, triazolam, loperamide, and indomethacin were purchased
from Sigma-Aldrich (Milwaukee, WI), whereas pioglitazone was purchased from Toronto
Research Chemicals (Toronto, Canada). 1X Complete protease inhibitor was purchased from

Roche Applied Sciences (Indianapolis, IN). All other chemicals and reagents were of analyt-
ical grade and were purchased from Sigma-Aldrich (St. Louis, MO).

Pharmacokinetic Study Design. Female transgenic mice expressing Tg-Composite (Ta-
conic Farms/Artemis, Cologne, Germany) were housed at controlled temperature and humid-
ity in an alternating 12-hour light/dark cycle with access to food and water ad libitum. All in
vivo studies were performed in accordance with Institutional Animal Care and Use Commit-
tee guidelines and in harmony with the Guide for Laboratory Animal Care and Use. Rifam-
pin (3, 10, 30, or 100 mg/kg), efavirenz (5, 15, 50, or 250 mg/kg), pioglitazone (1, 5, 50, or
200 mg/kg), or vehicle was administered orally to Tg-Composite animals for 5 days (N 5 4/
group). All doses of the perpetrators were well tolerated. On the fifth day, a single 2 mg/kg
oral dose of triazolam was administered to all animals in the studies. All compounds in this
study were formulated in 10% DMSO/35% polyethylene glycol 400/55% water. After ad-
ministration of triazolam, blood samples were collected serially via talk nick at 0.25, 0.5, 1,
3, 6, and 8 hours postdose. Blood (15 mL) was collected at each time point and diluted 4-
fold with water containing 1.7 mg/ml of EDTA. All blood samples were stored at approxi-
mately �80�C until analysis. In addition to the blood collection, at approximately 8 hours
postdose, livers, which were used to prepare microsomes, were collected and stored at
�80�C.

Microsome Preparations. Livers collected from each animal in the PK study were used
to prepare microsomes. Approximately one gram of whole liver was homogenized on ice
with a Dounce glass A homogenizer (Kontes, Seattle, WA) in 1 ml of homogenization buffer
containing 0.1 M potassium phosphate buffer (pH 7.4) with 250 mM sucrose, 1 mM EDTA,
0.1 mM dithiothreitol, 2 mg/ml leupeptin, 150 mM potassium chloride, 1X Complete prote-
ase inhibitor, and freshly added 1 mM phenylmethylsulfonyl fluoride. The homogenate was
centrifuged at 9000g for 20 minutes at 4�C, and the resulting supernatant was then centri-
fuged at 105,000g for 60 minutes at 4�C in an ultracentrifuge. The resulting pellet was resus-
pended in 0.1 M potassium phosphate buffer (pH 7.4) containing 250 mM sucrose and
stored at �80�C. Total microsomal protein concentration was determined using bicincho-
ninic acid assay kit from Pierce (Rockford, IL).

Microsomal Incubation. A mixture containing previously prepared liver microsomes
(0.1 mg/ml final protein concentration) in 0.1 M potassium phosphate buffer (pH 7.4) and
NADPH (1 mM final concentration) were preincubated for 5 minutes at 37�C. Reactions
were initiated with the addition of 1 mM triazolam in a total volume of 250 ml. Aliquots of
50-ml samples were collected at 0, 5, 15, and 30 minutes, and quenched in 100 ml acetoni-
trile containing loperamide as internal standard. Samples were centrifuged at 2000g for 10
minutes. Supernatant (80 ml) was transferred to an analytical plate and diluted 2-fold with
water for liquid chromatography-mass spectrometry/mass spectrometry (LC-MS/MS) analy-
sis. All experiments were performed in triplicates.

Sample Analysis. The concentration of rifampin, efavirenz, pioglitazone, and triazolam
in mouse blood and levels of triazolam from liver microsomal incubations were quantified
using LC-MS/MS. The LC-MS/MS system was a Shimadzu Nexera (Columbia, MD) sys-
tem coupled to a QTRAP 6500 mass spectrometer (AB Sciex, Foster City, CA) equipped
with a turbo-electrospray interface. The aqueous mobile phase for all four analytes was water
with 0.1% formic acid (A), and the organic mobile phase was acetonitrile with 0.1% formic
acid (B). Chromatographic separations for rifampin, pioglitazone, and triazolam were
achieved with Kinetex 100A column (50 � 2.1 mm, 1.6 mm F5). The gradient for these ana-
lytes increased from 10% B to 30% B in 3.5 minutes, and to 95% B in 1.3 minutes. This
gradient was sustained for 0.7 minutes and was then decreased to 10% B within
0.01minutes, which was maintained for another 0.3 minutes. The flow rate was set at 0.8
ml/min, and the cycle time (injection to injection including instrument delays) was approxi-
mately 5.8minutes. Chromatographic separation of efavirenz was achieved with Kinetex
XB-C18 100A column (30� 2.1mm, 2.6 mm). The gradient of efavirenz increased from
10% B to 90% B in 0.6 minutes, which was sustained for 0.2 minutes. The gradient was
then decreased to 10% B within 0.01minutes, which was maintained for another 0.2 mi-
nutes. The flow rate was 1.2 ml/min and the cycle time was approximately 1.0minute. Quan-
titation was carried out using multiple reactions monitoring in the positive mode for
rifampin (m/z 823.3 ! 791.4), pioglitazone (357.0 ! 134.1), triazolam (343.0 ! 308.1),
and loperamide (m/z 477.1 ! 266.2), which was the internal standard for the positive ion
mode. Negative mode was monitored for efavirenz (m/z 314.200 ! 243.9) and indometha-
cin (m/z 356.0 ! 312.0), which was the internal standard for the negative mode. Injection
volume was 5 mL. The accuracy and precision for the back-calculated concentrations of the
calibration curve was within ±25%. The lower limit of quantitation for rifampin was 0.0182
mM, for efavirenz was 0.00230 mM, for pioglitazone was 0.0421 mM, and for triazolam was
0.00728 mM. All concentrations are reported as total concentrations.

Data Analysis. Area under the blood concentration-time curve at the last time point (AUCt-

last) and Cmax was determined by noncompartmental analysis using Phoenix WinNonlin version
6.3 (Pharsight Corporation, Mountain View, CA). Average concentration (Cavg) was calculated
by normalizing the AUCtlast to the last sampling time of 8 hours, or to time when last concentra-
tion was determined. All data are reported as mean (±S.D.) of four animals in each group.

Enzymatic rate of CYP3A4, k, was calculated by determining the half-life (t1/2) of tria-
zolam and using the following relationship:

k ¼ 0:693=t1=2:

Fold increase of CYP3A4 activity in vivo was determined by calculating the ratio of tria-
zolam AUCtlast from animals that were treated with vehicle or perpetrators (i.e., AUCveh/
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AUCtreat). Similarly, fold increase of in vitro activity was determined by taking the ratio of
CYP3A4 enzymatic rate that was determined from microsomes, which was prepared from
animals treated with perpetrator or vehicle (i.e., k treat/kveh). Ratios of AUCtlast or k were
plotted against in vivo exposures of perpetrators, and the effect-concentration relationship
was described by a nonlinear regression curve fit with Prism 8.0 (GraphPad, San Diego,
CA) using the following equation:

E ¼ Emax � X= EC50 þ Xð Þ,
where E is the inductive effect of the perpetrator calculated as ratio of
AUCtlast or k, Emax is the maximum induction, EC50 is the concentration
of perpetrator, which elicits half of Emax, and X is the observed in vivo
concentration of the perpetrators.

Results

Pharmacokinetics of Rifampin, Efavirenz, and Pioglitazone in
Tg-Composite Animals. After 5 days of daily oral administration, the
exposure of perpetrating drugs was determined in Tg-Composite ani-
mals. Exposures of rifampin, efavirenz, and pioglitazone, as determined
by AUCtlast, Cmax and Cavg, are summarized in Table 1. After oral ad-
ministration of rifampin, exposures increased with increasing doses
from 3 mg/kg to 100 mg/kg. At 100 mg/kg, exposures were greater
than dose proportional. Blood concentration-time profile in Fig. 1A
shows that rifampin was slowly eliminated. Following oral administra-
tion of efavirenz, the blood concentration-time profile in Fig. 1B shows
that efavirenz was rapidly eliminated. Oral exposures increased with in-
creasing doses from 5 mg/kg to 250 mg/kg. At the highest dose of 250
mg/kg, exposures were less than dose proportional, therefore, higher
doses were not investigated. After oral administration of pioglitazone,
exposures increased with increasing doses from 1 mg/kg to 200 mg/kg.
At the highest dose of 200 mg/kg, exposures were less than dose pro-
portional and higher doses were not investigated. Blood concentration-
time profiles in Fig. 1C shows that pioglitazone was rapidly eliminated.
Inductive Effect of Rifampin, Efavirenz, and Pioglitazone as

Measured by Changes in the Oral Exposure of Triazolam in Tg-
Composite Animals. Magnitude of induction was measured in Tg-
Composite animals by assessing the change of AUCtlast of CYP3A
probe substrate triazolam after 5-day oral administration of rifampin,
efavirenz, and pioglitazone, at several dose strengths. Based on the half-
life of CYP3A protein of approximately 1 day, it was assumed that 5-
day administration of the perpetrators was adequate to achieve steady-
state expression of CYP3A (Yang et al., 2008; Ramsden et al., 2015;
Takahashi et al., 2017). Though midazolam is typically used as a probe
substrate for CYP3A in the clinic, it has been shown that it is extensive-
ly metabolized by endogenous mouse Cyp2c (van Waterschoot et al.,
2008), precluding its utility in studies involving transgenic mouse mod-
els. Instead, triazolam was chosen as a probe substrate because en-
hanced specificity toward human CYP3A was previously demonstrated
(Perloff et al., 2000). Triazolam in human is rapidly eliminated by me-
tabolism mediated by CYP3A with a half-life of approximately 3 hours
(Kinirons et al., 1996). Similarly, the half-life of triazolam in the Tg-
Composite model was approximately 2 hours.
Table 2 summarizes the impact of rifampin, efavirenz, and pioglita-

zone on in vivo CYP3A activity by assessing the change of triazolam
AUCtlast in the absence and presence of perpetrators (AUCveh/AUCtreat).
When compared with vehicle-treated group, triazolam AUCtlast de-
creased by 2.78-, 13.0-, 24.6-, and 44.9-fold in the presence of ascend-
ing doses of rifampin at 3, 10, 30, and 100 mg/kg, respectively; where
rifampin AUCtlast was 0.643, 4.32, 14.1, and 141 mM*h, respectively,
and Cmax was 0.0963, 0.655, 2.33, and 25.1 mM, respectively. When
triazolam AUC ratios were plotted against Cmax and Cavg values deter-
mined for rifampin in vivo (Fig. 2A), triazolam AUC ratios plateaued
despite rifampin exposures continuing to increase to yield EC50 and

Emax values of 1.76 mM and 49.2 when using Cavg values, respectively;
and 2.24 mM and 48.6 when using Cmax values, respectively (Table 3).
After administration of efavirenz, triazolam AUCtlast decreased by 1.05-,
1.42-, 1.90-, and 5.59-fold relative to the vehicle-treated group at efavir-
enz doses of 5, 15, 50, and 250 mg/kg, respectively; where efavirenz
AUCtlast was 0.0217, 0.112, 1.06, and 2.29 mM*h, respectively, and
Cmax was 0.0561, 0.150, 0.933, and 2.46 mM, respectively. However, be-
cause triazolam AUC ratios continued to increase with increasing expo-
sure of efavirenz, EC50 and Emax values were not determined (Fig. 2B).
Unlike rifampin and efavirenz, pioglitazone only had a modest impact
on triazolam AUCtlast, as pioglitazone reduced triazolam AUCtlast by
1.17-, 1.19-, 1.43-, and 1.61-fold relative to the vehicle group at pioglita-
zone doses of 1, 5, 50, and 250 mg/kg, respectively; where pioglitazone
AUCtlast was 3.82, 11.0, 54.5, and 104 mM*h, respectively, and Cmax

was 1.19, 4.68, 16.7, and 32.0 mM, respectively. Fig. 2C shows that tria-
zolam AUCtlast ratios reached saturation despite pioglitazone exposures
continuing to increase to yield EC50 and Emax values of 7.09 mM and
1.89 when using Cavg values, respectively; and 27.5 mM and 2.08 when
using Cmax values, respectively (Table 3).
In Vitro Activity in Liver Microsomes Prepared from Tg-Com-

posite Animals Treated with Rifampin, Efavirenz, and Pioglitazone.
To further characterize the inductive potential of rifampin, efavirenz,
and pioglitazone, in vitro metabolism of triazolam was assessed in mi-
crosomes prepared from livers that were harvested from the animals
employed in the in vivo study. Table 2 summarizes the modulation of
in vitro CYP3A activity by assessing the fold increase of triazolam en-
zymatic rate in the presence and absence of perpetrators (ktreat/kveh).
When compared with the vehicle-treated group, in vitro CYP3A activity
was increased by 2.75-, 4.75-, 9.87-, and 11.0-fold from microsomes
where Tg-Composite animals were administered 3, 10, 30, and 100 mg/
kg, respectively. Fold change of in vitro CYP3A activity was plotted
against Cmax and Cavg values determined for rifampin in vivo. Fig. 3A
shows that the fold change of in vitro CYP3A activity reached satura-
tion with increasing exposure of rifampin to yield EC50 and Emax values
of 0.708 mM and 11.8 when using Cavg values, respectively; and 0.882
mM and 11.8 when using Cmax values, respectively (Table 3). For efa-
virenz, relative to vehicle-treated animals, in vitro CYP3A activity in-
creased by 0.978-, 1.19-, 2.08-, and 4.22-fold from microsomes where
Tg-Composite animals were administered 5, 15, 50, and 250 mg/kg, re-
spectively. Because in vitro CYP3A activity continued to increase with
increasing doses of efavirenz (Fig. 3B), EC50 and Emax values were not
determined. For pioglitazone, relative to vehicle-treated animals, in vitro
CYP3A activity increased by 1.07-, 1.17-, 1.52-, and 1.66-fold from mi-
crosomes where Tg-Composite animals were administered pioglitazone
doses of 1, 5, 50, and 200 mg/kg, respectively. Fig. 3C shows that fold
change of in vitro CYP3A activity reached saturation to yield EC50 and
Emax values of 5.99 mM and 1.97 when using Cavg values, respectively;
and 20.5 mM and 2.10 when using Cmax values, respectively (Table 3).

Discussion

The aim of the current work was to investigate the effect of rifampin,
efavirenz, and pioglitazone on the induction of the CYP3A probe sub-
strate triazolam in a transgenic model expressing Tg-Composite. Several
dose levels of the perpetrators were administered to explore the link be-
tween dose and the degree of induction. In addition to monitoring mod-
ulation of triazolam exposures in vivo, microsomes prepared from livers
of the animals in the in vivo studies were used to determine the impact
on in vitro activity.
Rifampin represented the strong inducer used in this study. Exposure

of rifampin increased with increasing doses of rifampin, which enabled
exploration of concentration-induction response, and reached clinically
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relevant exposure by 100 mg/kg (Burger et al., 2006). At the highest ad-
ministered dose of 100 mg/kg, CYP3A activity was 4-fold higher in
vivo than in vitro. Accordingly, when these data were fit to a concentra-
tion-response curve using in vivo exposures determined for rifampin,
Emax was approximately 4-fold higher in vivo than in vitro, accompa-
nied by 2.5-fold shift in EC50. EC50 and Emax determined from micro-
somes from the Tg-Composite animals were comparable to literature
values from human hepatocytes (Shou et al., 2008; Zhang et al., 2014),
and when using the parameters determined at 100 mg/kg rifampin to
calculate R3 from the static model (FDA, CDER 2020), R3 value was
0.09 (fraction unbound in mouse plasma determined internally was
0.022). However, this R3 value markedly underpredicted the induction
observed in vivo where there was 44.9-fold decrease (or observed ratio
of 0.02) in triazolam AUC. However, despite the disconnect of P450 in-
duction between in vivo and in vitro, these results are consistent with
the report that rifampin has a greater inductive effect on the intestine
than the liver (Fromm et al., 1996), where rifampin exerted 5- to 11-
fold higher induction of midazolam when it was administered orally
than intravenously (Gorski et al., 2003; Kharasch et al., 2004; Kirby et

al., 2011). In fact, one reason why rifampin may exhibit differential in-
ductive effect between the liver and the intestine is because rifampin
undergoes extensive enterohepatic circulation (EHC) (RIFADIN, 2020).
EHC could theoretically augment the mean residence time of rifampin
in the intestine to exert a greater inductive effect in the intestine. There-
fore, rather than nullifying the utility of the Tg-Composite model, the
disconnect highlights the potential advantage of such humanized animal
models, while revealing limitation of human hepatocytes to translate to
the clinic for orally administered drugs. Particularly, underprediction of
how DDI manifests is not ideal and can compromise the safety of
patients. This work insinuates that, by being able to capture the physio-
logic disposition of the drug and intestinal contribution of induction,
Tg-Composite model may be able to improve the translatability to the
clinic by integrating parameters such as EHC and first-pass effect,
which cannot be done with human hepatocytes.
In contrast, the degree of induction observed for efavirenz, which

represents the moderate inducer used in this study (Shou et al., 2008),
was comparable between in vitro and in vivo across all examined doses,
implying that efavirenz yields similar effects on the intestines and the

A B

C

Fig. 1. Blood concentration-time profile in Tg-Composite animals after oral administration of (A) rifampin at 3, 10, 30, and 100 mg/kg, (B) efavirenz at 5, 15, 50, and
250 mg/kg, and (C) pioglitazone at 1, 5, 50, and 200 mg/kg. Starting with the lowest dose, the first dose is shown as inverted orange triangle, the second dose is
shown as green circle, the third dose is shown as blue triangle, and the highest dose is shown as purple square. Data are presented as mean ± S.D. (N 5 4).

TABLE 1

Summary of mean AUCtlast, Cmax, and Cavg values (±S.D.), after oral administration of rifampin, efavirenz, and pioglitazone in Tg-Composite animals (N 5 4)

Rifampin Efavirenz Pioglitazone

Dose
(mg/kg)

3 10 30 100 5 15 50 250 1 5 50 200

AUCtlast

(mM*h)
0.643
(0.571)

4.32
(1.06)

14.1
(5.2)

141
(60)

0.0217
(0.0148)

0.112
(0.068)

1.06
(0.16)

2.29
(0.70)

3.82
(0.53)

11.0
(1.2)

54.5
(6.6)

104
(32)

Cavg
(mM)

0.0804
(0.0071)

0.540
(0.132)

1.76
(0.69)

17.6
(7.6)

0.0217
(0.0022)

0.0373
(0.0085)

0.177
(0.020)

0.286
(0.088)

0.478
(0.066)

1.38
(0.16)

6.81
(0.82)

13.0
(4.0)

Cmax
(mM)

0.0963
(0.0101)

0.655
(0.110)

2.33
(0.75)

25.1
(11.1)

0.0561
(0.0170)

0.150
(0.129)

0.933
(1.158)

2.46
(1.13)

1.19
(0.16)

4.68
(0.57)

16.7
(5.3)

32.0
(10.8)

Humanized PXR-CAR-CYP3A4/7 Mouse as Model of Induction 543

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


liver. Indeed, these data are congruent with the finding that, unlike ri-
fampin, efavirenz does not exhibit differential inductive effect on the in-
testines and the liver (Mouly et al., 2002). Taken together with rifampin
data, these results indicate that Tg-Composite model is able to differen-
tiate between the various type of induction that may be exerted differ-
ently by perpetrators. Additional experiments, including in vivo
experiments after intravenous administration of triazolam as well as ex-
amining activity in enterocytes, will be valuable in further investigating
the potential differences in tissue-dependent induction between rifampin
and efavirenz. Current in vitro methodology and tools such as PBPK
are unable to account for tissue-dependent response a priori, but such
understanding is vital in improving the translatability to the clinic. This
work is not proposing to move completely away from evaluating induc-
tion liability with human hepatocytes. Instead, data show that transgenic
animals may be able to complement the current workflow to enhance
the predictability of in vitro parameters associated with induction, espe-
cially if in vitro data indicate that there is a likelihood of meaningful in-
duction. One caveat to the data with efavirenz was that, although exposures
increased with increasing doses, the exposures were below clinical expo-
sures (SUSTIVA, 2015). Consequently, because P450 activity continued to
rise, Emax could not be defined. This points to one of the drawbacks of Tg-
Composite model, which is that although some proteins are humanized, the
disposition of compounds are controlled mostly by endogenous murine ma-
chinery, and that the compound may not be well tolerated in the transgenic
animals. Therefore, dosing strategy of the perpetrator must be carefully con-
sidered, and it may be that in vivo testing may be limited by insufficient in
vivo exposure and/or imperfect tolerability of the compound.

TABLE 2

Summary of mean changes (±S.D.) in CYP3A in vivo activity measured as triazo-
lam AUC ratio reported as AUCveh/AUCtreat, and CYP3A in vitro activity re-

ported as fold increase in triazolam metabolism (N 5 4)

Dose In Vivo AUC Ratio In Vitro Activity

mg/kg AUCveh/AUCtreat

Fold Increase Relative to
Vehicle Control

Rifampin 3 2.78
(1.51)

2.75
(0.91)

10 13.0
(6.53)

4.75
(1.79)

30 24.6
(14.5)

9.87
(2.49)

100 44.9
(26.9)

11.0
(2.77)

Efavirenz 5 1.05
(0.47)

0.978
(0.414)

15 1.42
(0.62)

1.19
(0.52)

50 1.90
(0.82)

2.08
(0.833)

250 5.59
(1.98)

4.22
(1.82)

Pioglitazone 1 1.17
(0.49)

1.07
(0.13)

5 1.19
(0.38)

1.17
(0.17)

50 1.43
(0.53)

1.52
(0.23)

200 1.61
(0.51)

1.66
(0.16)

A B

C

Fig. 2. Concentration-response curve when plotting CYP3A activity against in vivo response in Tg-Composite animals after oral administration of (A) rifampin at 3, 10, 30, and
100 mg/kg, (B) efavirenz at 5, 15, 50, and 250 mg/kg, and (C) pioglitazone at 1, 5, 50, and 200 mg/kg. In vivo CYP3A activity was determined by monitoring changes in triazo-
lam AUCtlast when Tg-Composite animals were treated with vehicle or perpetrators (AUCveh/AUCtreat). In vivo perpetrator concentrations that were used was Cmax or Cavg calculat-
ed from AUCtlast. Cmax is shown as blue filled circles and Cavg is shown as filled green square. Mean data for in vivo CYP3A activity and perpetrator concentrations were plotted.
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Pioglitazone represented the weak inducer in this study, and it was
gratifying to see that the Tg-Composite model was able to capture the
weak induction. Exposures of pioglitazone increased with increasing
doses and reached clinically relevant exposure by 50 mg/kg (Budde et
al., 2003). EC50 and Emax determined from microsomes from the Tg-
Composite animals were comparable to literature values from human
hepatocytes (Zhang et al., 2014), and when using the parameters deter-
mined at 200 mg/kg pioglitazone, R3 value was 0.6 (fraction unbound
in mouse plasma determined internally was 0.007). However, unlike ri-
fampin, this R3 value was comparable to what was observed in vivo
where there was 1.61-fold decrease (or observed ratio of 0.6) in triazo-
lam AUC.
For in vitro assessment, the current regulatory guidance recommends

monitoring mRNA rather than P450 activity based on the evidence that
there is a higher frequency of false negatives when considering P450
activity (Fahmi et al., 2010). Unfortunately, because of the small size of

the mouse liver, there was only samples to measure CYP3A activity in
the current study. However, it has been reported that in the absence of
time-dependent inhibition, in vitro P450 activity can be equally valuable
(Kenny et al., 2018). Because rifampin and efavirenz are not time-de-
pendent inhibitors and because pioglitazone is a relatively weak time-
dependent inhibitor, the current analysis using in vitro CYP3A activity
is suitable. However, there is merit in investigating mRNA in future ex-
periments as it would continue to build foundation around the Tg-Com-
posite models so that it can be used to evaluate new molecular entities
whose induction liability is not well characterized.
In summary, Tg-Composite model successfully differentiated the

differing degree of induction reported for rifampin, efavirenz, and
pioglitazone. The range of modulation of CYP3A activity was large
enough to mirror the strong induction mediated by rifampin but
also sensitive enough to recapitulate the weak induction of pioglita-
zone. There are several advantages of Tg-Composite model to

TABLE 3

Summary of EC50 and Emax determined from changes observed with in vivo CYP3A4 activity (AUCveh/AUCtreat) or fold increase determined from in vitro CYP3A
activity (ktreat/kveh)

Rifampin Efavirenz Pioglitazone

EC50 mM Emax (Fold Induction) EC50 mM Emax (Fold Induction) EC50 mM Emax (Fold Induction)

Cavg In Vivo 1.76 49.2 Not calculated 7.09 1.89
In Vitro 0.708 11.8 Not calculated 5.99 1.97

Cmax In Vivo 2.24 48.6 Not calculated 27.5 2.08
In Vitro 0.882 11.8 Not calculated 20.5 2.10

A B

C

Fig. 3. Concentration-response curve when plotting CYP3A activity against in vitro response in microsomes prepared from Tg-Composite animals after oral adminis-
tration of (A) rifampin at 3, 10, 30, and 100 mg/kg, (B) efavirenz at 5, 15, 50, and 250 mg/kg, and (C) pioglitazone at 1, 5, 50, and 200 mg/kg. In vitro CYP3A activ-
ity was determined in microsomes by monitoring fold increase in triazolam enzymatic activity (ktreat/kveh). In vivo perpetrator concentrations that were used was Cmax

or Cavg calculated from AUCtlast. Cmax is shown as blue open circles and Cavg is shown as open green square. Mean data for in vitro CYP3A activity and perpetrator
concentrations were plotted.
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assess clinical induction. First, in vivo models afford physiologic
elements that are absent from a static in vitro model, which allows
for the data to be bridged to the clinic more effectively. For exam-
ple, it was shown that intestinal contribution to induction, which
may be substantial for perpetrators such as rifampin, was appropri-
ately integrated in the Tg-Composite animals. Another benefit is
that Tg-Composite models enable further investigation into the
physiologic mechanism of induction. For example, the ability to
evaluate both in vitro and in vivo parameters from the same ani-
mals enabled examination on how to best scale in vitro data. Spe-
cifically, this work showed that in vitro values mirrored in vivo
modulation of CYP3A activity, and that induction is driven by
AUC. Furthermore, analysis of in vitro and in vivo data revealed
that there was tissue-dependent induction mediated by rifampin but
not by efavirenz. Findings with Tg-Composite model address some
of the gaps of using hepatocytes and show promise in improving
the translatability of preclinical data to assess the clinical induction
liability of new chemical entities. Currently, it is challenging to
gauge the worth of these models in informing drug research since
not much data are yet available. However, effort was required to
evaluate the value of genetically altered animal models in scientific
areas such as biology and toxicology and, eventually, the merit of
the genetically modified models was demonstrated. As a result,
these models were adopted into their workflows and have revolu-
tionized how these scientific disciplines conduct drug research.
Similarly, models such as Tg-Composite are emerging models that
may aid in the study of drug disposition, and there may be a benefit
in exploring the utility of these models further. In conclusion, these
results show that Tg-Composite model was able to recapitulate the
extent of clinical induction and establish that increases in CYP3A
activity was driven at the molecular level in liver microsomes. Al-
though additional work is needed to fully characterize induction
mediated by PXR and CAR, this is one of the first work, which de-
scribes the extent of in vitro and in vivo induction derived from the
same animal, which is valuable in establishing in vitro to in vivo
correlation. The current work demonstrates that Tg-Composite
model is a relevant tool that can complement existing assessments
of clinical induction such as with human hepatocytes to enhance
the translatability of clinical induction as well as a powerful tool to
further study mechanism of drug disposition.
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