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ABSTRACT

Liver-related diseases including drug-induced liver injury are becoming increasingly prominent in AIDS patients. Cobicistat
(COBI) is the backbone of multiple regimens for antiretroviral therapy. The current work investigated the mechanisms of
adverse drug-drug interactions associated with COBI that lead to liver damage. For individuals co-infected with HIV and
tuberculosis (TB), the World Health Organization recommends the initiation of TB treatment followed by antiretroviral
therapy. Rifampicin (RIF), a first line anti-TB drug, is a human specific activator of pregnane X receptor (PXR). Using PXR-
humanized mice, we found that RIF-mediated PXR activation potentiates COBI hepatotoxicity. In contrast, rifabutin, a PXR-
neutral analog of RIF, has no impact on COBI hepatotoxicity. Because of the crosstalk between PXR and the constitutive
androstane receptor (CAR), the role of CAR in COBI hepatotoxicity was also investigated. Similar to PXR, ligand-dependent
activation of CAR also potentiates COBI hepatotoxicity. Our further studies illustrated that PXR and CAR modulate COBI
hepatotoxicity through the CYP3A4-dependent pathways. In summary, the current work determined PXR and CAR as key
modulators of COBI hepatotoxicity. Given the fact that many prescription drugs and herbal supplements can activate PXR
and CAR, these two receptors should be considered as targets to prevent COBI hepatotoxicity in the clinic.

Key words: drug-induced liver injury; pregnane X receptor; constitutive androstane receptor; humanized mice; translational
medicine; cobicistat; HIV.

Polypharmacy is very common in AIDS patients due to the
treatment of HIV, comorbid conditions, and/or opportunistic
infections (Edelman et al., 2020). Because of polypharmacy,
drug-drug interactions frequently occur in AIDS patients
(Edelman et al., 2020). Unfortunately, adverse drug-drug

interactions during antiretroviral therapy can lead to poor ad-
herence, drug resistance, and even AIDS-related death
(Nachega et al., 2012). Therefore, mechanism-based strategies
for prevention of adverse drug-drug interactions during antire-
troviral therapy are urgently needed for AIDS patients.

Impact Statement: The current work has illustrated that ligand-dependent activation of human PXR and CAR potentiates COBI
hepatotoxicity through the CYP3A4-dependent pathways. The findings from this work can be used to guide the safe use of COBI
in the clinic by targeting PXR and CAR.
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Cobicistat (COBI), a pharmacokinetic enhancer, is the back-
bone in multiple regimens for antiretroviral therapy (Deeks
2014; Xu et al., 2010). COBI has a similar structure and
mechanism-of-action as ritonavir (RTV), the first FDA-approved
pharmacokinetic enhancer for antiretroviral therapy. Clinical
studies have observed adverse drug-drug interactions between
RTV-containing regimens and rifampicin (RIF), a first line anti-
tuberculosis drug, which caused severe liver damage (Haas
et al., 2009; Nijland et al., 2008; Schmitt et al., 2009). Clinical stud-
ies also found that lead-in treatment with efavirenz (EFV), an
antiretroviral drug, potentiated hepatotoxicity of RTV-
containing regimens (Jamois et al., 2009). Both RIF and EFV are
activators of human pregnane X receptor (PXR), a xenobiotic nu-
clear receptor that regulates the expression of drug-
metabolizing enzymes including CYP3A4 (Aristoff et al., 2010;
Bertilsson et al., 1998; Blumberg and Evans, 1998; Jones et al.,
2000; Kliewer et al., 1998; Lehmann et al., 1998). We recently
demonstrated that human PXR- and CYP3A4-dependent path-
ways accounted for the lead-in effect of both RIF and EFV on
RTV hepatotoxicity (Shehu et al., 2019). Our previous work also
revealed that CYP3A4 plays an important role in COBI metabo-
lism and bioactivation (Wang et al., 2016). These data raise a
concern whether PXR activators and CYP3A4 inducers, many of
which are frequently prescribed drugs or commonly used herbal
supplements (Chang, 2009; Chang and Waxman, 2006; Fisher
et al., 2007; Huang et al., 2004; Lynch et al., 2015), will cause ad-
verse drug-drug interactions with COBI and lead to liver
damage.

Inter-species differences of PXR in response to its activators
are significant (Jones et al., 2000). For example, RIF strongly acti-
vates human PXR, but has a very weak effect on mouse Pxr
(Bertilsson et al., 1998; Kliewer et al., 1998; Lehmann et al., 1998).
However, it is not feasible and ethical to test the potential ad-
verse drug-drug interactions between PXR activators and COBI
in humans. The current work used PXR-humanized mouse
models to overcome the inter-species differences of PXR in re-
sponse to its activators. In addition to PXR, we also explored the
role of the constitutive androstane receptor (CAR) in COBI hepa-
totoxicity, because CAR plays a similar role as PXR in CYP3A4
regulation (Moore et al., 2000; Sueyoshi et al., 1999; Wang and
LeCluyse, 2003). The findings from this work can be used to
guide the safe use of COBI in the clinic.

MATERIALS AND METHODS
Chemicals

RIF, rifabutin (RFB), and NADPH were purchased from Sigma-
Aldrich (St. Louis, MO). COBI was provided by Medchem Express
(South Brunswick, NJ). TCPOBOP and CDDO-Im were purchased
from Tocris Bioscience (Bristol, United Kingdom).

Animals

Three genetically engineered PXR and CYP3A4 mouse models
were used in the current work, including PXR- and CYP3A4-
humanized (hPXR/CYP3A4), PXR-humanized mice deficient in
CYP3A (hPXR/Cyp3a-null), and CYP3A4-humanized mice defi-
cient in PXR (Pxr-null/CYP3A4). hPXR/CYP3A4 and hPXR/Cyp3a-
null mice were described in a previous report (Shehu et al.,
2019), whereas Pxr-null/CYP3A4 mice were developed in the
current study. In brief, Pxr-null/CYP3A4 mice were generated by
crossing hPXR/CYP3A4 with Pxr-null mice. All mouse models
were verified by PCR genotyping of human PXR and CYP3A4,

and mouse Pxr and Cyp3a. CYP3A4 expression in the liver was
also verified by Western blotting. All mice (male, 2–4 months
old) were handled in accordance with study protocols approved
by the University of Pittsburgh Institutional Animal Care and
Use Committee.

Animal Treatment

Mice were maintained under a standard 12-h light/12-h dark cy-
cle with water and chow provided ad libitum. To determine the
roles of human PXR and CYP3A4 in COBI hepatotoxicity, hPXR/
CYP3A4, Pxr-null/CYP3A4, and hPXR/Cyp3a-null mice were pre-
treated with either a PXR activator, RIF (50 mg/kg in diet), or its
PXR-neutral analog RFB (50 mg/kg in diet) for 7 days followed by
COBI (50 mg/kg, two doses, i.p.). To determine the role of CAR-
mediated CYP3A4 induction in COBI hepatotoxicity, Pxr-null/
CYP3A4 mice were pretreated with a CAR activator, TCPOBOP
(3 mg/kg, i.p.), for 3 days followed by COBI. To determine the role
of oxidative stress in COBI hepatotoxicity, hPXR/CYP3A4 mice
were treated with an antioxidant, CDDO-Im (2 mg/kg, i.p.), on

day 6 and 7 during RIF treatment followed by COBI on day 8. All
mice were sacrificed 18 h after COBI treatment. Blood and liver
samples were collected for evaluation of liver injury.

Assessment of Liver Injury

Biochemical and histological analyses were conducted to evalu-
ate liver damage. In brief, activities of alanine transaminase
(ALT) and aspartate transaminase (AST) in serum were analyzed
using a standard kit (Point Scientific Inc., Canton, MI). Liver his-
tology was carried out using paraffin embedded liver tissues.
Four lM sections of liver tissues were cut and stained with he-
matoxylin and eosin (H&E). In addition, transmission electron
microscopy (TEM) was used to examine the target organelle of
COBI hepatotoxicity.

qPCR Analysis

TRIzol reagent (Invitrogen, Carlsbad, CA) was used to extract
RNA from liver tissues. One lg of total RNA was used to make
complementary DNA (cDNA) using a SuperScript II Reverse
Transcriptase kit and random oligonucleotides (Invitrogen,
Carlsbad, CA). The qPCR reaction contained 25 ng of cDNA,
150 nM of each primer, and 5 lL of SYBR Green PCR Master Mix
(Applied Biosystems, Foster City, CA) in a total volume of 10 lL.
ABI-Prism 7500 Sequence Detection System (Applied
Biosystems, Foster City, CA) was used for plate analysis, and the
values were calculated using the comparative CT method.
Cyclophilin was used as the internal control.

Western Blotting

The effects of PXR/CAR activators and CDDO-Im on CYP3A4 ex-
pression were determined by Western blotting. In brief, twenty
lg of liver proteins were resolved on a 10% SDS-polyacrylamide
gel electrophoresis. PVDF membranes were used for protein
transfer. Proteins were then probed using primary antibodies
against CYP3A4 (Laboratory of Metabolism, NCI, #275-1-2) and
Gapdh (EMD Millipore, #MAB374), respectively. A chemilumi-
nescence detection method was used to identify the target pro-
tein. Gapdh was used as the internal control.
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COBI Metabolism

Liver microsomes were used to determine the effects of RIF-
mediated PXR activation and CYP3A4 induction on COBI metab-
olism. In brief, the incubation was carried out in 1� phosphate
buffered saline (pH 7.4) containing 30 lM of COBI and 1 mg of
liver microsomes. The mixture was pre-incubated for 5 min and
then started by adding NADPH, a co-factor of CYP-mediated
reactions. The incubation was continued with gentle shaking
for 30 min and terminated by adding acetonitrile: methanol
(1:1). The resulting mixture was vortexed for 1 min and centri-
fuged at 15 000� g for 10 min. The supernatant containing COBI
and its metabolites was transferred to an autosampler vial for
analysis by ultra-performance liquid chromatography and
quadrupole time-of-flight mass spectrometry (UPLC-qTOFMS,
Waters Corporation, Milford, MA).

UPLC-qTOFMS Analysis

UPLC-qTOFMS analysis was conducted to quantify COBI and its
metabolites, as well as ophthalmic acid (OA), a biomarker of oxi-
dative stress. In brief, the Acquity UPLC BEH C18 column
(2.1� 100 mm, 1.7 mm, Waters Corporation, Milford, MA) was
used for metabolite separation. Acetonitrile/water containing
0.1% formic acid was used as the mobile phase. qTOFMS (50–
1000 Da) was operated in positive mode.

Statistical Analysis

Statistical analysis was performed using GraphPad Prism 7.0
(GraphPad Software, San Diego, CA). One-way or two-way analy-
sis of variance (ANOVA) was used to compare the differences
among multiple groups whereas the two-tailed Student’s t test

Figure 1. Roles of human PXR and CYP3A4 in COBI hepatotoxicity. A–F, Inter-species differences in the hepatotoxicity caused by adverse drug-drug interactions be-

tween RIF and COBI. WT and hPXR/CYP3A4 mice were pretreated with RIF for 7 days followed by COBI for 1 day. A, B, Serum activities of ALT and AST in hPXR/CYP3A4

and WT mice. C–F, Histological analysis of liver samples from control, COBI, RIF, and RIFþCOBI groups of hPXR/CYP3A4 mice. Hepatocyte degeneration (*) and cell death

( ˆ ) were observed in RIFþCOBI group. H&E staining. CV, central vein. Scale bars: 50mm. G–J, RIF potentiates COBI hepatotoxicity in a PXR- and CYP3A4-dependent man-

ner. G, PCR genotyping results of hPXR/CYP3A4, Pxr-null/CYP3A4, and hPXR/Cyp3a-null mice. Pxr-null/CYP3A4 mice are positive for CYP3A4 but negative for both Pxr

and PXR. hPXR/Cyp3a-null mice are positive for human PXR (hPXR) but negative for both Cyp3a and CYP3A4. H, Expression of CYP3A4 in the liver of hPXR/CYP3A4, Pxr-

null/CYP3A4, and hPXR/Cyp3a-null mice pretreated with or without RIF. Total proteins in the liver were used for analysis of CYP3A4 by Western blotting. Gapdh was

used as a loading control. I, J, Serum activities of ALT and AST in hPXR/CYP3A4, Pxr-null/CYP3A4 mice, and hPXR/Cyp3a-null mice pretreated with RIF followed by

COBI. All data are shown as mean 6 SEM (n¼ 3–7). Statistical significance was determined by one-way or two-way ANOVA with Tukey’s post hoc test. **p< .01,

***p< .001, ****p< .0001.
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was used for statistical analysis between two groups. All data are
shown as mean 6 standard error of the mean (SEM). Statistical
significance was established when the p value was < .05.

RESULTS
Inter-Species Differences of PXR in COBI Hepatotoxicity

To investigate the role of human PXR in COBI hepatotoxicity, we
utilized RIF, a human specific PXR activator (Bertilsson et al.,
1998; Kliewer et al., 1998; Lehmann et al., 1998), together with the
hPXR/CYP3A4 mouse model, in which mouse Pxr and Cyp3a
were genetically replaced by human PXR and CYP3A4, respec-
tively (Shehu et al., 2019). Pretreatment with RIF followed by
COBI resulted in hepatotoxicity in hPXR/CYP3A4 mice as shown
by a marked elevation of liver injury biomarkers including ALT
and AST (Figs. 1A and 1B). In addition, cell death was observed
in the liver of hPXR/CYP3A4 mice treated with RIFþCOBI, but
not in the control, COBI, or RIF groups (Figs. 1C–F). Histological
analysis also revealed massive hepatocyte degeneration with
cell enlargement and the formation of large vacuoles in hPXR/
CYP3A4 mice treated with RIFþCOBI (Fig. 1F). A similar study
was conducted in wild-type (WT) mice, but no notable liver in-
jury was observed (Figs. 1A and 1B). These results suggest that
RIF potentiates COBI hepatotoxicity through human PXR.

Roles of PXR and CYP3A4 in COBI Hepatotoxicity

To further determine the role of PXR in COBI hepatotoxicity, we
developed and used a mouse model that expresses CYP3A4 but
is deficient in both Pxr and PXR (Pxr-null/CYP3A4) (Fig. 1G). As
expected, treatment with RIF did not induce CYP3A4 expression
in the liver of Pxr-null/CYP3A4 mice, indicating that PXR is not
functional in these mice (Fig. 1H). Compared with hPXR/CYP3A4
mice, lead-in treatment with RIF followed by COBI did not cause
liver injury in Pxr-null/CYP3A4 mice (Figs. 1I and 1J and
Supplementary Figure 1 A, B). These data confirm that human
PXR is a key modulator of COBI hepatotoxicity. As a PXR target
gene-encoded enzyme, CYP3A4 is essential in COBI metabolism
and bioactivation (Wang et al., 2016). Therefore, we hypothe-
sized that RIF-mediated PXR activation potentiates COBI hepa-
totoxicity through the CYP3A4-dependent pathway. To test this
hypothesis, we utilized a PXR-humanized mouse model defi-
cient in both Cyp3a and CYP3A4 (hPXR/Cyp3a-null) (Figs. 1G and
1H). Compared with hPXR/CYP3A4 mice, the liver injury was
abolished in hPXR/Cyp3a-null mice pretreated with RIF followed
by COBI (Figs. 1I and 1J, and Supplementary Figure 1 C, D). These
results indicate that PXR-mediated CYP3A4 induction is critical
for the development of COBI hepatotoxicity.

Rifabutin (RFB), a PXR-Neutral Analog of RIF, Does Not
Potentiate COBI Hepatotoxicity

Co-infection of tuberculosis (TB) in AIDS patients is common,
and in these subjects, the World Health Organization (WHO)
recommends the initiation of TB treatment followed by antire-
troviral therapy (World Health Organization, 2016). RFB belongs
to the same class of drugs as RIF and is frequently used in indi-
viduals co-infected with HIV and TB (Blumberg et al., 2003;
World Health Organization, 2016). We therefore assessed
whether lead-in treatment with RFB potentiates COBI hepato-
toxicity (Fig. 2A). The effect of RFB on PXR activation and
CYP3A4 induction in the liver was compared with that of RIF in
hPXR/CYP3A4 mice. As expected, RIF-mediated PXR activation
strongly induced CYP3A4 expression in the liver of hPXR/

CYP3A4 mice, but RFB had a very weak effect on CYP3A4 induc-
tion (Fig. 2B), indicating that RFB is a weak PXR activator, which
agreed with previous reports (Reinach et al., 1999; Zhu et al.,
2007). In hPXR/CYP3A4 mice pretreated with RFB or RIF followed
by COBI, liver injury was observed in the RIFþCOBI group, but
not in the RFBþCOBI group (Figs. 2C and 2D), suggesting that
RFB is safer than RIF for lead-in treatment in HIV and TB co-
infected individuals receiving COBI-containing regimens. These
data provide additional evidence for the roles of human PXR
and CYP3A4 in COBI hepatotoxicity.

PXR-Mediated CYP3A4 Induction Increases COBI
Metabolism and Bioactivation

To further explore the mechanisms of COBI hepatotoxicity, we
profiled the impact of PXR-mediated CYP3A4 induction on COBI
metabolism and bioactivation. M2 and M9 are the major metab-
olites of COBI (Fig. 3A). The byproduct through the M2 pathway
of COBI is an N-acetyl cysteine conjugated metabolite, suggest-
ing the formation of a reactive intermediate that interacts with
glutathione, an important antioxidant in cells (Wang et al.,
2016). In addition, the M9 pathway of COBI produces an unstable
metabolite, 2-isopropylthiazole-4-carbaldehyde (Fig. 3A).
Furthermore, M18 and M19 are thiazole ring-opening metabo-
lites of COBI (Fig. 3A), which can undergo oxidation and cause
oxidative stress (Mizutani and Suzuki, 1996; Wang et al., 2016).
Using liver microsomes, the vesicles derived from the endoplas-
mic reticulum (ER) where CYPs are situated, we observed dra-
matic decreases of COBI and increases of COBI metabolites M2,
M9, M18, and M19 in hPXR/CYP3A4 mice pretreated with RIF,
but not in Pxr-null/CYP3A4 or hPXR/Cyp3a-null mice with the
same pretreatment (Supplementary Figure 2, and Figs. 3B–E).
These data indicate that lead-in treatment with RIF increases
COBI metabolism and bioactivation through the PXR- and
CYP3A4-dependent pathways.

Figure 2. RFB, a PXR-neutral analog of RIF, does not potentiate COBI hepatotoxic-

ity in hPXR/CYP3A4 mice. A, A scheme showing the WHO guideline for the treat-

ment of HIV and TB co-infection, in which lead-in treatment with anti-TB drugs

is recommended. Both RIF and RFB are commonly used anti-TB drugs that can

interact with human PXR (hPXR). We therefore tested whether lead-in treatment

with RFB will potentiate COBI hepatotoxicity through hPXR. B, CYP3A4 induction

in the liver of hPXR/CYP3A4 mice pretreated with RIF or RFB. Expression of

CYP3A4 was analyzed by Western blotting. Gapdh was used as a loading control.

C, D, Serum activities of ALT and AST in hPXR/CYP3A4 mice pretreated with RIF

or RFB followed by COBI. All data are shown as mean 6 SEM (n¼3–7). Statistical

significance was determined by one-way ANOVA with Tukey’s post hoc test.

***p< .001.
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Adverse Drug-Drug Interactions between RIF and COBI
Cause Oxidative Stress in the Liver

We next investigated oxidative stress in the liver because meta-
bolic activation of drugs by CYPs can lead to oxidative stress
and cellular injury (Guengerich, 2008). Genetic analyses
revealed a substantial up-regulation of antioxidant responsive
genes in the liver of hPXR/CYP3A4 mice pretreated with RIF fol-
lowed by COBI (Figs. 4A–C, and Supplementary Figure 3), indi-
cating the occurrence of oxidative stress. Using OA as a
biomarker (Soga et al., 2006), oxidative stress was confirmed be-
cause hepatic OA levels increased >100-fold in RIFþCOBI group
when compared with the control group (Supplementary Figure
4A). To further determine the role of oxidative stress in COBI

hepatotoxicity, hPXR/CYP3A4 mice were pretreated with CDDO-
Im, an antioxidant (Mehta et al., 2018). CDDO-Im had no impact
on PXR-mediated CYP3A4 induction (Supplementary Figure 4B),
but it significantly decreased oxidative stress in the liver and
protected against the hepatotoxicity in hPXR/CYP3A4 mice pre-
treated with RIF followed by COBI (Supplementary Figure 4C-E).
These results indicate that oxidative stress plays an important
role in PXR-mediated COBI hepatotoxicity.

ER is a Target Organelle in PXR-Mediated COBI
Hepatotoxicity

Following CYP3A4-mediated COBI bioactivation and oxidative
stress, we explored the target organelle in PXR-mediated COBI

Figure 3. PXR-mediated CYP3A4 induction increases COBI metabolism and bioactivation. A, A scheme showing the roles of CYP3A4 in COBI metabolism and bioactiva-

tion. B–E, The abundances of M2, M9, M18, and M19 produced in the incubations of COBI with liver microsomes of hPXR/CYP3A4, Pxr-null/CYP3A4, and hPXR/Cyp3a-

null mice pretreated with or without RIF. COBI metabolites were analyzed by UPLC-qTOFMS. All data are expressed as mean 6 SEM (n¼3–4). Data in control groups of

hPXR/CYP3A4 mice are set as 1, respectively. Statistical significance was determined by two-way ANOVA with Tukey’s post hoc test. ****p< .0001. ND, not detected.
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hepatotoxicity. We focused on the ER because (i) CYP3A4 pre-
dominantly localizes in the ER of hepatocytes (Guengerich,
2008), and (ii) CYP-mediated oxidative stress can lead to ER
stress and cell death (Malhotra and Kaufman, 2007; Sano and
Reed, 2013). As expected, a notable increase in ER stress

biomarkers was observed in the liver of hPXR/CYP3A4 mice pre-
treated with RIF followed by COBI, but not in Pxr-null/CYP3A4 or
hPXR/Cyp3a-null mice with the same treatment (Figs. 4A and
4D–F). TEM provided additional evidence of ER damage, as re-
markable ER dilation was observed in the liver of hPXR/CYP3A4

Figure 4. PXR- and CYP3A4-dependent oxidative stress and ER stress in COBI hepatotoxicity. A, A heatmap of genes related to oxidative stress, ER stress, and cell death

in the liver of hPXR/CYP3A4, Pxr-null/CYP3A4, and hPXR/Cyp3a-null mice pretreated with RIF followed by COBI. B, C, Expression of genes (Gpx2 and Cbr3) associated

with oxidative stress. D–F, Expression of genes (Bip, Chop, and Atf3) associated with ER stress. G, A TEM image showing ER dilation in the liver of hPXR/CYP3A4 mice pre-

treated with RIF followed by COBI. N, nucleus. H, I, Expression of genes (Bax and Dr5) associated with cell death. mRNAs were analyzed by qPCR. All data are expressed

as mean 6 SEM (n¼3–7). Data in control groups are set as 1, respectively. Statistical significance was determined by two-way ANOVA with Tukey’s post hoc test.

*p< .05, **p< .01, ***p< .001, ****p< .0001.
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mice treated with RIFþCOBI (Fig. 4G), which is consistent with
histological analysis showing hepatocyte enlargement and large
vacuoles (Fig. 1F). Prolonged ER stress causes cell death (Malhi
and Kaufman, 2011; Sano and Reed, 2013). Indeed, the expres-
sion of genes associated with cell death including death recep-
tor 5 (Dr5) and BCL2-associated X (Bax) was significantly
increased in the liver of hPXR/CYP3A4 mice pretreated with RIF
followed by COBI (Figs. 4H and 4I). These data suggest that the
ER is a target organelle in PXR-mediated COBI hepatotoxicity.

Ligand-Dependent Activation of CAR Potentiates COBI
Hepatotoxicity

No liver injury was observed in Pxr-null/CYP3A4 mice pre-
treated with RIF followed by COBI because PXR-mediated
CYP3A4 induction was abrogated in these mice (Figs. 1H–J, and
Supplementary Figure 1 A, B). In addition to PXR, activation of
CAR up-regulates CYP3A4 expression in the liver (Moore et al.,
2000; Sueyoshi et al., 1999; Wang and LeCluyse, 2003). We there-
fore hypothesized that CAR activators will re-sensitize

Figure 5. Roles of xenobiotic nuclear receptors PXR and CAR in COBI hepatotoxicity. A, CYP3A4 expression in the liver of Pxr-null/CYP3A4 mice pretreated with RIF

(PXR activator) or TCPOBOP (CAR activator). CYP3A4 was analyzed by Western blotting. Gapdh was used as a loading control. B, C, Serum activities of ALT and AST in

Pxr-null/CYP3A4 mice pretreated with TCPOBOP followed by COBI. D, E, Histological analysis of liver samples from Pxr-null/CYP3A4 mice treated with TCPOBOP and

TCPOBOPþCOBI. Hepatocyte degeneration (*) and cell death (^) were observed in TCPOBOPþCOBI group (E). CV, central vein. Scale bars: 50mm. F, G, The expression of

genes related to ER stress in the liver of Pxr-null/CYP3A4 mice pretreated with TCPOBOP followed by COBI. mRNAs of Bip (F) and Chop (G) were analyzed by qPCR. All

data are expressed as mean 6 SEM (n¼3–7). Statistical significance was determined by the two-tailed Student’s t test. *p< .05, **p< .01, ***p< .001. H, A scheme showing

the roles of PXR and CAR in COBI hepatotoxicity. Activation of PXR and CAR leads to CYP3A4 induction in hepatocytes. Overexpressed CYP3A4 in the ER increases the

metabolism and bioactivation of COBI to form reactive metabolites, which can directly target the ER leading to oxidative stress, ER stress, and hepatocellular injury.
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Pxr-null/CYP3A4 mice to COBI hepatotoxicity. We administered
Pxr-null/CYP3A4 mice with TCPOBOP, a potent CAR activator
(Lodato et al., 2018). As expected, TCPOBOP significantly induced
CYP3A4 expression in the liver of Pxr-null/CYP3A4 mice
(Fig. 5A). In addition, lead-in treatment with TCPOBOP followed
by COBI caused a significant elevation of liver injury biomarkers
in the serum of Pxr-null/CYP3A4 mice (Figs. 5B and 5C). Similar
to the phenotypes observed in the livers of hPXR/CYP3A4 mice
pretreated with RIF followed by COBI, severe hepatocyte degen-
eration, ER stress, and cell death were observed in the livers of
Pxr-null/CYP3A4 mice pretreated with TCPOBOP followed by
COBI (Fig. 5D–G). These results suggest that CAR is also a modu-
lator of COBI hepatotoxicity and it is mediated by the CYP3A4-
dependent pathways.

DISCUSSION

Adverse drug-drug interactions during antiretroviral therapy
are of great concern to HIV clinicians, pharmacists, and AIDS
patients (Edelman et al., 2020). Therefore, understanding the
mechanisms of drug-drug interactions associated with antire-
troviral therapy will help reduce the risk of adverse effects and
improve the outcomes of therapy. Our current work illustrated
that lead-in treatment with PXR and CAR activators potentiates
COBI hepatotoxicity by up-regulating CYP3A4 expression in the
ER, which increases the production of reactive metabolites of
COBI and in turn causes oxidative stress, ER stress, and hepato-
cellular injury (Fig. 5H).

Liver-related diseases are becoming increasingly prominent
and are one of the leading causes of non-AIDS-related death in
HIV-infected patients (Kaspar and Sterling, 2017). Inter-species
differences of PXR between mice and humans limit the use of
WT mice for preclinical studies on human PXR-mediated drug-
drug interactions and toxicities (Bertilsson et al., 1998; Jones
et al., 2000; Kliewer et al., 1998; Lehmann et al., 1998). Using PXR-
humanized mouse models, we demonstrated that RIF-mediated
PXR activation potentiates COBI hepatotoxicity. PXR is a ligand-
dependent transcription factor that regulates drug metabolism
and disposition (Bertilsson et al., 1998; Blumberg and Evans,
1998; Kliewer et al., 1998; Lehmann et al., 1998). In addition to
RIF, many commonly prescribed drugs are PXR ligands, such as
EFV (anti-retroviral), nifedipine (anti-hypertensive), atorvastatin
(lipid lowering agent), and artemisinin (anti-malaria) (Chang
and Waxman, 2006; Lehmann et al., 1998; Shukla et al., 2011).
Furthermore, the use of herbal supplements alongside antire-
troviral therapy is common in AIDS patients (Duggan et al., 2001;
Furler et al., 2003), and many herbs such as St John’s Wort and
Sutherlandia contain constituents as PXR activators (Furler
et al., 2003; Mills et al., 2005). Because of the potential adverse
drug-drug interactions between PXR activators and COBI, we
suggest that clinicians and pharmacists screen and educate
their patients on the danger of and need for avoiding such drug
combinations.

The current study also demonstrated that CAR activation
potentiates COBI hepatotoxicity. Similar to PXR, the xenobiotic
nuclear receptor CAR is a ligand-dependent transcription factor
that regulates CYP3A4 expression in the liver (Moore et al., 2000;
Sueyoshi et al., 1999; Wang and LeCluyse, 2003). Many com-
monly used prescription drugs (eg, phenobarbital and phenyt-
oin) and herbal supplements (eg, Artemisia capillaris and
Allium sativum) can activate CAR (Chang, 2009; Chang and
Waxman, 2006; Fisher et al., 2007; Huang et al., 2004; Lynch et al.,
2015). Because CAR activation increases the risk of COBI hepato-
toxicity, we suggest that CAR activating drugs and herbs should

not be administered before starting COBI-containing regimens.
PXR and CAR antagonists are under development to minimize
potential drug-drug interactions mediated by these two xenobi-
otic nuclear receptors (Banerjee et al., 2015; Chai et al., 2019),
which shed light on the management of COBI hepatotoxicity in
circumstances where the use of PXR and CAR activators is
inevitable.

In summary, our work has illustrated the crucial roles of the
xenobiotic nuclear receptors PXR and CAR in the adverse drug-
drug interactions associated with COBI that lead to hepatotoxic-
ity, suggesting that lead-in treatment with PXR and CAR activa-
tors should be monitored with caution in AIDS patients
receiving COBI-containing regimens. Our work has also
highlighted the power of using humanized mouse models for
preclinical studies on drug-drug interactions and toxicities.
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