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Abstract Alcoholic steatohepatitis (ASH) is a liver disease characterized by steatosis, inflammation,

and necrosis of the liver tissue as a result of excessive alcohol consumption. Pregnane X receptor

(PXR) is a xenobiotic nuclear receptor best known for its function in the transcriptional regulation of drug

metabolism and disposition. Clinical reports suggested that the antibiotic rifampicin, a potent human PXR
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activator, is a contraindication in alcoholics, but the mechanism was unclear. In this study, we showed that

the hepatic expression of fatty acid binding protein 4 (FABP4) was uniquely elevated in ASH patients and

a mouse model of ASH. Pharmacological inhibiting FABP4 attenuated ASH in mice. Furthermore, treat-

ment of mice with the mouse PXR agonist pregnenolon-16a-carbonitrile (PCN) induced the hepatic and

circulating levels of FABP4 and exacerbated ASH in a PXR-dependent manner. Our mechanism study

established FABP4 as a transcriptional target of PXR. Treatment with andrographolide, a natural com-

pound and dual inhibitor of PXR and FABP4, alleviated mice from ASH. In summary, our results showed

that the PXReFABP4 gene regulatory axis plays an important role in the progression of ASH, which may

have accounted for the contraindication of rifampicin in patients of alcoholic liver disease. Pharmacolog-

ical inhibition of PXR and/or FABP4 may have its promise in the clinical management of ASH.

ª 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and

Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Alcoholic liver disease (ALD) is defined as a liver pathology
caused by excessive alcohol consumption and manifested by
simple steatosis, steatohepatitis, liver fibrosis, or cirrhosis1,2. ALD
is increasingly becoming a major form of liver disease world-
wide3. In the clinic, alcoholic steatohepatitis (ASH) is commonly
characterized by concurrent steatosis, inflammation, and necrosis
of the liver tissue. Some ASH will eventually progress to hepa-
tocellular carcinoma (HCC)4. According to the latest epidemio-
logical analysis in the United States, 32%e45% of HCC are
triggered by chronic alcohol over-intake5. The proposed mecha-
nisms for alcohol-induced liver injury include oxidative stress,
lipid peroxidation, acetaldehyde toxicity, and secretion of pro-
inflammatory cytokines6-8. However, many of these proposed
mechanisms have their limitations in explaining the pathogenesis
of ALD. Largely due to the lack of sufficient understanding of
alcohol-induced liver injury, there are no specific drugs in the
clinic to treat ALD or ASH. Rather, the most frequently used
interventions are alcohol abstinence and symptom management2.

The fatty acid binding protein 4 (FABP4, or aP2) is a lipid
transporter best known for its expression and function in the ad-
ipocytes and macrophages9. FABP4 can also be secreted into the
circulation, and it is expressed by many other tissues, including
the liver. Both animal and clinical studies have suggested a pro-
inflammatory and pathogenic effect of FABP4. Elevated tissue
expression and/or circulating levels of FABP4 have been corre-
lated with a battery of local and systemic diseases10, such as non-
alcoholic steatohepatitis11, obesity12, type II diabetes13, insulin
resistance, atherosclerosis14, osteoporosis15, and oncogenesis16.
As a transcriptional target of PPARg, LXRa and AP-117, FABP4
plays a major role in macrophage infiltration and tissue injuries18.
We have previously reported that overexpression of FABP4
sensitized mice to ischemia/reperfusion-induced liver injury, and
FABP4 is a transcriptional target of the hypoxia inducible factor-1
alpha19. We also reported that FABP4 played a pathogenic role in
sepsis, and pharmacological inhibition of FABP4 attenuated mice
from sepsis-induced hepatic and pulmonary injuries20. However,
the role of FABP4 in the pathogenesis of ALD and ASH remains
to be clearly defined.

Pregnane X receptor (PXR, NR1I2) is a nuclear receptor best
known for its function as a master regulator of xenobiotic and
endobiotic metabolism21,22. PXR is predominantly expressed in
the liver and intestine. Subsequent studies also suggested a regu-
latory effect of PXR on cholesterol and lipid homeostasis23.
Ablation of PXR and activation of PXR alleviated mice from and
sensitized mice to diet-induced obesity and insulin resistance,
respectively24. PXR has also been shown to play an important role
in the pathogenesis of non-alcoholic steatohepatitis by increasing
the expression of genes involved in lipid uptake and synthesis,
such as Lipin 1, CD36, and SCD125,26. A recent report suggested
that chronic alcohol exposure enhanced the nuclear translocation
of mouse PXR and induced the expression of PXR target genes in
the liver27. However, the pathophysiological significance of this
observation has not been thoroughly investigated. On the other
hand, Rifampicin (RIF), an antibiotic and potent human PXR
agonist, is a clinical contraindication that can aggravate liver
injuries in alcoholics28. A recent study reported a protective effect
of PXR ablation in a mouse model of ALD, but the mechanism is
yet to be defined29.

Andrographolide (AG) is the major active ingredient of the
herbal plant Andrographis Paniculata, which has been widely
used in Asian countries for the treatment of sepsis, hypertension,
scald, and venomous snake bites30. Recent studies have suggested
that AG has many therapeutic effects, ranging from anti-bacterial
to anti-inflammatory, anti-tumorigenesis, hepatoprotective, and
improving cardiovascular functions31,32. Pretreatment with AG
also attenuated mice from chemical-induced liver injury33.
Molecular-docking and in vitro studies suggested AG as a dual
inhibitor of FABP434 and PXR35. However, whether and how AG
may have a protective effect on ASH is unknown.

In this study,we uncovered novel functions of PXRandFABP4 in
ASH. Pharmacological inhibition of FABP4 protected mice from
ASH. Activation of PXR sensitized mice to ethanol-induced hepatic
injury by inducing FABP4, a PXR target gene. In contrast, pharma-
cological inhibition of the PXReFABP4 gene regulatory axis byAG
alleviated mice from ASH. Our results suggest the PXReFABP4
axis as a novel therapeutic target, and AG as a potential drug for
the treatment of alcoholic steatohepatitis.

2. Materials and methods

2.1. Bioinformatic analysis of the gene expression omnibus
(GEO) datasets

The mRNA expression of FABP4 in clinical samples was analyzed
in relevant datasets from the GEO database (http://www.ncbi.nlm.
nij.gov/geo). In briefly, the hepatic FABP4 expression profile of
alcoholic hepatitis patients were derived from GSE28619, and this
transcriptional change was further confirmed in GSE143318. The
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pattern of FABP4 expression changes in patients with various
stages of alcoholic liver diseases was derived from GSE103580.
The PCN effect on the hepatic FABP4 gene expression was
derived from GSE123804. The hepatic gene expression patterns of
NR1I2/PXR and CYP3A11 in mice with prolonged ethanol diet
were derived from GSE86002.

2.2. Animals, drug treatments, and experimental designs

C57BL/6J male mice were purchased from the Guangzhou Uni-
versity of Chinese Medicine (Guangzhou, China). Mice were
challenged with the NIAAA model of ASH36. In brief, mice were
initially fed with control Lieber-DeCarli diet ad libitum for 5 days.
Afterwards, alcohol groups were allowed free access to ethanol
Lieber-DeCarli diet containing 5% (v/v) ethanol for 10 days, and
control groups were pair-fed with the isocaloric control diet. The
body weight was measured during the ethanol feeding. On Day 11,
alcohol and pair-fed groups were gavaged with a single dose of
ethanol (5 g/kg) or isocaloric maltose dextrin, respectively. Mice
were then euthanized, and the tissues were collected 9 h later.
When necessary, mice received a daily treatment of drugs along
with the ethanol diet before tissue harvesting. PCN (80 mg/kg),
BMS309403 (20 mg/kg), or quercetin (100 mg/kg) were given by
gavage, and andrographolide (50 mg/kg) was administrated by
intraperitoneal injections. The Alb-VP-PXR and FABP-VP-PXR
transgenic mice were previously described24,37, and have been
backcrossed to the C57BL/6J background for at least eight gen-
erations. For the acute alcohol consumption model, mice were
given acute treatment of ethanol by gavage every 12 h (4.5 g/kg,
for a total of three times). Samples were then collected 6 h after
the last dose38. For the alcohol-induced liver fibrosis model, mice
were first fed with high-fat Lieber-DeCarli diet for adaptation. The
disease group was then exposed to the same diet supplemented
with 2% ethanol for 17 days, and carbon tetrachloride (CCl4) was
i.p. injected twice per week at the dosage of 1 mL/g (Days 4, 7, 11
and 14)39. The use of mice in this study has complied with rele-
vant guidelines and institutional policies. This study was approved
by the Institutional Animal Care and Use Committee of Sun Yat-
sen University (Guangzhou, China).

2.3. Real-time PCR analysis, Western blotting, and enzyme-
linked immunosorbent assay (ELISA)

For gene expression analysis, liver total RNA was extracted with
TRIzol reagent from Thermo Fisher (Carlsbad, CA, USA).
Reverse transcription was performed with random hexamer
primers and Superscript RT III enzyme. The cDNA was then
detected with the SYBR Green real-time PCR kit by using the
ABI 7300 system from Applied Biosystems (Foster City, CA)40.
Data were normalized against the house-keeping gene GAPDH.
Sequences of the real-time PCR primers are listed in Supporting
Information Table S1. To measure hepatic FABP4 protein levels,
tissues were homogenized, and total protein was prepared with
lysis buffer. Western blotting was then performed as previously
described24. The FABP4 antibody (D25B3, Cat #3544) was
purchased from Cell Signaling (Danvers, MA, USA). GAPDH
antibody (sc-25778, Cat #D3015) was purchased from Santa
Cruz (Dallas, TX, USA). For the quantification of circulating
levels of FABP4, a mouse FABP4 ELISA kit was purchased from
Biological Immune Method (San Francisco, CA, USA), and the
experiment was performed according to the manufacturer’s
instructions.
2.4. Serum and liver biochemistry

The serum levels of total triglyceride (TG), aspartate transaminase
(AST), and alanine transaminase (ALT) were measured with
commercial assay kits. For the measurement of hepatic lipid
levels, tissues were homogenized, and total triglycerides were
extracted with chloroform/methanol solution. The TG levels were
measured and normalized against tissue protein concentrations.

2.5. Tissue histology

Tissues were fixed in 4% formaldehyde and embedded in paraffin.
The paraffin blocks were then sectioned at 5 mm and stained with
hematoxylin and eosin (H&E) for general histology. Frozen liver
tissues were sectioned at 8 mm and used for Oil-red O staining. To
quantify liver lipid droplets, digital images of Oil-red O sections
were analyzed by Image-Pro Plus 6.0 software from Media
Cybernetics (Rockville, MD, USA).

2.6. Plasmid construction, transient transfection, and reporter
gene assay

The mouse Fabp4 gene promoter sequences were PCR-amplified
by using mouse liver genomic DNA as the template. The primer
sequences are listed in Table S1. Both amplified fragments and
pGL3-basic vector (Promega, Madison, WI, USA) were digested
with KpnI and XhoI before ligation using the T4 DNA ligase. The
cloned promoter sequences were verified by DNA sequencing. For
transient transfection and luciferase reporter gene assay,
CV-1 cells were cultured in Eagle’s minimum essential medium
supplemented with 10% fetal bovine serum and transfected in 48-
well plates by using Lipofectamine 3000 reagent from Thermo
Fisher. The transfected cells were cultured for an additional 48 h
with or without 10 nmol/L PCN before luciferase assay. The
luciferase value was normalized against b-gal activity derived
from the co-transfected pCMX-b-gal plasmid.

2.7. Electrophoretic mobility shift assay

Briefly, the 32P-labeled oligonucleotides were incubated with PXR
and RXR proteins in vitro synthesized by a TNT kit from Prom-
ega. The DNAeprotein complexes in reaction buffer were then
separated by electrophoresis for 3 h. Both unlabeled wild-type and
mutant oligonucleotides were included for competition experi-
ments. The EMSA probe sequences are listed in Table S1.

2.8. Molecular docking analysis

Based on a previous report41, we performed docking analyses to
further investigate the mode of interaction between AG and either
PXR or FABP4. In brief, the Protein Data Bank format of PXR
(4 � 1F) and FABP4 (5HZ6) were downloaded from the RCSB
Protein Data Bank (http://www.rcsb.org/). The docking analysis
was conducted by using Molecular Operating Environment soft-
ware from Chemical Computing Group (Montreal, Canada). We
focused on two parameters: the docking score, which represents
the energy of interaction between protein and inhibitor, and the
hydrogen bond interactions between receptor residues and
chemical. The docking results were then compared with “positive
controls,” such as the PXReketoconazole, FABP4eBMS309403
and GSK3beAG complexes, whose docking scores were calcu-
lated by the same software41.

http://www.rcsb.org/
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2.9. Statistics

In the bioinformatic analysis, genes with top differentially regu-
lated expression levels were filtered by the GEO2R online plat-
form. If one probe set does not contain the homologous gene, the
data is removed. If one gene has numerous probe sets, the result
will be further investigated with SangerBox software (http://
sangerbox.com/). The calculated DEGs (differentially expressed
genes) are presented as heatmaps and volcano plots. The
proteineprotein interaction (PPI) network of identified DEGs was
constructed by using STRING database (https://string-db.org/). In
the experimental studies, all analysis was carried out with the
Statistical Package for Social Sciences (SPSS) software version
16.0. Data are expressed as mean � standard deviation (SD), and
the statistical significance between two individual groups was
determined by the Student t-test. Differences among multiple
groups were evaluated by using one-way analysis. A P value of
less than 0.05 was considered as significantly different.

3. Results

3.1. The expression of FABP4 is elevated in patients of alcoholic
hepatitis

To evaluate the correlation between FABP4 levels and alcohol-
triggered liver injuries, we analyzed DEGs from the GEO dataset
GSE28619 derived from the livers of patients of alcoholic hepa-
titis and their normal controls. A significant increase of hepatic
FABP4 gene expression was found in alcoholic hepatitis patients
as shown by heatmap (Fig. 1A), volcano plot (Fig. 1B), and
relative gene expression (Fig. 1C). We then used the Search Tool
for the Retrieval of Interacting Genes/Proteins (STRING) plat-
form42 to construct a PPI network among DEGs. As shown in
Fig. 1D, our enrichment analysis indicated strong connections
between FABP4 and some major genes involved liver steatosis and
inflammation, which inspired us to explore the pathological role of
FABP4 in the progress of alcoholic steatohepatitis, because both
steatosis and inflammation are hallmarks of alcoholic steatohe-
patitis. An increased hepatic expression of FABP4 (Supporting
Information Fig. S1A) and a similar pattern of DEG PPI
(Fig. S1B) were observed in another independent dataset
GSE143318, in which the hepatic expression of FABP4 was
elevated by approximately 15-fold in patients of severe alcoholic
hepatitis compared to their healthy controls. Similar results were
also observed in transcriptome datasets GSE167308, GSE100901
and GSE142530, respectively (Fig. S1C). To further understand
the dynamics of hepatic FABP4 expression in various stages of
alcoholic liver diseases, we analyzed the stage-specific expression
of FABP4 in GSE103580. As shown in Fig. 1E, the hepatic mRNA
expression of FABP4 in alcoholic hepatitis or alcoholic cirrhosis
patients was higher than their alcoholic simple steatosis
counterparts.

3.2. The expression of FABP4 is induced in mouse model of
alcoholic steatohepatitis

To examine the in vivo relevance of FABP4 expression and
induction in ALD, we established several mouse models of ALD,
including acute alcohol exposure (alcoholic fatty liver) in which
mice were gavaged with high doses of ethanol38, alcoholic liver
fibrosis in which mice were treated with high-fat Lieber- DeCarli
diet together with the treatment of CCl4 to induce fibrosis39, as
well as the NIAAA model of alcoholic steatohepatitis in which
mice were treated with ethanol liquid diet for 10 days before acute
ethanol gavage36, as outlined in Supporting Information Fig. S2.
Upon acute alcohol exposure, mice suffered from weight loss and
hepatomegaly (Fig. 2A). Histological analysis showed a balloon-
like lesion and increased lipid accumulation (Fig. 2B). However,
despite signs of tissue injury, the serum levels of AST and ALT
were not affected (Fig. 2C), whereas the hepatic mRNA expres-
sion of IL6 was markedly suppressed (Fig. 2D). Interestingly,
although the hepatic mRNA expression of FABP4 showed a trend
of increase, the hepatic protein expression of FABP4 was
decreased in the acute alcohol exposure group (Fig. 2E). A similar
pattern of phenotype was observed in the mouse model of alco-
holic liver fibrosis (Fig. 2FeJ).

In contrast, the NIAAA model of alcoholic steatohepatitis
exhibited more clinically relevant ALD features. These include
unchanged body weight along with hepatomegaly (Fig. 2K),
marked steatosis (Fig. 2L), increased serum levels of AST and
ALT (Fig. 2M), increased hepatic expression of IL6 (Fig. 2N), and
increased expression of FABP4 at both the mRNA and protein
levels (Fig. 2O). The stage-specific effects of ALD on the
expression of FABP4 was consistent with those observed in ALD
patients (Fig. 1E). Since the NIAAA mouse model of alcoholic
steatohepatitis better recapitulated the human ASH, we will focus
on using this model for our remaining studies.

3.3. Pharmacological inhibition of FABP4 attenuates mouse
model of alcoholic steatohepatitis

To determine the functional relevance of ASH responsive induc-
tion of FABP4, we examined the effect of the synthetic FABP4
inhibitor BMS30940313 and the natural product FABP4 inhibitor
quercetin34 on the NIAAA model of ASH. In this experiment,
male mice were gavaged with 20 mg/kg BMS309403, 100 mg/kg
quercetin, or vehicle along with the ethanol diet. As shown in
Fig. 3A, administration with either BMS309403 or quercetin led
to attenuation of alcohol-induced hepatomegaly without affecting
the total body weight. Necropsy and histological analysis revealed
that BMS309403- or quercetin-treated mice showed improved
gross appearance of the liver, as well as reduced balloon-like
lesions and lipid accumulation (Fig. 3B). Quantification of the
Oil Red-O staining showed a decreased distribution of larger lipid
droplets in both BMS309403- and Quercetin-treated groups
(Fig. 3C). At the biochemical level, the ASH responsive
inductions of serum AST and ALT were ameliorated under the
quercetin treatment (Fig. 3D). Moreover, levels of serum and liver
triglyceride were attenuated by the treatment of both inhibitors
(Fig. 3E). Consistent with the improved histology, the hepatic
expression of IL-6 was also inhibited in the two inhibitor groups
(Fig. 3F).

3.4. Pharmacological activation of PXR induces FABP4 and
sensitizes mice to alcoholic steatohepatitis, which can be
attenuated by a FABP4 inhibitor

Knowing RIF, a human PXR agonist, is a contraindication of ALD
in the clinic, we speculated that RIF may have aggravated ALD by
activating PXR. To test this hypothesis, WT mice were subjected
to the ASH model in the absence or presence of oral gavage of the
mouse PXR agonist PCN (80 mg/kg). Treatment with PCN
exacerbated hepatomegaly (Fig. 4A) and steatosis (Fig. 4B), along

http://sangerbox.com/
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Figure 1 The expression of FABP4 is elevated in patients of alcoholic hepatitis. The top regulated genes during alcoholic hepatitis are shown in

heatmap (A) and volcano plot (B). (C) The hepatic levels of FABP4 mRNA in healthy control subjects and patients with alcoholic hepatitis. The

open circles and squares represent individual patients. (D) The proteineprotein interaction network of top differently expressed genes in alcoholic

hepatitis. The analysis was performed on transcriptome dataset GSE28619. (E) The gene expression level of FABP4 in various stage of alcoholic

liver disease. The analysis was performed on transcriptome dataset GSE103580. Data are presented as mean � SD, ***P < 0.001.
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with an increased percentage of larger lipid droplets (Fig. 4C),
AST (Fig. 4D), serum and liver triglyceride levels (Fig. 4E), and
IL6 expression (Fig. 4F). The exacerbation of ASH by PCN was
accompanied by the induction of hepatic mRNA expression of
FABP4 (Fig. 4G), as well as the serum level of FABP4 (Fig. 4H).
To determine whether the induction of FABP4 was relevant in the
sensitizing effect of PCN, we co-treated mice with the FABP4
inhibitor quercetin. Co-treatment with quercetin largely abro-
gated the Pro-ASH effect of PCN (Fig. 4AeH), suggesting that
the induction of FABP4 was at least partly responsible for the
ASH sensitizing effect of PCN. We also showed that the
sensitizing effect of PCN was PXR dependent because treatment
of PXR knockout mice43 subjected to the ASH model with PCN
had little effect on the serum levels of AST and ALT (Fig. 4I).
PCN no longer induced the expression of FABP4 in PXR null
mice (Fig. 4J).

PXR is also known to induce the expression of other hepatic
genes involved in lipid uptake, including the fatty acid uptake
transporter Cd3623. We found that although the hepatic mRNA
expression of Cd36 was induced by ASH, the expression of Cd36
was not significantly affected by PCN treatment in the ASH model
(Supporting Information Fig. S3A). Furthermore, our



Figure 2 The expression of FABP4 is induced in mouse model of alcoholic steatohepatitis. (AeE) C57BL/6 male mice were subjected to the

acute alcohol exposure model. Shown are growth curve and liver/body weight ratio of acute alcohol exposure model (A), histological analysis of

liver samples (scale bar: 50 mm) (B), serum AST and ALT levels (C), and the hepatic levels of IL6 (D) and FABP4 (E). (FeJ) C57BL/6 male mice

were subjected to alcoholic liver fibrosis model. Shown are growth curve and liver/body weight ratio of mice (F), histological analysis of liver

samples [scale bar: 50 mm] (G), serum AST and ALT levels (H), and the hepatic levels of IL6 (I) and FABP4 (J). (KeO) C57BL/6 male mice were

subjected to NIAAA model of alcoholic steatohepatitis. Shown are growth curve and liver/body weight ratio of mice (K), histological analysis of

liver samples (scale bar: 50 mm) (L), serum AST and ALT levels (M), and the hepatic mRNA expression of IL6 (N) and hepatic mRNA and protein

levels of FABP4 (O). Data are presented as mean � SD, n Z 4e6; *P < 0.05, **P < 0.01, ***P < 0.001. ns, statistically not significant.

Activation of PXR sensitizes alcoholic steatohepatitis by transactivating FABP4 4781



Figure 3 Pharmacological inhibition of FABP4 attenuates mouse model of alcoholic steatohepatitis. C57BL/6 male mice were subjected to

NIAAA model of alcoholic steatohepatitis in the presence of vehicle, BMS309403 (25 mg/kg), quercetin (100 mg/kg) given daily by gavage. (A)

Growth curve and liver/body weight ratio of mice. (B) Histological analysis of liver samples (scale bar: 50 mm). (C) Distribution of lipid droplet

sizes in liver sections. (D) Serum AST and ALT levels. (E) Serum and hepatic TG levels. (F) The hepatic mRNA levels of IL6. Data are presented

as mean � SD, n Z 5e6; *P < 0.05, **P < 0.01, ***P < 0.001.
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bioinformatic analysis of GSE28619 dataset showed the expres-
sion of CD36, ACC1, FAS, and SCD was not affected in ASH
patients (Fig. S3B). These results suggested that the regulation of
Cd36 or other lipogenic genes may not be involved in the sensi-
tizing effect of PXR activation on ASH.

3.5. FABP4 is a transcriptional target of PXR

We used transgenic mice bearing constitutive activation of PXR in
the liver (Alb-VP-PXR) or both the liver and intestine (FABP-VP-
PXR)24,37 to further validate the induction of FABP4 by PXR
activation. VP-PXR was constructed by fusing the VP16 activa-
tion domain to the N-terminus of the human PXR cDNA.
Consistent with the induction of FABP4 in PCN-treated mice, the
expression of FABP4 was markedly induced in both transgenic
lines, along with the expected induction of the known PXR target
gene CYP3A11 (Fig. 5A). Consistent with our observation that
PCN no longer induced the expression of FABP4 in PXR null
mice (Fig. 4J), bioinformatics analysis of GSE123804 revealed
that the hepatic expression of FABP4 and CYP3A11was



Figure 4 Pharmacological activation of PXR induces FABP4 and sensitizes mice to alcoholic steatohepatitis, which can be attenuated by a

FABP4 inhibitor. (AeH) WT C57BL/6 male mice were subjected to NIAAA model of alcoholic steatohepatitis in the presence of vehicle, PCN

(80 mg/kg), or PCN (80 mg/kg) þ quercetin (100 mg/kg) given daily. Shown are growth curve and liver weight and liver/body weight ratio of

mice (A), histological analysis of liver samples (scale bar: 50 mm) (B), distribution of lipid droplet sizes in liver sections (C), serum AST and ALT

levels (D), serum and hepatic TG levels (E), the hepatic mRNA levels of IL6 (F), the hepatic mRNA levels of FABP4 (G), and serum levels of

FABP4 protein (H). (I, J) Male PXRKO mice were subjected to NIAAA model of alcoholic steatohepatitis in the presence of vehicle or PCN

(80 mg/kg). Shown are serum AST and ALT levels (I) and the hepatic mRNA levels of FABP4 (J). Data are presented as mean � SD, n Z 5e6;

*P < 0.05, **P < 0.01, ***P < 0.001. ns, statistically not significant.

Activation of PXR sensitizes alcoholic steatohepatitis by transactivating FABP4 4783
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unchanged upon PCN treatment in PXR knockout mice (Fig. 5B).
Interestingly, the PCN induction of FABP4 in WT mice was not
observed in the ileum (Fig. 5B), suggesting the induction was liver
specific. These results strongly suggested that the mouse FABP4 is
a PXR target gene.

To directly test whether FABP4 is a PXR target gene, we
constructed a luciferase reporter gene containing 500-bp of the
mouse FABP4 gene promoter and examined its regulation by PXR
in a transient transfection and reporter gene assay. As shown in
Fig. 5C, in CV-1 cells co-transfected with the reporter and the
mouse PXR expression vector, treatment with PCN (10 nmol/L)
induced the reporter activity to approximately 3-fold. The acti-
vation of the PXR responsive tk-CYP3A23-Luc reporter gene,
which contains the PXR response element from the rat CYP3A23
gene promoter40, was included as a positive control. Our bio-
informatic inspection of the mouse FABP4 gene promoter revealed
a direct repeat spaced by three nucleotides (DR3) type of PXR
response element (PXRE) near the transcriptional starting site
(Fig. 5D). The binding of PXReRXR heterodimers to this PXRE
Figure 5 FABP4 is a transcriptional target of PXR. (A) Hepatic mRNA

VP-hPXR transgenic mice. (B) Hepatic mRNA expression of FABP4 and C

or PCN. The analysis was performed on the liver transcriptome dataset GS

was transfected into CV-1 cells together with the expression vector for PXR

from the co-transfected CMX-b-gal vector. The PXR responsive CYP3A

activity of each type of reporter in cells treated with DMSO was arbitrarily

gene promoter. (E) The binding of PXReRXR heterodimers to 32P-labeled

(EMSA). The sequences of wildtype (WT) DR3 and its mutant variant (M

PXReRXR heterodimers was included as positive controls. Data are

***P < 0.001.
was confirmed by electrophoretic mobility shift assay (EMSA)
using radiolabeled PXRE and in vitro synthesized PXR and RXR
proteins. As shown in Fig. 5E, the PXReRXR heterodimers
bound to PXRE, and the binding was efficiently competed by
unlabeled PXRE, but not its mutant variant. The PXRE from the
CYP3A23 gene promoter was included as a positive control
(Fig. 5E). In addition, our bioinformatic analysis of the publicly
available ChIP-Seq data derived from PCN-treated mouse liver44

revealed multiple PXR binding peaks around the distal region of
mouse FABP4 gene (Supporting Information Table S2). However,
future studies are necessary to pinpoint the PXR binding motifs
within these binging peaks.

3.6. The PXR and FABP4 dual inhibitor andrographolide
protects mice from alcoholic steatohepatitis

Having established the role of PXReFABP4 gene regulatory axis
in exacerbating alcoholic steatohepatitis, it is conceivable that
drugs that block this axis may have therapeutic potentials.
expression of FABP4 and CYP3A11 in WT, Alb-VP-PXR and FABP-

YP3A11 in the liver and ileum of mice treated with the vehicle control

E123804 from the GEO2R. (C) Mouse FABP4 promoter reporter gene

. The transfection efficiency was normalized against the b-gal activity

23 reporter was included as a positive control. Normalized luciferase

set as 1. (D) Putative DR3-type PXR binding sites in the mouse FABP4

FABP4 DR3 was demonstrated by electrophoretic mobility shift assay

u) are shown on the left. The binding of a known DR4-type PXRE by

presented as mean � SD, n Z 10e12; *P < 0.05, **P < 0.01,
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Published molecular docking and in vitro studies suggested AG as
a dual inhibitor of FABP434 and PXR35, and these notions were
further supported by our own molecular docking analyses as
shown in Fig. 6A and with the interactions between ligands and
receptor pockets labeled as dashed lines. The energy scores of AG
binding towards FABP and PXR pockets were �8.46 kcal/mol and
�9.15 kcal/mol, respectively, which are considered stable
interactions and comparable to those of the FABP4eBMS309403
(�11.2 kcal/mol) and PXReketoconazole (KTZ) (�9.1 kcal/mol)
complexes.

To test the anti-ASH effect of AG in vivo, mice were daily i.p.
injected with AG (50 mg/kg) while the mice were subjected to the
11-day ASH regimen. Treatment with AG attenuated hepato-
megaly (Fig. 6B) and steatosis (Fig. 6C), decreased the percentage
of larger lipid droplets (Fig. 6D), lowered the serum levels of AST
and ALT (Fig. 6E) and serum and liver levels of triglycerides
(Fig. 6F). Interestingly, treatment with AG also modestly
decreased the animal’s body weight (Fig. 6B), which was likely
accounted for by decreased white adipose tissue mass and
adipocyte sizes (Supporting Information Fig. S4), but the mech-
anism remains to be defined. Future experiments are necessary to
determine whether lower and/or less frequent doses of AG are
sufficient to provide the same protection without causing the
decrease of body weight. Treatment with AG had little effect on
food intake, which was consistent with a report that AG reduced
body weight of HFD-fed mice without affecting food intake45.
Fig. 6G summarizes our proposed role of the PXR-FABP4 regu-
latory axis in ASH.

4. Discussion

In this study, we reported the ASH sensitizing effect of the
PXReFABP4 regulatory axis. Hepatic induction of FABP4 was
found in both ASH patients and the mouse model of ASH.
Pharmacological inhibition of FABP4 alleviated mice from ASH.
In contrast, activation of PXR by PCN induced the hepatic
expression of FABP4 and exacerbated ASH pathology. The
sensitizing effect of PCN was attenuated by the co-treatment of
the FABP4 inhibitor quercetin. The mouse FABP4 gene was
established as a transcriptional target of PXR. Based on these
results, we then identified Andrographolide as a natural compound
that has a dual antagonizing effect towards PXR and FABP4 and
verified its therapeutic effect against ASH.

Although elevated expression of FABP4 has been shown to
contribute to the pathogenesis of obesity, type II diabetes, carci-
nogenesis, and atherosclerosis due to the activation of FABP4 in
adipocytes and macrophages, the role of FABP4 in alcoholic
steatohepatitis has not been reported. The current study has
expanded the function of FABP4 to the liver and in the context of
ALD. The role of FABP4 in ALD is intriguing. Our results sug-
gested that the hepatic FABP4 was uniquely elevated in ASH,
whereas the hepatic protein levels of FABP4 were decreased in
acute ethanol exposure and alcoholic fibrosis. To understand this
inconsistency, we found that there were dramatic morphological
changes in the white adipose tissue (WAT) in mice challenged
with the acute alcohol exposure and CCl4/fibrosis models
(Supporting Information Fig. S5). Since WAT is a major tissue
produces and secrets FABP4, the alterations in WAT can poten-
tially influence the circulating and hepatic levels of FABP4.

The stage-specific effects of ALD on the expression of FABP4 in
micewere consistent with the observations from clinical samples, as
the hepaticmRNA levels of FABP4was higher in alcoholic hepatitis
patients than in alcoholic simple steatosis patients. The mechanism
for the stage specific effect of ALD on the expression of FABP4
remains to be defined. In the liver, hepatocytes are likely the major
source of the basal and inducible expression of FABP4, because the
expression of FABP4 in the hepatocytes was nearly 15 times higher
than the Kupffer cells isolated from the same mice. The purities of
the primary hepatocytes and Kupffer cells were verified by the
expression of hepatocyte marker gene albumin (ALB) and Kupffer
cell marker gene F4/80, respectively (Supporting Information
Fig. S6). Although the expression of FABP4 in the Kupffer cells is
substantially lower than the hepatocytes, we cannot exclude the
possibility that Kupffer cells may have also played a role in the
phenotypical exhibition. In the liver and besides ASH, inhibition of
FABP4 attenuated mice from liver injuries induced by ischemia/
reperfusion or sepsis19,20, whereas adenoviral overexpression of
FABP4 sensitized mice to non-alcoholic steatohepatitis11.

Our results also provide a possible explanation for the
contraindication of RIF in alcoholics. RIF is a potent activator of
human PXR. Based on our results, we speculate that RIF may
have exacerbated ALD by activating PXR and inducing the
expression of FABP4 in patients. The implication of PXR in ALD
was also supported by several pre-clinical studies. It was reported
that both the PXR level and its nuclear translocation were
increased upon a long-term ethanol exposure27. Our bioinformatic
analysis of GSE86002 showed that mice challenged with a 16-
week ethanol diet exhibited increased expression of both PXR
and CYP3A11 (Supporting Information Fig. S7). In the loss of
function models, two recent reports showed that the PXR
knockout mice were protected from ALD induced by ethanol diet
or acute ethanol exposure, but without defined mechanisms29,46.
Nevertheless, results from the PXR null mice further supported the
sensitizing effect of PXR activation on ALD.

We are aware of the inconsistency of literature regarding the
contraindication of RIF in alcoholics. Cross and colleagues
concluded that RIF was not contraindicated in patients categorized
as alcoholics, but this conclusion was made upon excluding
patients with “clinically significant and persistent pretreatment
abnormalities of hepatic function tests”47. The current drug
prescribing information of RIFADIN� still lists alcohol or alcohol
abuse as risk factors. Among the limitations of our study, RIF is a
human specific PXR agonist, future use of RIF in hPXR human-
ized mice is necessary to further support that activation of hPXR
by RIF sensitizes humanized mice to ASH.

Another clinical significance of our study is the establishment
of the PXReFABP4 regulatory axis as a therapeutic target of ASH.
Based on our results, we proposed that PXR-mediated induction of
FABP4 represents a feedforward mechanism to exacerbate ALD.
This notion was experimentally supported by our observation that
the PXR and FABP4 dual inhibitor AG effectively protected mice
from ASH. It was noted that AG was reported to improve the
chronic alcoholic liver disease by inhibiting NF-kB/TNF-a
activation and decreasing ROS levels48. Therefore, we cannot
exclude the possibility that the effect of AG on NF-kB/TNF-a
activation and ROS production contributed to the phenotypic
exhibition of our mice. Besides PXR, the transcription of FABP4 is
also subjected to regulation by other regulators such as HIF1a,
PPAR, LXR, AP-149-51. It appears that in the regulation of FABP4,
PXR is dominating in the liver, but in other tissues, these other
regulators such as HIF1a, PPAR, LXR, AP-1 outperform PXR in
regulating FABP4. To support this speculation, we bio-
informatically analyzed the expression levels of these factors in
multiple tissues from mice (GSE10246). The result show that the



Figure 6 The PXR and FABP4 dual inhibitor andrographolide protects mice from alcoholic steatohepatitis. (A) Molecular docking results of

FABP4-AG and PXR-AG bindings, as compared to FABP4-BMS and PXR-KTZ bindings. (BeF) C57BL/6 male mice were subjected to NIAAA

model of alcoholic steatohepatitis in the presence of either vehicle (saline) or Andrographolide (50 mg/kg/day) by i.p. injections. Shown are

growth curve, liver weight and liver/body weight ratio of mice (B), histological analysis of mice liver samples (scale bar: 50 mm) (C), distribution

of lipid droplet sizes (D), serum AST and ALT levels (E), and serum and hepatic TG levels (F). (G) Summary of the role of PXReFABP4 gene

regulatory axis in the progression of alcoholic steatohepatitis and how the axis can be pharmacologically inhibited. Data are presented as

mean � SD, n Z 5e6; *P < 0.05, **P < 0.01, ***P < 0.001. ns, statistically not significant.
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mRNA level of PXR (NR1I2) was predominant in liver, comparing
with the other tissues such as WAT, BAT, lung, and kidney. LXRa
(NR1H3) is also highly expressed in the liver. In contrast, the
relative expression of PPARg, JUN (c-Jun, most extensively
studied protein of the AP-1 complex) and HIF1A was much less
prominent in the liver (data hot shown). Also, in addition to
inhibiting one of the upstream transcriptional regulators, another
potential therapeutic approach is direct inhibition of FABP4, but
the relative effectiveness of these two approaches remains to be
experimentally investigated.

5. Conclusions

In summary, we have uncovered a novel function of PXR acti-
vation in sensitizing rodents and likely human patients to ASH.
The PXReFABP4 regulatory axis may represent a novel



Activation of PXR sensitizes alcoholic steatohepatitis by transactivating FABP4 4787
therapeutic target and agents targeting PXR and FABP4 individ-
ually or in combination may have their promise in the clinical
management of alcoholic steatohepatitis.
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