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Cholesterol 7a-hydroxylase protects the liver from
inflammation and fibrosis by maintaining cholesterol

homeostasis”
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Abstract Cholesterol 7a-hydroxylase (CYP7AL) plays a crit-
ical role in control of bile acid and cholesterol homeostasis.
Bile acids activate farnesoid X receptor (FXR) and Takeda G
protein-coupled receptor 5 (TGR5) to regulate lipid, glu-
cose, and energy metabolism. However, the role of bile acids
in hepatic inflammation and fibrosis remains unclear. In this
study, we showed that adenovirus-mediated overexpression
of Cyp7al ameliorated lipopolysaccharide (LPS)-induced in-
flammatory cell infiltration and pro-mﬂammatory cytokme
productlon in WT and TGR5 deficient (Tgr5 ) mice, but
not in FXR-deficient (Fxr~’ ") mice, suggesting that bile acid
signaling through FXR protects against hepatic inflamma-
tion. Nuclear factor k light-chain enhancer of activated B
cells (NF-kB)-luciferase reporter assay showed that FXR ago-
nists significantly inhibited TNF-a-induced NF-kB activity.
Furthermore, chromatin immunoprecipitation and mamma-
lian two-hybrid assays showed that ligand-activated FXR in-
teracted with NF-kB and blocked recruitment of steroid
receptor coactivator-1 to cytokine promoter and resulted in
inhibition of NF-kB activity. Methionine/choline-deficient
(MCD) diet increased hepatic inflammation, free choles-
terol, oxidative stress, apopt051s, and fibrosis in CYP7A1-
deficient (Cyp 7al”’") mice compared with WT mice.
Remarkably, adenovirus-mediated overexpression of Cyp7al
effectively reduced hepatic free cholesterol and oxidative
stress and reversed hepatlc inflammation and fibrosis in
MCD diet-fed Cyp 7al”’" mice. Current studies suggest that
increased Cyp7al expression and bile acid synthesis amelio-
rate hepatic inflammation through activation of FXR, whereas
reduced bile acid synthesis aggravates MCD diet-induced he-
patic inflammation and fibrosis.Jll Maintaining bile acid and
cholesterol homeostasis is important for protecting against
liver injury and nonalcoholic fatty liver disease.—Liu, H.,
P. Pathak, S. Boehme, and J. Y. L. Chiang. Cholesterol 7a-
hydroxylase protects the liver from inflammation and fibro-
sis by maintaining cholesterol homeostasis. J. Lipid Res.
2016. 57: 1831-1844.
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Bile acids are amphipathic molecules synthesized from
cholesterol in the liver and secreted into the gastrointesti-
nal track to facilitate digestion, absorption, and transport
of lipids, nutrients, and vitamins (1). Bile acids are also
recognized as signaling molecules that activate nuclear farne-
soid X receptor (FXR) and membrane Takeda G protein-
coupledreceptor 5 [TGRb5; also known as G protein-coupled
bile acid receptor-1 (Gpbarl)] and cellular signaling path-
ways to regulate lipid, glucose, drug, and energy metabo-
lism (2). The rate of bile acid synthesis is mainly controlled
by transcriptional regulation of the gene encoding choles-
terol 7a-hydroxylase (CYP7A1), the first and rate-limiting
enzyme in the classic bile acid synthesis pathway, which syn-
thesizes two primary bile acids, cholic acid (CA) and che-
nodeoxycholic acid (CDCA), and steroid 12a-hydroxylase
(CYP8B1) is required for CA synthesis. In mice, CDCA is
converted to a- and B-muricholic acids in the liver as pri-
mary bile acids. The alternative pathway is initiated by ste-
roid 27-hydroxylase (CYP27A1) and followed by oxysterol
7a-hydroxylase (CYP7B1) to synthesize mainly CDCA. Bile
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acids are conjugated to taurine or glycine and are secreted
into bile and stored in the gallbladder. After a meal, bile
acids are released into the intestinal tract and are reab-
sorbed in the ileum and circulated back to the liver. This
enterohepatic circulation of bile acids exerts a negative
feedback mechanism to inhibit Cyp7al gene transcription
and bile acid synthesis and maintains a constant bile acid
pool. Alteration of bile acid homeostasis may contribute to
inflammatory cholestatic liver diseases, diabetes, and obe-
sity (1, 3).

The liver is the primary site of clearance of microbial
products such as lipopolysaccharides (LPSs). LPS activates
nuclear factor k light-chain enhancer of activated B cells
(NF-kB), which is a master regulator of inflammation and
cell death and causes liver injury, fibrosis, and hepatocel-
lular carcinoma (4). Accumulation of hydrophobic and
toxic bile acids, such as CDCA, deoxycholic acid, and lith-
ocholic acid can cause inflammation in the liver and intes-
tine and contribute to inflammatory bowel diseases and
cholestatic liver diseases. CDCA and deoxycholic acid have
been shown to inhibit the LPS-induced pro-inflammatory
cytokine production in macrophages and monocytes (5).
However, several studies report that activation of FXR an-
tagonizes NF-kB in the hepatic inflammatory response
and regulates intestinal innate immunity and improves
nonalcoholic fatty liver disease (6-9). Activation of TGRb5
has been shown to inhibit atherosclerosis by reducing
macrophage inflammation (10) and protect intestinal bar-
rier function in mouse models of inflammatory bowel dis-
eases (11). TGRb is widely expressed in the gallbladder
epithelium, ileum, and colon. In the liver, TGR5 is ex-
pressed in Kupffer cells and sinusoidal endothelial cells,
but not in hepatocytes (12). Activation of TGRb induces
cAMP and stimulates glucagon-like peptide-1 (GLP-1) se-
cretion from intestinal enteroendocrine L cells, which in-
duces insulin secretion from  cells (13). It has been
reported that bile acids activate the TGR5-cAMP pathway
to inhibit LPS-induced cytokine production in Kupffer
cells, and suggested that TGR5 in Kupffer cells may play a
protective role against excessive cytokine production and
liver injury in obstructive cholestasis (14), consistent with
the finding that TGR5-deficient (Tg'r57/7) mice have more
severe liver necrosis and inflammation compared with WT
mice (15). On the contrary, several recent studies show
that TGR5 induces cytokine production in Kupffer cells
(16) and enhances LPS-induced inflammatory response in
a human monocyte cell line (17). Thus, the role of TGR5
signaling in hepatic inflammation is controversial and re-
quires further study.

Currently, it is thought that progression from simple ste-
atosis to nonalcoholic steatohepatitis (NASH) involves
“multiple hits,” such as endoplasmic reticulum stress, in-
flammatory cytokines, innate immunity, and gut microbi-
ota and epigenetic factors (18-21). Increasing evidence
shows that dietary cholesterol increases oxidative stress and
exacerbates high-fat/high-cholesterol diet-induced hepatic
steatosis and inflammation (22). Accumulation of free cho-
lesterol in stellate cells and Kupffer cells aggravates liver fi-
brosis in mice (23-25). Our previous study reported that
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transgenic overexpression of CYP7A1 in the liver prevents
high-fat/high-cholesterol dietinduced obesity and de-
creases inflammation in mice (26). CYP7A1 plays a key role
in regulation of hepatic cholesterol homeostasis by con-
verting excess cholesterol to bile acids, which facilitate bili-
ary cholesterol secretion. The aims of this study are to
investigate the roles and mechanisms of CYP7A1 and bile
acid-activated receptors in anti-inflammation and fibrosis
in the liver. Our data show that increasing bile acid synthe-
sis by overexpression of CYP7A1 ameliorates hepatic in-
flammation through activation of FXR, but not TGR5. On
the other hand, lack of Cyp7al aggravated methionine/
choline-deficient (MCD) dietinduced liver fibrosis through
accumulation of free cholesterol in hepatocytes. Our study
suggests that CYP7A1 plays a critical role in control of
hepatic inflammation and fibrosis by maintaining bile acid
and cholesterol homeostasis.

MATERIALS AND METHODS

Animals

Male C57BL/6] mice, 6-8 weeks of age, were purchased from
the Jackson Laboratory (Bar Harbor, ME). Tgr5~’~ mice were
obtained from Merck Research Laboratories (Kenilworth, NJ).
FXR-deficient (Fxr /”) mice were originally generated by Frank
Gonzalez (National Cancer Institute, National Institutes of Health)
and bred to C57BL/6] genetic background. CYP7Al-deficient
(Cyp7a1_/ ) mice in B6/129Sv background were obtained from
Jackson Laboratory and backcrossed to C57BL/6] mice for seven
generations to ~99.6% C57BL6] background (27). All mice were
maintained on a standard chow diet and water ad libitum and
housed in a room with a 12 h light/dark cycle. The Institutional
Animal Care and Use Committee of Northeast Ohio Medical Uni-
versity approved all animal protocols used in this study. To study
the effect of overexpression of CYP7A1 on anti-inflammation in
hepatocytes, WT, P/, or Tg"r5_/_ mice were injected via the tail
vein with 1 x 10° plaque-forming units (pfu) per mouse of adeno-
virus-Cyp7al (Ad-Cyp7al), a generous gift from Dr. Michael
Pandak (Virginia Commonwealth University, Richmond, VA). Af-
ter 7 days, mice were treated with LPS (20 mg/kg) via ip injection
and were euthanized 6 h later. To induce liver fibrosis, male WT
and Cyp7al”’~ mice were fed a MCD (Harlan, catalog number
TD90262) diet for 3 weeks and mice were euthanized for further
analysis.

Cell culture

The human hepatocellular carcinoma cell line, HepG2, and
human embryonic kidney cell line, HEK293T (American Type
Culture Collection), were cultured in DMEM (Invitrogen, Carlsbad,
CA) containing 10% fetal bovine serum (Gibco, Grand Island,
NY), 100 U/ml penicillin, and 100 pg/ml streptomycin in 5%
CO, at 37°C. Primary human hepatocytes were obtained from the
Liver Tissue Procurement and Distribution System (University of
Pittsburgh, PA).

Luciferase reporter assay

For the luciferase reporter assays, HepG2 cells were plated in
24-well plates and transiently cotransfected with the pNL3.2-NF-
kB-RE reporter plasmids, 3-gal expressing plasmid (for normal-
ization of transfection efficiency) and pcDNA3-hFXR (as indicated),
using TransFast™ transfection reagent (Promega, Madison, WI).



After 48 h, transfected HepG2 cells were treated with TNF-a for
6 h or transfected with pCMV4-p65 plasmid for 24 h to stimulate
NF-kB reporter activity, and FXR agonist, GW4064 (1 uM; Sigma-
Aldrich, St. Louis, MO) or obeticholic acid (OCA; 10 pM; Inter-
cept Pharmaceuticals, Inc. New York, NY), was added to test their
effect on reporter activity. Luciferase assays were performed and
luciferase activity was normalized to -gal activity as described pre-
viously (28).

Chromatin immunoprecipitation assay

Chromatin immunoprecipitation (ChIP) assays were per-
formed with a ChIP assay kit (Millipore, Bedford, MA) according
to the manufacturer’s instructions. Briefly, liver tissues were ho-
mogenized and lysates were cross-linked in 1% formaldehyde and
sonicated to break the DNA into 0.2-2.0 kb fragments. Sonicated
cell lysates were incubated with either anti-p65 (#8242, Cell Sig-
naling Technology) or anti-FXR (#13063, Santa Cruz Biotechnol-
ogy) antibody to precipitate protein/chromatin complex. Rabbit
IgG (#sc-2027, Santa Cruz Biotechnology) was used as a negative
control. Protein A/G-agarose beads were added to pull down
protein/DNA complexes. DNA fragments were amplified by PCR
using the primers designed to probe the NF-kB binding sites
on the Tnfa and interleukin (/])-18 gene promoters. SYBR Green
primers for real-time PCR analysis were as follows: mouse IL-13
(forward primer, _319CCCATTTCCACCACGATGA; reverse primer,
“25GAGGCTATTGCTACCCTGAAATA); mouse TNF-a (forward
primer, ~*"’CCACTTCCTCCAAGAACTCAA; reverse primer,
“OTCTGAAAG CTGGGTGCATAA).

Bile acid analysis

For total bile acid content analysis, bile acids in liver, intestine
(whole with its content), and gallbladder were extracted in 95%
ethanol overnight, in 80% ethanol for 2 h, and methanol:chloroform
(2:1) for 2 h at 50°C. Bile acids were determined with a bile acid
assay kit (Genzyme Diagnostic, Framingham, MA). Bile acid com-
position was analyzed by ultra-high performance liquid chroma-
tography/quadrupole time-of-flight mass spectrometry (by Dr. Feng
Li, Baylor College of Medicine, Huston, TX) as described previ-
ously (27).

ELISA assay of pro-inflammatory cytokines

After LPS injection for 6 h, blood was collected from mice and
centrifuged at 3,000 g for 10 min. The levels of IL-18, IL-6, and
TNF-a in the serum were measured using ELISA kits (Qiagen,
Valencia, CA) according to the manufacturer’s instructions.

Mammalian two-hybrid assay

For mammalian two-hybrid assays, HepG2 cells were cotrans-
fected with luciferase reporter plasmid, pGbluc, and Gal4-fusion
protein plasmids and VP-16-p65 plasmids for 48 h. Luciferase re-
porter activity was determined by dual luciferase reporter assay
system (Promega) according to the manufacturer’s instructions.
GAL4-FXR-FULL, GAL4-FXR-ligand binding domain (LBD), GAL4-
FXR-DNA binding domain (DBD), and GAL4-FXR-HINGE plas-
mids were generous gifts from Dr. Frederick J. Suchy (University
of Colorado Health Sciences Center, Aurora, CO).

Histochemical and immunohistochemical staining

Liver tissues from mice were fixed in 10% formalin and embed-
ded in paraffin. Tissue sections were then subjected to hematoxy-
lin and eosin (H&E). For F4/80 (#6640, Abcam) and a-smooth
muscle actin (a-SMA) (#5694, Abcam) immunohistochemistry,
livers were fixed with paraformaldehyde and stained by using an
avidin-biotin complex staining kit (Santa Cruz Biotechnology,
Santa Cruz, CA) according to the manufacturer’s instructions.

The images were visualized by microscopy (IX73; Olympus,
Japan).

Sirius red and Masson’s trichrome staining

Livers were fixed in 10% neutral-buffered formalin and embed-
ded in paraffin. For Sirius red staining, liver sections were incu-
bated with 0.1% Sirius red in saturated picric acid for 90 min. For
Masson’s trichrome staining, liver sections were stained by a Mas-
son’s trichrome staining kit (Sigma-Aldrich). The images were vi-
sualized by microscopy (IX73; Olympus).

Filipin staining of free cholesterol

Liver sections were fixed with 4% paraformaldehyde (fresh)
for 1 h and stained with 0.05 mg/ml filipin working solution for
2 h at room temperature. The images were visualized by fluores-
cence microscopy using a UV filter set (340-380 nm excitation,
430 nm emission).

Hepatic hydroxyproline assay

Livers were homogenized in water and hydrolyzed in concen-
trated hydrochloric acid at 120°C for 3 h. Hepatic hydroxyproline
contents were determined by the reaction of oxidized hydroxy-

proline with 4-(dimethylamino) benzaldehyde by a colorimetric
kit (Cell Biolabs, San Diego, CA).

RNA isolation and quantitative real-time PCR

Total RNA was isolated with Trizol reagent (Invitrogen). Re-
verse transcription reactions and real-time PCR were performed
as described previously (29). All primer/probe sets for real-time
PCR were TagMan gene expression assays (Applied Biosystems,
Foster City, CA). Amplification of GAPDH was used as an internal
control. Relative mRNA expression was quantified using the com-
parative CT (Ct) method and expressed as 2/ (*AAC').

Western blot

Liver tissues were homogenized in RIPA buffer containing pro-
tease and phosphatase inhibitor cocktails (Cell Signaling Tech-
nology, Danvers, MA). The protein contents were determined by
a BCA™ protein assay kit (Pierce, Rockford, IL). The protein ly-
sates were separated by 10% SDS-PAGE and transferred onto a
polyvinylidene difluoride membrane (Millipore, Billerica, MA).
After blocking with 5% nonfat milk for 1 h at room temperature,
the membrane was incubated with primary antibody overnight
and conjugated secondary antibody for 1 h. Protein bands were
visualized using a Western blotting detection system according to
the manufacturer’s instructions.

Quantification of tissue and plasma lipids

Liver tissues were homogenized and lipids were extracted in a
mixture of chloroform and methanol (2:1), dried, and dissolved
in 5% Triton X-100 in isopropanol. Hepatic and plasma triglycer-
ide and cholesterol levels were then quantified using Infinity re-
agents from Thermo Scientific (Waltham, MA). Hepatic total free
cholesterol was quantified using a kit from BioVision (Milpitas,
CA). Hepatic and plasma free fatty acid were quantified using a
kit from Wako Pure Chemical Industries, Ltd. (Osaka, Japan).

Thiobarbituric acid reactive substance, superoxide
dismutase, and terminal deoxynucleotidyl transferase
dUTP nick end labeling assays

Liver tissues were homogenized and hepatic malondialdehyde
and superoxide dismutase (SOD) levels were determined by using
a thiobarbituric acid reactive substance (TBARS) assay kit and
SOD assay kit, respectively (Cayman Chemical, Ann Arbor, MI). A
terminal deoxynucleotidyl transferase dUTP nick end labeling
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(TUNEL) assay kit was used to assay apoptotic cells in liver tissues
(R&D, Minneapolis, MN).

Statistical analysis

All experimental data are presented as mean + SE. Statistical
analysis was performed either by Student’s test for analysis of two
variants or ANOVA for analysis of four variants. P < 0.05 was con-
sidered statistically significant.

RESULTS

Adenovirus-mediated expression of CYP7A1 ameliorated
LPS-induced hepatic inflammation

Adenovirus-mediated Cyp7al gene transduction (Ad-
Cyp7al) has been used to increase CYP7A1 activity and
bile acid synthesis in rat primary hepatocytes (30). We
used Ad-Cyp7al to overexpress CYP7A1 in mice. Figure 1A
shows that Ad-Cyp7al increased hepatic Cyp7al mRNA
levels by 12-fold compared with adenovirus-null (Ad-null)
mice, but did not affect CYPS8BI, CYP27A1, and CYP7BI
mRNA levels. The mRNA levels of a FXR target gene in the
liver, small heterodimer partner (SHP), and intestine FXR
target genes, SHP and fibroblast growth factor 15 (FGF15),
were increased in Ad-Cyp7al mice compared with Ad-null
mice (Fig. 1A). The tissue bile acid contents increased
significantly in the small intestine and gallbladder, but
not in the liver, of Ad-Cyp7al mice (Fig. 1B). The total
bile acid pool increased 2-fold in Ad-Cyp7al mice com-
pared with Ad-null mice. Analysis of gallbladder bile acids
shows that TCA content was reduced and tauro-muricholic
acids increased in Ad-Cyp7al mice compared with Ad-
null mice, indicating stimulation of the alternative bile
acid synthesis pathway to change bile acid composition
(supplemental Fig. S1).
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Adenovirus-mediated expression of Cyp7al ameliorated
LPS-induced hepatic inflammation via FXR, but not TGR5

To study the roles of bile acid-activated receptors FXR
and TGR5 in hepatic inflammation, WT, Fxr’”, and
Tgr5_/_ mice were injected with LPS to induce acute liver
inflammation and to test the effect of Ad-Cyp7al on he-
patic inflammation. H&E staining shows that LPS induced
massive inflammation in WT mouse livers of Ad-null mice
(Control), but not Ad-Cyp7al mice (Fig. 2A). Immunohis-
tochemistry staining of WT mouse livers shows that LPS
treatment increased a macrophage marker, F4/80, in Ad-
null mice, but much less in Ad-Cyp7al mice (Fig. 2B). In
addition, Ad-Cyp7al reduced mRNA expression of LPS-
induced pro-inflammatory gene mRNA expression, such as
nitric oxide synthase 2 (Nos2), prostaglandin-endoperoxide
synthase 2 (Plgs2), chemokine (C-C motif) ligand 2 (Ccl2),
IL-6, TNF-a, and IL-13 in WT mouse livers (Fig. 2C). Se-
rum IL-18, IL-6, and TNF-a protein levels were also
significantly decreased in Ad-Cyp7al-treated WT mice
compared with Ad-null mice (Fig. 2D). It has been re-
ported that hepatocyte lipoprotein receptors, scavenger
receptor-Bl (Scarbl) (31) and LDL receptor (Ldlr) (32),
are involved in LPS clearance. Data in supplemental Fig. S2
shows that Ad-Cyp7al did not induce Scarbl and Ldilr
mRNA expression in WT mouse livers and there was no
change of serum endotoxin levels in LPS-treated Ad-null
and Ad-Cyp7al mice, suggesting that Scarbl and Ldlr
are not involved in LPS-induced endotoxin clearance in
Ad-Cyp7al mice.

Several studies reported that activation of FXR and TGR5
protects the liver from inflammation (6-9). However, TGR5
is not expressed in hepatocytes and the role of TGR5 signal-
ing in liver inflammation is controversial (14, 16). Ad-Cyp7al
did not affect LPS-induced inflammatory cell infiltration
(supplemental Fig. S3A) or the population of F4/80-positive
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Fig. 1. Adenovirus-mediated Cyp7al gene transduc-
tion activated FXR signaling in liver and intestine and
increased bile acid pool size. Mice were injected in the
tail vein with 1 x 10’ pfu per mouse of either Ad-null
(control) or Ad-Cyp7al for 7 days. A: mRNAs were iso-
lated from liver (Left) and small intestine (Right) and
mRNA levels of bile acid synthesis genes (Cyp7al,
Cyp8bl, Cyp27al, and Cyp7bl) and FXR-induced genes
[Shp and intestine fibroblast growth factor 15 (Figf15)]
were determined by qPCR. Amplification of Gapdh was
used as a control. B: Bile acid contents in liver, intes-
tine, and gallbladder of Ad-null and Ad-Cyp7al mice
were determined, and total bile acid pool sizes were
calculated. Results are shown as mean + SE. *P< 0.05,
#*P<(.01. Student’s +test was used for statistical analy-
sis (n = 12 male mice per group).
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Fig. 2. Ad-Cyp7al ameliorated LPS-induced hepatic inflammation via FXR, but not TGR5. WT (C57BL/6]), Fo /", and Tg“rE_/ " mice were
injected in the tail vein with 1 x 10° pfu per mouse of either Ad-null or Ad-Cyp7al. After 7 days, mice were injected ip with 20 mg/kg LPS or
PBS. After 6 h, liver tissues and sera were collected for analysis. A: Ad-Cyp7al reduced LPS-induced hepatic inflammation. Fresh WT mouse
liver tissues were kept in 10% formalin solution and 5 uM sections were stained with H&E. B: Ad-Cyp7al reduced macrophage infiltration
in LPS-induced hepatic inflammation. Representative immunohistochemistry staining for F4,/80 from WT mouse liver sections. The number
of F4/80-positive cells in five microscopic fields was counted and statistically analyzed. C: Ad-Cyp7al reduced LPS-induced pro-inflammatory
cytokines and chemokine mRNA expression in WT mice. Total RNAs from liver tissues were isolated and hepatic mRNA levels of inflamma-
tory genes were determined by qPCR. Amplification of Gapdh was used as a control. D: Ad-Cyp7al reduced serum cytokines induced by LPS
in WT mice. The levels of cytokines in the serum were measured by ELISA assay. Results are shown as mean + SE. ¥*P< 0.05, **P < 0.01 versus
mice injected with Ad-null and treated with LPS. E: Ad-Cyp7al did not affect LPS-induced inflammatory gene mRNA expression in Far '~
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cells in Fr /™ mice (supplemental Fig. S3B), but did reduce
hepatic inflammation in Tg*r5_/ " mice (supplemental Fig.
S4A, B). Furthermore, Ad-Cyp7al increased bile acid pool
size by about 2.5fold in both WT and Fxr /'~ mice (supple-
mental Fig. SbA). It is surprising to notice that the total bile
acid pool size in Ad-null Fxr’” mice was not significantly
increased compared with Ad-null WT mice. Quantitative
(qQ)PCR analysis shows that in Fx '~ mice, Cyp7al and
Cyp8bl mRNA levels were increased, but Cyp27al, Cyp7bl,
and S7p mRNA levels were reduced (supplemental Fig.
S5B), indicating that bile acid synthesis via the classic path-
way may be increased, but bile acid synthesis via the alterna-
tive pathway may be reduced and results in no significant
change in bile acid pool size in Fxr ™ mice.

Real-time PCR analysis and ELISA assay showed that
Ad-Cyp7al did not significantly affect LPS-induced pro-
inflammatory cytokine and chemokine mRNAs (Fig. 2E)
and serum cytokine levels (Fig. 2F) in Fxr /™ mice com-
pared with Ad-null mice. However, Ad-Cyp7al ameliorated
LPS-induced hepatic cytokine and chemokine mRNAs
(Fig. 2G) and serum cytokine levels (Fig. 2H) in Tgr5 /=
mice compared with Ad-null mice. These data indicate that
activation of FXR, but not TGRS, ameliorates LPS-induced
hepatic inflammation.

Activation of FXR inhibited NF-kB activity

To further study the role of FXR in anti-inflammation, we
used NF-«kB/luciferase reporter assay to test whether activa-
tion of FXR reduces NF-«kB/luciferase reporter activity. The
NF-kB-luciferase reporter contains a canonical NF-kB re-
sponse sequence. Figure 3A shows that both FXR selective
agonists, GW4064 (1 nM) and OCA (10 uM), reduced the
TNF-a-activated NF-kB reporter activity, and cotransfection
with a FXR expression plasmid exacerbated the inhibitory
effect of FXR agonists on the NF-kB reporter activity. Fur-
thermore, GW4064 or OCA also inhibited the NF-kB re-
porter activity stimulated by p65, a component of the NF-«B
complex (Fig. 3B). In addition, activation of FXR by
GW4064 or OCA inhibited LPS-induced pro-inflammatory
cytokine mRNA expression in human primary hepatocytes
(Fig. 3C). These results demonstrated that activation of
FXR inhibited NF-kB activity and pro-inflammatory cyto-
kine production in hepatocytes.

Ad-Cyp7al inhibited NF-kB binding to cytokine gene
promoters via a ligand-dependent interaction between
FXR and p65 and steroid receptor coactivator-1

To further investigate the mechanisms of CYP7A1 and
FXR in anti-inflammation in hepatocytes, we performed
ChIP assay to evaluate the effect of CYP7A1 on NF-kB bind-
ing to the Tnfa and II-IB gene promoters, which contain

the NF-«kB binding sites. Liver lysates were isolated from
mice treated with LPS for ChIP assay. An antibody against
p65 was used to immunoprecipitate chromatin, and DNA
fragments were PCR amplified with the primers designed
to probe the NF-kB binding sites on the Tnfa and 113
gene promoters. Figure 4A shows that p65 occupancy on
the TNF-a and IL-13 gene promoters was enhanced by LPS
(Ad-null + LPS), and that Ad-Cyp7al significantly reduced
p65 occupancy on the TNF-a and IL-13 gene promoters
(Ad-Cyp7al + LPS). An antibody against FXR was used for
ChIP assay and showed that FXR did not bind to the NF-xB
binding sites on the Tnfa and II-13 promoters under the
same treatment. Next, we studied whether activation of
FXR affects p65 binding to the Trnfa and [l-IB gene pro-
moters. Figure 4B shows that OCA had a similar effect as
Ad-Cyp7al treatment to significantly inhibit p65 binding to
the Tnf« and [I-1B gene promoters. These data suggest that
activation of FXR by bile acids and FXR agonist blocked
p65 binding to the Tnfa and II-1f gene promoters.

We then performed mammalian two-hybrid assays to
study whether FXR interacts with p65 to prevent p65 from
binding to the NF-kB binding site as a mechanism for the
anti-inflammatory effects of FXR. In mammalian two-hybrid
assay, a VP16-p65 fusion protein plasmid was cotransfected
with GAL4-FXR fusion plasmids to stimulate GAL4-Luc re-
porter activity. As shown in Fig. 4C, GW4064 significantly
increased the interaction between FXR and p65 through
the LBD of FXR, because the DBD and the hinge domain
of FXR do not interact with p65. Ligand-activated FXR is
known to recruit coactivators such as steroid receptor co-
activator-1 (SRC-1) to activate target gene transcription
(33). SRC-1 is also a coactivator of NF-«xB (34). Two-hybrid
assays show that SRC-1 significantly inhibited the interac-
tion between FXR and p65 (Fig. 4D), likely by interaction
with the LBD of FXR to reduce FXR and p65 interaction.
Furthermore, NF-kB reporter assay shows that GW4064 sig-
nificantly inhibited TNF-a-induced NF-kB activity, whereas
SRC-1 stimulated TNF-a-induced NF-«xB activity and pre-
vented GW4064 inhibition of reporter activity (Fig. 4E).
These data suggest that activation of FXR promotes FXR
interaction with p65 to prevent p65 binding to the NF-«xB
response elements on the TNFa and IL-13 gene promot-
ers. In addition, FXR and p65 may compete for interaction
with SRC-1 and result in inhibiting TNF-a-induced NF-«xB
activation.

Lack of Cyp7al aggravated MCD diet-induced liver
steatosis and fibrosis

Hepatic inflammation plays a critical role in fibrosis pro-
gression. MCD diet induces steatohepatitis and fibrosis as-
sociated with elevated hepatic triglyceride and cholesterol

mice. Total RNA from livers of Fxr /™ mice was isolated and hepatic mRNA levels of inflammatory genes were determined by qPCR. Ampli-
fication of Gapdh was used as control. F: Ad-Cyp7al did not affect serum cytokine protein levels in Fxr '~ mice. The levels of cytokines in the
sera of Fxr /~ mice were measured by ELISA assay. G: Ad-Cyp7al reduced LPS-induced inflammatory cytokine mRNA levels in Tgr5 /™
mouse liver. Total RNA from livers of Tgrf/ ~ mice was isolated and hepatic mRNA levels of inflammatory genes were determined by qPCR.
Amplification of Gapdh was used as control. H: Ad-Cyp7al reduced serum cytokines in 7gr5 '~ mice. The levels of cytokines in the sera of
Tgr57/ ~ mice were measured by ELISA assay. Results are shown as mean = SE. *P < 0.05, **P < 0.01 versus mice injected with Ad-null and
treated with LPS. ANOVA was used for statistical analysis (n = 8 male mice per group).
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Fig. 3. Activation of FXR inhibited TNF-a and p65 activated NF-«kB activity. A: NF-kB reporter assay showed that activation of FXR by
GW4064 and OCA reduced TNF-a-induced NF-kB activity. B: NF-kB reporter assay showed that activation of FXR by GW4064 and OCA re-
duced p65-induced NF-«B activity. For reporter assay, HepG2 cells were cotransfected with NF-kB/luciferase reporter plasmid (pNL3.2-NF-
kB-RE) and pCMV-3-gal (for normalization of (-galactosidase activity), and FXR expression plasmid (pcDNA3-hFXR), p65 expression
plasmid (pCMV-p65), or pcDNA3 plasmid (control) as indicated. After 48 h, cells were treated with TNF-a (20 ng/ml), GW4064 (1 uM), or
OCA (10 pM), as indicated for 6 h. Luciferase activities were measured by luciferase assay kit and luciferase activity was normalized to (3-gal
activity and expressed as relative luciferase units (RLU)/B-gal activity. Results shown are mean + SE. *P < 0.05, **P < 0.01 versus vehicle
(DMSO). C: Primary human hepatocytes were treated with GW4064 (1 uM) or OCA (10 M) in the absence or presence of LPS (100 ng/ml)
for 6 h. Total RNA was isolated and mRNA levels of inflammatory genes were determined by qPCR. Amplification of Gapdh was used as con-
trol. Results shown are mean + SE. ¥*P< 0.05, **P < 0.01 versus LPS treatment. ANOVA was used for statistical analysis.

contents (23). We therefore used a MCD diet model to
study the role of CYP7ALI in hepatic inflammation and ste-
atosis and fibrosis. After feeding MCD diet for three weeks,
both WT and Cyp7a17/7 mice had significantly reduced
body weights, but increased liver weight, hepatic steatosis,
and serum aspartate aminotransferase and alanine amino-
transferase levels, more in Cyp7a17/ " mice than WT mice
(Fig. 5A). MCD diet feeding increased hepatic inflamma-
tion indicated by H&E staining (Fig. 5B), and increased
collagen fibers by Sirius red (Fig. 5C), Masson’s trichrome
(Fig. 5D), and o-SMA staining (Fig. 5E), more in Cyp7a]7/7
mice than in WT mice. MCD diet also increased hydroxy-
proline collagen content more in Cyp7al '~ mice than in
WT mice. However, MCD diet feeding significantly re-
duced plasma cholesterol, triglycerides, and free fatty acid
content in both WT and Cyp7al”’~ mice (supplemental

Fig. S6A). Oil-Red-O staining of neutral lipids further con-
firmed that chow dietfed CypZal ~/~ mice had more hepatic
steatosis than WT mice, and MCD diet feeding increased
hepatic steatosis more in Cyp7a17/7 mice than in WT mice
(supplemental Fig. S6B). These data suggested that lack of
Cyp7al aggravated MCD dietinduced hepatic inflamma-
tion and fibrosis in mouse liver.

Figure 6A shows that only hepatic triglycerides were
higher in chow diet-fed Cyp7al~’~ mice than WT mice, but
MCD diet significantly increased hepatic cholesterol, tri-
glyceride, and free fatty acid contents more in CypZal /™
mice than in WT mice. Moreover, MCD diet did not affect
total bile acid pool size in either WT or Cyp7al '~ mice,
the latter of which have a bile acid pool size about 60% of
WT mice due to decreased bile acid contents in the liver,
gallbladder, and intestine (Fig. 6B), as we reported previously
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Fig. 4. Ad-Cyp7al inhibited LPS-induced NF-kB binding to cytokine gene promoters through inducing a ligand-dependent interaction
between FXR and p65 and coactivator. A: ChIP assay of the NF-kB binding site showed that Ad-Cyp7al ameliorated LPS-induced p65 occu-
pancy to the NF-kB binding site on Tnf« and II-13 gene promoters. B: ChIP assay showed that activation of FXR by OCA ameliorated LPS-
induced p65 binding to the NF-kB binding site on Tnfa and Il-18 gene promoters. For ChIP assay, WT mice were injected in the tail vein
with 1 x 10° pfu per mouse of either Ad-null or Ad-Cyp7al, or treated with 30 mg/kg OCA by gavage once per day. After 7 days of adenovirus
or OCA treatment, mice were injected ip with 20 mg/kg LPS or PBS (control). After 6 h, liver tissues were homogenized and the chromatin
protein and DNA were cross-linked in 1% formaldehyde and sonicated to 0.2-2.0 kb fragments and mixed with either anti-p65 or anti-FXR
antibody to precipitate protein/chromatin complexes. Rabbit IgG was used as negative control. DNA fragments were quantified by amplifica-
tion with the primers designed to probe the NF-kB binding sites on the Tnf« and /I3 gene promoters. C: Mammalian two-hybrid assay
showed that GW4064 stimulated FXR interaction with p65 through the FXR LBD. D: Mammalian two-hybrid assay showed that SRC-1 re-
duced GW4064-activated FXR and p65 interaction by competition for interaction with FXR and p65. For two-hybrid assay, HEK293T cells
were cotransfected with GAL4-luciferase reporter plasmid pGbluc (or Gal4 empty as control), VP16 fusion protein plasmid, VP16-p65 and
GAL4-Husion protein plasmid, GAL-FXR (full length), GAL-FXR-LBD, GAL-FXR-DBD, GAL-FXR-HINGE, and SRC-1 plasmid in the absence
or presence of GW4064 (1 wM) as indicated for 48 h. Luciferase reporter activity was assayed using a luciferase assay kit. Relative luciferase
activity (RLU) was measured and normalized to Renilla luciferase activity. E: NF-kB reporter assay showed that coactivator SRC-1 stimulated
TNF-a-induced NF-kB activity. HepG2 cells were cotransfected with pNL3.2-NF-«B reporter plasmid and pCMV-B-gal plasmid, and pcDNA3-
SRC-1 or pcDNA3 (control). After 48 h, cells were treated with GW4064 (1 wM) in the absence or presence of TNF-a (20 ng/ml) for 6 h.
NF-kB reporter activity was measured by luciferase assay kit. Results shown are mean + SE. ¥P< (.05, ¥*¥P< 0.01. ANOVA was used for statisti-
cal analysis.
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Fig. 5. Lack of Cyp7al aggravated MCD dietinduced liver fibrosis. WT and Cyp7al ™ mice were fed with chow diet or MCD diet for 3
weeks. A MCD diet affected body weight, liver weight, and serum aspartate aminotransferase and alamne aminotransferase levels of WT and
Cyp7a1 mice. B-E: MCD diet increased hepatic inflammation and collagen fibrosis in Cyp7a1 mouse livers. Fresh liver samples fixed
in 10% formalin solution and 5 pM sections were stained with H&E (B), Sirius red (C), Masson’s trichrome stain (aniline blue solution) (D),
and a-SMA (E). Representative immunohistochemistry stains of liver sections are shown. The number of a-SMA- posmve cells in five micro-
scopic fields was counted and statistically analyzed. F: MCD diet increased collagen hydroxyproline contents in Cyp7a1 mouse livers. Hy-
droxyproline contents in liver collagen were determined by the reaction of oxidized hydroxyproline with 4—(d1methylam1n0) benzaldehyde
using a hydroxyproline assay kit. Results shown are mean + SE. *P < 0.05, ¥**P< 0.01 versus WT mice fed with chow diet. *P<0.05,"P<0.01
versus WT mice fed with MCD diet. ANOVA was used for statistical analysis (n = 7-9 male mice per group).

(27). MCD diet significantly increased inflammatory genes, compared with WT mice (Fig. 6C). Cyp8b1, Cyp27al, and
Tnfa, IL1B, and C-X-C motif chemokine ligand 10 (Cxcl-10), Cyp7b1 mRNA levels were significantly increased in
and fibrosis genes transforming growth factor 3 (7gfB), tis- Cyp7a1 ~ mice compared with WT mice (Fig. 6D) (27).
sue inhibitor of metalloproteinase (7impl), and collagen— The increase of Cyp8b1 mRNA may be due to reduced bile
lal,-1a2,-3al, and 4al mRNA expression in Cyp7al '~ mice  acid synthesis and pool size. Increased Cyp7b1 may increase

Cyp7al in anti-inflammation and fibrosis 1839



A _ s -
° # 40
8 _ ¢l # - = ¢ OwWT
el = 4 [ ] o/
88 * 25 i 2 391 Cyp7at
o 2 o2 N
S24 -2 g
= g’ L E’ 20 ok -g—!-
8 =2 1& - g
$ 8 =
= i o4
0- 0
CD MCD CD MCD MCD
B _ os-
£ % cwrceo
2 064 Cyp7at"CD
g ’ @@ WT MCD
T 3 041 EE Cyp7al* MCD
Q
© 9
o2 O 0.24
oo !
2
°
£ *
2
=~ 0.0-
Liver Gallbladder Intestine Total
C - # #
c 0 3 wrep
g Cyp7a1*CD
g &l wWT MCD
s @ cyp7ai-MCD
& 20- yP
[++]
: ’ y :
E 104 i ¥
> * # . #
E * # # *
o *
@

Tnfa s Cxcl10 Tgfﬁ Timp1 Coll 121 Coll 122 Coll 3¢1 Coll 421
10~
*ok CJ wTceD
84 Cyp7a1* CD

@8 wTtwmcD
@ cyp7a1"MCD

Relative mRNA expression O

Cyp7al Cyp8b1 Cyp27al Cyp7b1 Srebp2 Hmgcr Ldir Abcg5

Abcg8

Fig. 6. MCD diet increased hepatic lipids and decreased mRNA expression of alternative bile acid synthesis pathway genes in Cyp7al ~/~ mice.
WT and Cyp7al ~/~ mice were fed with chow diet or MCD diet for 8 weeks. A: MCD diet increased cholesterol, triglyceride, and free fatty acid
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bile acid synthesis via the alternative bile acid synthesis
pathway to partially compensate for reduced bile acid syn-
thesis via the classic pathway (27). MCD diet strongly re-
duced Cyp8bl, Cyp7bl, and Cyp27al mRNA levels in
Cyp7a1_/_ mice (Fig. 6D), consistent with changing bile
acid composition to that of WT mice (supplemental Fig.
S7). There was no significant difference in mRNA levels of
cholesterol metabolism genes Srebp2, Hmgcr, and Ldlr. In-
terestingly, mRNA levels of cholesterol transporters Abcg5
and Abcg8 in the liver were significantly decreased in WT
mice, and even more in MCD dietfed Cyp7a17/7 mice,
consistent with reduced cholesterol secretion and accumu-
lation of hepatic cholesterol in MCD diet-fed Cyp7al '~
mice. Hepatic Abcg5 and AbcgS§ genes are induced by both
LXR (385) and FXR (36). Reduced Abcg5/g8 expression
may be due to reduced bile acid/FXR signaling in MCD
diet-fed mice. It is not known whether oxysterol-activated
LXR is activated. It is also possible that increased hepatic
cytokines may decrease Abcgb/g8 expression (37).

MCD diet increased free cholesterol, oxidative stress, and
apoptosis, and aggravated hepatic fibrosis in Cyp 7al”’~ mice

It has been reported that free cholesterol increases oxi-
dative stress and aggravates liver fibrosis (24). We thus de-
termined free cholesterol content in the liver of Cy[)7a17/7
mice. Figure 7A shows that hepatic free cholesterol levels
increased in MCD dietfed Cyp7al”’~ mice compared with
WT mice. In addition, filipin staining of free cholesterol in
liver tissue further confirmed increased free cholesterol in
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MCD diet-fed Cyp7a1_/ " mice compared with WT mice
(Fig. 7B). TBARS assay of malondialdehyde, a product of
oxidative stress, was significantly increased in MCD diet-fed
Cyp7a1_/_ mice compared with WT mice. SOD, the key en-
zyme for reducing reactive oxygen species, was much lower
in MCD diet-fed Cyp7al”’~ mice than WT mice (Fig. 7C).
Further, TUNEL assay for apoptosis revealed that the
numbers of cell death were markedly increased in MCD
diet-fed Cy[)7a17/7 mice compared with WT mice (Fig. 7D).
Immunoblot analysis showed a significant decrease of
anti-apoptotic B cell lymphoma-2 (Bcl-2) and an increase
of apoptotic Bcl-2-associated X (Bax) protein and cleaved-
caspase 3 (CC3) protein in liver lysates of MCD diet-fed
Cyp7al”’~ mice compared with WT mice (Fig. 7E). These
data suggest that lack of Cyp7al increases hepatic free
cholesterol, which induces oxidative stress and apoptosis
in hepatocytes and aggravates hepatic fibrosis in MCD
diet-fed Cyp7al™’~ mice.

Ad-Cyp7al reversed MCD diet-induced hepatic steatosis
and fibrosis in Cyp 7al”’" mice

In previous studies, we found that transgenic expression
of CYP7AL in the liver prevents high-fat dietinduced obe-
sity and insulin resistance in mice and ameliorates LPS-
induced hepatic inflammation (26). We further investigated
to determine whether overexpression of CYP7A1 could
reverse hepatic steatosis and fibrosis in MCD diet-fed
Cy])7al_/_ mice. Cyp7a]_/_ mice were fed with MCD diet
for 3 weeks. On week 2, mice were injected with 1 x 10° pfu

Fig. 7. MCD diet increased free cholesterol, oxida-
tive stress, and apopt(ms and aggravated he})dtlc fi-
brosis in Cyp7a1 mice. WT and CGyp7al '~ mice
were fed with chow diet or MCD diet for 3 weeks. A:
MCD diet increased free cholesterol in CypZal /'~
mouse livers. Free cholesterol contents in the liver
were detected using a cholesterol assay kit. B: MCD
dietincreased free cholesterol in Cyp7al” ’~ mouse liv-
ers. Fresh liver tissues were kept in 10% formalin solu-
tion and 5 uM sections were stained with filipin and
determined by fluorescence microscope. Fluores-
cence density was analyzed by Image | software. C
MCD diet increased oxidative stress in C)p/al
mouse livers. Liver tissues were homogenized and oxi-
dative stress was assayed using a TBARS assay kit. SOD
activity was determined by a SOD Kkit. D MCD diet in-
creased hepatic apoptosis in ()]77(1] ~ mouse livers.
Representative TUNEL apoptosm staining of liver sec-
tions from WT and C)p7a1 ~ mice are shown. The
number of TUNEL-positive cells in five microscopic
fields was counted and statistically analyzed E: MCD
diet increased apoptosis proteins in ('5])7@] mouse
livers. Liver tissues were homogenized and cell death-
# related proteins were determined by Western blot.
B-Actin was used as control. Results shown are mean +
SE. #¥*P< 0.05, versus WT mice fed with chow diet. <
0.05, versus WT mice fed with MCD diet. ANOVA was
used for statistical analysis (n = 7-9 male mice per

group).
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Fig. 8. Ad-Cyp7al reduced MCD diet-induced hepatic steatosis and fibrosis in Cyp7al /" mice. Cyp7al ’~ mice were fed with MCD diet for
3 weeks. On week 2, mice were injected in the tail vein with 1 x 10° pfu per mouse of either Ad-null or Ad-Cyp7al. One week later, mice were
euthanized and liver tissues were collected for analysis. A: Ad-Cyp7al reduced MCD dietinduced inflammatory cytokines and collagen gene
mRNA expression in Cyp7al “/~ mouse livers. Total RNAs from liver tissues were isolated and mRNA levels were determined by qPCR. B: Ad-
Cyp7al reduced a-SMA in Cyp7al '~ mice. C: Ad-Cyp7al reduced collagen and fibrosis in Cyp7al '~ mouse livers. Representative H&E,
Sirius red, and Masson’s trichrome stains are shown. D: Ad-Cyp7al reduced free cholesterol contents, TBARS levels, and apoptosis in
Cy;b7a17/ ~ mouse livers. All assays were performed as described in the Fig. 7 legend. Results a shown are mean + SE. *P< 0.05 versus Ad-null
Cyp7a17/7 mice fed with MCD diet. Student’s #test was used for statistical analysis (n = 57 male mice per group).

per mouse of either Ad-null (control) or Ad-Cyp7al and
were euthanized 1 week later. Figure 8A shows that Ad-
Cyp7al reduced MCD dietinduced hepatic fibrosis and
inflammatory genes b)/ 50% in Cyp7al ' mice compared
with Ad-null Cyp7al " mice. Ad-Cyp7al also reduced he-
patic a-SMA of Cyp7a17/ " mice by ~50% compared with
Ad-null Cyp7a1_/ ~ mice (Fig. 8B). H&E staining showed
that Ad-Cyp7al reduced MCD dietinduced hepatic steatosis

1842 Journal of Lipid Research Volume 57, 2016

in Cyp7al”’~ mice compared with Ad-null Gyp7al™’~ mice.
Sirius red and Masson’s trichrome staining showed that Ad-
Cyp7al reduced MCD dietinduced collagen level com-
pared with Ad-null Cyp7al”’~ mice (Fig. 8C). Furthermore,
Ad-Cyp7al reduced MCD diet-induced hepatic free choles-
terol content, TBARS level, and apoptosis (Fig. 8D). In ad-
dition, it was found that Ad-Cyp7al reduced total hepatic
cholesterol and triglyceride contents, but not free fatty acid



levels in Cyp7a1_/ " mice (supplemental Fig. S8). These
data suggested that overexpression of Cyp7al prevented
MCD-diet-induced NASH in Cyp7al /" mice.

DISCUSSION

In this study, we used gain-offunction and loss-of-func-
tion mouse models to investigate the roles of CYP7A1, FXR,
and TGR5 in hepatic steatosis, inflammation, and fibrosis.
Results from this study suggest that overexpression of
CYP7A1 ameliorated LPS-induced inflammatory cell infil-
tration and pro-inflammatory cytokine production, and
that FXR, but not TGRb5, mediates the anti-inflammatory
function of bile acids in hepatocytes. Conversely, genetic
ablation of the Cyp7al gene exacerbated MCD dietinduced
hepatic steatosis and fibrosis in mice that was likely caused
by accumulation of free cholesterol, which increases oxi-
dative stress and aggravates hepatic fibrosis and apoptosis.
It has been reported recently that a high-cholesterol diet
exacerbates liver fibrosis in mice and free cholesterol is ac-
cumulated in hepatic stellate cells (23, 24) and Kupffer
cells (25), and accelerates liver fibrosis and NASH progres-
sion. Increasing free cholesterol accelerated oxidative
stress via upregulation of the enzymes involved in the gen-
eration of reactive oxygen species and the downregulation
of antioxidant enzymes (38). The mitochondrial overload-
ing of free cholesterol, but not triglycerides and free fatty
acids, decreases mitochondrial glutathione and sensitizes it
to the TNF-a-mediated apoptosis of hepatocytes (39). The
accumulation of lipids in the cytoplasm of hepatocytes is
considered the first step in the development of liver fibro-
sis. Interestingly, we also found that triglyceride and free
fatty acid levels were higher in Cyp7al”’~ mice than WT
mice fed with MCD diet. On the other hand, overexpres-
sion of CYP7AL1 stimulates bile acid synthesis to reduce he-
patic free cholesterol and hepatic inflammation.

Our current study suggests a mechanism in which ligand-
activated FXR directly interacts with p65 and blocks p65
from binding to the NF-kB binding sites on the cytokine
promoters or competes for coactivator SRC-1 and results in
inhibiting cytokine production in hepatocytes. A previous
study reports that sumoylation of FXR stimulates FXR in-
teraction with p65 to recruit corepressors to inhibit NF-«kB-
activated pro-inflammatory cytokine production (40).
Another study reports that TGR5 antagonizes NF-xB activ-
ity to regulate inflammatory response in hepatocytes (15),
but TGR5 induced II-13 and Tnf-a expression in Kupffer
cells (16). Our findings that LPS stimulates inflammatory
cytokine production in Tgr5/~ mice and that overexpres-
sion of CYP7A1 in WT or Tgr5 /™ mice reduces LPS-induced
pro-inflammatory cytokine production. These findings
suggest that TGR5 signaling may not play a major role in
anti-inflammation in the liver.

Bile acid synthesis plays a critical role in maintaining he-
patic cholesterol homeostasis, which is maintained by the
balance of uptake of dietary cholesterol and de novo cho-
lesterol synthesis, and catabolism of cholesterol to bile ac-
ids, biliary cholesterol secretion, and steroid hormone

synthesis. It should be noted that bile acid synthesis ac-
counts for catabolism of about 50% cholesterol and dis-
posal of 45% cholesterol as acidic steroids (41). Thus bile
acid synthesis plays a major role in maintaining whole-body
cholesterol homeostasis. Stimulating CYP7A1 activity and
bile acid synthesis is known to activate liver FXR signaling
and intestine TGRb signaling to reduce hepatic inflamma-
tion, increase insulin sensitivity, improve glycemic control,
and improve obesity (7, 11, 42); however, the underlying
mechanism is not completely understood (42, 43). In
Cyp7al transgenic mice, bile acid pool size is doubled but
TCA content is markedly reduced and these mice are resis-
tant to Western diet-induced obesity and diabetes (26). CA
is most efficacious among all bile acids in absorption of di-
etary cholesterol and fats, and has been linked to obesity
and diabetes in human patients (44). We reported recently
that Cyp7al”’~ mice, with a smaller bile acid pool and
lower TCA, have improved glucose and insulin toler-
ance (27). Interestingly, dietary supplementation of CA to
Cyp7al ~/ mice reverses glucose and insulin tolerance phe-
notypes. This current study also suggests that increased CA
content in the bile acid pool of MCD diet-treated Cyp7al '~
mice may increase dietary fat and cholesterol absorption
and contribute to increased hepatic cholesterol and oxida-
tive stress and hepatic fibrosis. Importantly, this study shows
that overexpression of Cyp7al in MCD dietfed Cyp7al K
mice could reduce hepatic free cholesterol and reverse he-
patic steatosis, inflammation, and fibrosis. These data fur-
ther prove our hypothesis that Cyp7al plays a critical role
in protection of the liver from inflammation and fibrosis by
maintaining cholesterol homeostasis.

In summary, our current study suggests that increased
Cyp7al expression and bile acid synthesis ameliorates he-
patic inflammation through activation of FXR, whereas
reduced bile acid synthesis in Cyp7al /" mice aggravates
MCD dietinduced hepatic inflammation and fibrosis. Main-
taining bile acid and cholesterol homeostasis is important
for protecting the liver from injury and nonalcoholic fatty
liver disease Bl
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