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Abstract The farnesoid X receptor (FXR) plays critical
roles in plasma cholesterol metabolism, in particular HDL-
cholesterol (HDL-C) homeostasis. Obeticholic acid (OCA) is
a FXR agonist being developed for treating various chronic
liver diseases. Previous studies reported inconsistent effects
of OCA on regulating plasma cholesterol levels in different
animal models and in different patient populations. The
mechanisms underlying its divergent effects have not yet
been thoroughly investigated. The scavenger receptor class
B type I (SR-BI) is a FXR-modulated gene and the major re-
ceptor for HDL-C. We investigated the effects of OCA on
hepatic SR-BI expression and correlated such effects with
plasma HDL-C levels and hepatic cholesterol efflux in hyper-
lipidemic hamsters. We demonstrated that OCA induced a
time-dependent reduction in serum HDL-C levels after 14
days of treatment, which was accompanied by a significant
reduction of liver cholesterol content and increases in fecal
cholesterol in OCA-treated hamsters. Importantly, hepatic
SR-BI mRNA and protein levels in hamsters were increased
to 1.9- and 1.8-fold of control by OCA treatment. Further in-
vestigations in normolipidemic hamsters did not reveal OCA-
induced changes in serum HDL-C levels or hepatic SR-BI
expression.li We conclude that OCA reduces plasma HDL-C
levels and promotes transhepatic cholesterol efflux in hyper-
lipidemic hamsters via a mechanism involving upregulation of
hepatic SR-B.—Dong, B., M. Young, X. Liu, A. B. Singh, and
J. Liu. Regulation of lipid metabolism by obeticholic acid in
hyperlipidemic hamsters. J. Lipid Res. 2017. 58: 350-363.
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Bile acids (BAs) are the major metabolites of cholesterol
and are predominantly produced in the liver and secreted
into the small intestine. Secretion of biliary BAs and choles-
terol into the intestine is the major route by which choles-
terol is excreted from the body. BAs function both as
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detergents that facilitate lipid absorption and as endoge-
nous ligands that regulate metabolic pathways through ac-
tivation of the farnesoid X receptor (FXR).

FXR is expressed mainly in the liver, intestine, kidney,
and adrenal glands. FXR forms a heterodimer with RXR to
modulate expression of target genes by binding to DNA
sequences referred to as FXR response elements that are
typically composed of two inverted repeats separated by
one nucleotide (IR1) (1-3). In addition to inducing gene
expression directly, FXR mediates the repression of a num-
ber of genes involved in BA synthesis indirectly through
the upregulation of small heterodimer partner (SHP) and
V-Maf avian musculoaponeurotic fibrosarcoma oncogene
homolog G (MAFG) that are FXR-induced transcrip-
tional repressors (4). Activation of hepatic FXR modulates
the expression of numerous hepatic genes involved in lipid
homeostasis, including CYP7A1, CYP8B1, BSEP, and scav-
enger receptor class B type I (SR-BI).

SR-BI is a physiologically relevant HDL receptor and
plays distinct roles in plasma HDL metabolism and transhe-
patic cholesterol efflux in preclinical animal models and in
humans (5-9). SR-BI mediates selective uptake of choles-
terol ester from HDL particles into cells. Consistent with
this role, SR-BI expression is highest in the liver and ste-
roidogenic tissues. Increased hepatic SR-BI expression by
adenoviral-mediated overexpression in mice was associated
with a reduction in plasma HDL-cholesterol (HDL-C) (10,
11). Conversely, targeted gene ablation of SR-BI in mice
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resulted in elevation of plasma HDL-C and reduced he-
patic cholesterol excretion into feces (6, 12). Furthermore,
additional studies in mice have established an inverse rela-
tionship between SR-BI expression and atherosclerosis, pri-
marily via the mechanism of promoting reverse cholesterol
transport (12, 13). The impacts of SR-BI on human HDL
metabolism were demonstrated by the identification of a
loss-of-function SR-BI variant that is associated with an ex-
tremely high plasma HDL-C level (9) and identification of
human SR-BI variants (14, 15).

Obeticholic acid (OCA) is a first-in-class FXR agonist be-
ing developed for primary biliary cholangitis, nonalcoholic
steatohepatitis (NASH), and nonalcoholic fatty liver dis-
ease (NAFLD) (16). In adult patients with NASH, OCA
treatment significantly improved the biochemical and his-
tological features of NASH and also affected plasma lipo-
protein profiles in those patients with elevated total
cholesterol (TC), LDIL-cholesterol (LLDL-C), and reduced
HDL-C levels (17). The treatmentrelated elevations of se-
rum TC and LDL-C were also observed in another study of
NAFLD patients treated with OCA (18) and in healthy sub-
jects (19). Interestingly, in a study of primary biliary chol-
angitis patients, OCA was shown to lower serum TC and
HDL-C effectively without any impact on serum LDL-C
(20). Currently, how OCA treatment differentially modu-
lates plasma cholesterol metabolism in patients with vari-
ous liver diseases is largely unknown.

In preclinical animal models, OCA treatment produced
variable effects on plasma lipoprotein profiles. In Zucker
(fa/fa) obese rats fed a normal chow diet (NCD), OCA
effectively lowered plasma HDL-C and TG levels, which
were accompanied by reduced expression of hepatic lipo-
genic genes (21). In LDL receptor (LDLR) /™ mice, OCA
treatment did not alter plasma TC levels or plasma lipo-
protein profile (22). In another study conducted in wild-
type C57BL/6] mice fed a high-fat diet (HFD), OCA
showed no effect on plasma TC level or LDL-C levels, but
caused a small increase in HDL-C (23). In contrast to the
lack of effect in reduction of plasma HDL-C in mice, ad-
ministration of OCA to golden Syrian hamsters fed a
HFD led to a reduction of HDL-C and a small increase in
VLDL-cholesterol (VLDL-C), while total plasma choles-
terol levels were unchanged (22, 24). Interestingly,
despite the inconsistent changes on plasma HDL-C me-
tabolism in these animal models after OCA treatment,
OCA-modulated expression of typical FXR-regulated
genes involved in the BA synthetic pathway, including
CYP7A1 and SHP, were consistently demonstrated in all
those studies. Because SR-BI plays a key role in HDL-C
uptake and the induction of hepatic SR-BI expression by
OCA has not been thoroughly examined, in this current
study, we investigated the effects of OCA on hepatic SR-BI
expression and correlated such effects with plasma HDL-
C levels and hepatic cholesterol efflux in dyslipidemic
and normolipidemic hamsters. Our results demonstrate
that OCA treatment effectively increased hepatic SR-BI
mRNA and protein levels, which were associated with re-
duced plasma HDL-C levels and increased transhepatic
cholesterol excretion into feces in hamsters fed a high-fat

and high-cholesterol diet (HFHCD), but not in hamsters
fed a NCD.

MATERIALS AND METHODS

Animals, diet, and drug treatment

All animal experiments were performed according to proce-
dures approved by the Veterans Affairs Palo Alto Health Care
System Institutional Animal Care and Use Committee. Six-week-
old male golden Syrian hamsters were purchased from Harlan
Sprague Dawley. Hamsters were housed (two animals per cage)
under controlled temperature (22°C) and lighting (12 h light/
dark cycle). Animals had free access to autoclaved water and
food. After an acclimatization period of 7 days, hamsters were fed
a HFHCD containing 40% calories from fat and 0.5% cholesterol
(#D12107C; Research Diets, Inc., New Brunswick, NJ) for 2
weeks. OCA was suspended in 0.5% carboxyl-methyl cellulose
(vehicle) at a concentration of 3 mg/ml and sonicated at 4°C in
a Bioruptor 300 instrument (Diagenode, Inc.) for four to six cy-
cles of 30 s ON/30 s OFF at a “medium” setting with intermittent
vortexing. Continuous on the HFHCD, hamsters were then di-
vided into two groups (n = 8 per group) and were given a daily
dose of OCA at 10 mg/kg by oral gavage. The control group re-
ceived vehicle. The drug treatment lasted 14 days. Serum samples
were collected after 16 h fasting before and during the drug
treatment.

In another in vivo study, male hamsters fed a NCD were treated
with OCA (10 mg/kg, n = 6) or vehicle (n = 6) for 14 days and
fasting serum samples were collected before and during the drug
treatment. In the third in vivo study, male hamsters fed a NCD
were gavaged with OCA at doses of 10, 20, or 30 mg/kg for 3 days
(n =5 per group). The control animals received vehicle (n = 5)
for 3 days. Overnight fasting serum samples were collected before
and after the drug treatment. In addition to fasting serum collec-
tion, fed serum samples were collected on day 13 of the drug
treatment in the first and second studies. Health parameters, in-
cluding body weight and food intake, were monitored and re-
corded throughout the experimental duration. After the last
dosing, all animals were euthanized for collection of fasting se-
rum and liver tissues. Livers were immediately removed, weighed,
cut into small pieces, and stored at —80°C for RNA and protein
isolations and lipid measurement. Fecal samples were collected
over a 24 h period before the treatment and after 12 days of treat-
ment from 14 day treatment studies.

Measurement of serum lipids

Standard enzymatic methods were used to determine TC,
HDL-C, and TG with kits purchased from Stanbio Laboratory.

Measurement of serum total bilirubin and alanine
transaminase

Serum total bilirubin concentration was measured using a bili-
rubin assay kit (Sigma-Aldrich, catalog number MAK126) follow-
ing the instructions. Serum alanine transaminase (ALT) activity
was measured using the ALT/SGPT Liqui-UV kit (Stanbio, cata-
log number 2930-430) following the instructions.

HPLC separation of serum lipoprotein cholesterol and
TGs

For the hyperlipidemic hamster study, after 14 days of treat-
ment, individual fasting serum samples from the OCA-treated
group and vehicle control group were analyzed for cholesterol
and TG levels of each of the major lipoprotein classes including
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chylomicron (CM; >80 nm), VLDL (30-80 nm), LDL (16-30 nm),
and HDL (8-16 nm) with a dual detection HPLC system consisting
of two tandem connected TSK gel Lipopropak XL columns (300
x 7.8 mm; Tosoh, Japan) at Skylight Biotech, Inc. (Tokyo, Japan),
as we previously described (25). In addition, 50 pl of serum sam-
ple from two animals of the same treatment group of day 0, day 7,
and day 13 were pooled together and analyzed for cholesterol and
TG levels in different lipoprotein fractions after HPLC separation
at Skylight Biotech, Inc.

Detection of hamster PCSK9 in serum

Levels of hamster serum proprotein convertase subtilisin/
kexin type 9 (PCSK9) were measured using the Mouse PCSK9
Quantikine ELISA kit (R&D Systems) (26). Briefly, serum samples
were diluted 1:10 in Calibrator diluent and allowed to bind for
2 h onto microplate wells that were precoated with the capture
antibody. Samples were then sequentially incubated with PCSK9
conjugate followed by the PCSK9 substrate solution with extensive
intermittent washes between each step. The amount of PCSK9 in
serum was estimated colorimetrically using a standard microplate
reader (MDS Analytical Technologies).

Measurement of hepatic and fecal lipids

Fifty milligrams of frozen liver tissue or 20 mg of dried feces
were homogenized in 1 ml chloroform/methanol (2:1). After ho-
mogenization, lipids were further extracted by rocking samples
overnight at room temperature, followed by centrifugation at
2,400 g for 10 min. Supernatant was transferred to a new tube
and mixed with 0.2 ml 0.9% saline. The mixture was then centri-
fuged at 400 g for 5 min and the lower phase containing the
lipids was transferred into a new tube. The lipid phase was dried
overnight and dissolved in 0.25 ml isopropanol containing 10%
Triton X-100. TC and TGs were measured using kits from Stanbio
Laboratory.

Measurement of fecal total BAs

Twenty milligrams of dried feces were homogenized and ex-
tracted in 1 ml of 75% ethanol at 50°C for 2 h (27). The extract
was centrifuged and the supernatant was used to measure total
BAs using a kit from Diazyme, Poway, CA.

RNA isolation and real-time quantitative RT-PCR

Total RNA was extracted from liver tissue using the Quick RNA
Mini Prep kit (Zymo Research) and was reverse-transcribed into
cDNA. Real-time quantitative (q)RT-PCR was performed with
50 ng of cDNA template and specific primers using a SYBR Green
PCR kit (Power SYBR® Green PCR Master Mix) and an ABI Prism
7700 system (Applied Biosystems® Life Technologies) according
to the manufacturer’s protocols. qRT-PCR primers for each gene
are listed in Table 1. Target mRNA expression in each sample was
normalized to the housekeeping gene, actin. The 9744 hethod
was used to calculate relative mRNA expression levels.

Western blot analysis

Approximately 50 mg of frozen liver tissue was homogenized in
0.3 ml RIPA buffer containing 1 mM PMSF and protease inhibitor
cocktail (Roche). After protein quantitation using BCA protein
assay reagent (Pierce), 50 ng of homogenate proteins from indi-
vidual liver samples were resolved by SDS-PAGE and transferred
to nitrocellulose membranes. Anti-SR-BI antibody was purchased
from Abcam (Cambridge, MA). Anti-LDLR antibody was obtained
from BioVision (Mountain View, CA). Anti-HNF4a, anti-FASN,
and anti-stearoyl-CoA desaturase (SCD)1 antibodies were pur-
chased from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-
hamster PCSK9 antibody that recognizes the C-terminal end of
hamster PCSK9 (CRNRPSAKASWVHQ) was developed in our
laboratory and previously reported (28). Rabbit anti-sterol regula-
tory element-binding protein (SREBP)2 antibodies were gener-
ously provided by Dr. Sahng Wook Park (Yonsei University
College of Medicine, Seoul, Korea) and were used as previously
described (29). Anti-B-actin antibody was purchased from Sigma-
Aldrich. All primary antibodies were used at 1:1,000 dilution and
the secondary antibody dilution was 1:10,000. Immunoreactive
bands of predicted molecular mass were visualized using Super-
Signal West Substrate (Thermo Scientific) and quantified with
the Alpha View Software with normalization by signals of B-actin.

Statistical analysis

Values are presented as mean + SEM. Significant differences
between control and treatment groups were assessed by one-
way ANOVA with Dunnett’s Multiple Comparison posttest or

TABLE 1. Primers used in qRT-PCR

Forward Reverse
ABCA1 AACAGTTTGTGGCCCTTTTG AGTTCCAGGCTGGGGTACTT
ABCB4 TCCTATGCACTGGCCTTCTG GCCCCGATGAGGATTGAGAA
ABCGbH ACTGGACTGCATGACTGCAA AGTCAGGATGGCAATTTTGTCG
APOA1 TGGCTGTGCTCTTCCTGACC CTCTGCCGCTGTCTTTCACC
BSEP AGGGCTCTCAACTCTCTCG ATACAGGTCCGACCCTCTCTG
COLIA1 GCTCCTCTTAGGGGCCACT CCACGTCTCACCATTGGGG
CYP7A1 TTCCTGCAACCTTCTGGAGC GCCTCCTTGATGATGCTATCTAGT
CYP8B1 GATGGCACCCGGAAAGTGGA TAGTGGTGGATCTTCTTGGC
EL ACGCTGGCAACTTTGTGAAA AGGTATGCAGGACATCCACA
FASN AGTCCTTGTCCAGGTTCGTG CCACCTAAGCCACCAGTGAT
HMGCR GACGGTGACACTTACCATCTGT GATGCACCGTGTTATGGTGA
HMGCS1 TTTGATGCAGCTGTTTGAGG CCACCTGTAGGTCTGGCATT
HNFla GAGGTGGCTCAGCAATTCAC CACTCCTCCACCAAGGTCTC
HNF4«a CGAGTGGGCCAAGTACATCC CCGAGGGACGATGTAGTCATT
INSIG2A TTCTCAGTTAGCTTGCGCCT GTACCACATCTTGGCTGAACG
LDLR TTGGGTTGATTCCAAACTCC GATTGGCACTGAAAATGGCT
PCSK9 TGCTCCAGAGGTCATCACAG GTCCCACTCTGTGACATGAAG
PPARa CCTGTCTGTTGGGATGTCAC AGGTAGGCCTCGTGGATTCT
SHP AGGGAGGCCTTGGATGTC AGAAGGACGGCAGGTTCC
SR-BI GCGTGGACCCTATGTCTACAG GTCAGGCTGGAAATGGAGGC
SREBP1c GCACTTTTTGACACGTTTCTTC CTGTACAGGCTCTCCTGTGG
SREBP2 GAGAGCTGTGAATTTTCCAGTG CTACAGATGATATCCGGACCAA
TNFla ACTGAACTTCGGGGTGATCG CTTGGTGGTTTGCTACGACG
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Student’s two-tailed ttest. Statistical significance is displayed as P
< 0.05 (one asterisk), P< 0.01 (two asterisks), or P< 0.001 (three
asterisks).

RESULTS

Time-dependent reduction of serum HDL-C levels by
OCA treatment

To determine the effects of OCA on plasma cholesterol
metabolism, male hamsters fed a HFHCD for 2 weeks were
orally treated with OCA (10 mg/kg/day) or vehicle as con-
trol for 14 days. Measurements of fasting serum TC and TG
levels showed that OCA administration reduced TC levels
to 80% of vehicle control (P < 0.01) after 7 days of treat-
ment and TC levels further declined to 60% of control af-
ter 14 days in OCA-treated hamsters (P < 0.01) (Fig. 1A),
while OCA did not significantly affect serum TG levels (Fig.
1B). We also examined the effects of OCA on serum lipids
under fed conditions. Although there was a trend toward a
reduction in nonfasting serum TG levels with OCA (vehi-
cle, 350 £ 28 mg/dl; OCA, 272 + 31 mg/dl), it did not reach
statistical significance, whereas nonfasting TC levels were
markedly decreased in OCA-treated hamsters (vehicle, 475
+ 36 mg/dl; OCA, 261 + 7.2 mg/dl; P< 0.001), consistent
with the effects of OCA under the fasted state. OCA treat-
ment for 14 days slightly reduced body weight gain (8%
versus 12.4% in the control group, P< 0.05) (supplemental
Fig. S1A), which was likely caused by lower food intake in
OCA-treated animals (supplemental Fig. S1B). The liver
weights were slightly lower in OCA-treated hamsters, while
liver index was not affected (supplemental Fig. S1C, D).
Thus, the cholesterol lowering effects of OCA in these hy-
perlipidemic hamsters were time-dependent and were
prominent.

To gain a better understanding of the cholesterol-lower-
ing effect of OCA and its impact on plasma lipoprotein
cholesterol profiles, we performed HPLC separation of all
serum samples individually (day 14 group) or pooled sam-
ples that combined two serum samples together from the
same group (day 0, day 7, and day 13). Results showed that
before the drug treatment, the control and OCA groups
had identical lipoprotein fractions and cholesterol was
largely carried in the HDL fraction in hamsters fed the HF-
HCD for 2 weeks (supplemental Fig. S2A, B). After 7 days
of OCA treatment, the reduction of TC was driven nearly
by the sole reduction of HDL-C, as cholesterol levels in the
CM and VLDL fractions were unchanged and only a small
decrease in the LDL fraction was observed (Fig. 1C, D). At
the end of 14 days of treatment, cholesterol levels in the
HDL fraction were further decreased by OCA treatment to
56% of control (—80.3 mg/dl, P< 0.001) (Fig. 1E, F). In
addition, a 35% reduction in VLDL-C (—44 mg/dl) and a
54.5% reduction in LDL-C (—39 mg/dl) were also ob-
served. Furthermore, we observed a consistent reduction
in HDL-C and other lipoprotein cholesterol concentra-
tions by OCA under the fed state (Fig. 1G, H). HPLC analy-
sis of lipoprotein-TG fractions (supplemental Fig. S2C-G)
revealed only a small reduction of VLDL-TG after 14 days

of OCA treatment, which was consistent with the overall
insignificant effects of OCA on serum TG levels in hyper-
lipidemic hamsters. In addition, we measured serum ALT
levels and total bilirubin levels, which were in normal
ranges of hamster values and were not significantly elevated
by OCA treatment (supplemental Fig. S3), indicating that
liver functions were not disturbed under the diet or treat-
ment conditions. Altogether, these data demonstrate that
FXR activation by OCA led to a strong cholesterol-lowering
effect driven largely by reducing serum HDL-C levels in
this hyperlipidemic animal model under both fasted and
nonfasted conditions.

OCA treatment reduces hepatic cholesterol and increases
fecal cholesterol contents

Next we investigated whether the plasma HDL-C-lower-
ing effect of OCA was associated with changes in hepatic
and fecal cholesterol contents. Measurement of hepatic
lipids showed that OCA treatment of 14 days significantly
reduced hepatic cholesterol contents by approximately
24% compared with vehicle control (P < 0.01) (Fig. 2A).
OCA also reduced hepatic TG contents (Fig. 2B), which
was consistent with the reported effects of other FXR ago-
nists on lowering hepatic TG (23, 30, 31). The cholesterol
contents of fecal samples collected on day 0 and day 13 of
the control group were nearly identical, but cholesterol lev-
els were significantly increased in fecal samples after 13
days of OCA treatment (Fig. 2C). We also detected a sub-
stantial reduction in fecal BA levels after OCA treatment
(Fig. 2D). Collectively, these data demonstrated that the
removal of HDL-C from the circulation by OCA was accom-
panied by an increase in transhepatic cholesterol move-
ment into feces.

OCA upregulates hepatic SR-BI mRNA and protein levels

To gain a mechanistic insight into the OCA-mediated
increases of fecal cholesterol levels and reductions of BA
synthesis, we investigated the influence of FXR activation
by OCA on the expression of hepatic genes that are in-
volved in BA synthesis and transhepatic cholesterol efflux
(Fig. 3A). Hepatic gene expression analysis by qRT-PCR
showed that the mRNA expression of classical FXR-con-
trolled genes in the BA synthetic pathway (CPY7A1, SHP,
BSEP) was strongly modulated by OCA. The substantial re-
duction of CYP7A1 resulted in decreased fecal BA content
via inhibition of BA synthesis in liver tissue. Interestingly,
among the four genes involved in transhepatic cholesterol
efflux, with the exception of ABCG5, mRNA levels of
ABCB4, endothelial lipase (EL), and SR-BI were all ele-
vated in OCA-treated hamsters. In addition, we measured
mRNA levels of ABCAl, ApoAl, PPARa, and HNF4a.
ABCAL is involved in hepatic efflux of cholesterol and
phospholipid to lipid-poor HDL particles (32), and we de-
tected a small reduction (<20%) in ABCA1 mRNA levels
by OCA treatment, whereas ApoAl, HNF4a, and PPAR«a
mRNA levels were unchanged. Interestingly, a previous
study has demonstrated a FXR-dependent upregulation of
mouse Insig2a gene transcription (33). Using qPCR and
specific hamster primers, we detected a nearly 40% increase
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OCA reduces serum TC and HDL-C in hamsters fed a HFHCD. Male hamsters fed a HFHCD for 2 weeks were treated by daily ga-
vage with vehicle (n = 8) or 10 mg/kg OCA (n = 8) for 14 days. Fasted serum samples were collected before the treatment (day 0) and at day
7 and day 14, fed serum samples were collected on day 13. Fasted serum TC (A); fasted serum TG (B); cholesterol distribution in HPLC-
separated lipoprotein factions from hamsters on a HFHCD treated with vehicle or OCA (C-H). C, D: Treatment day 7 fasted serum samples.
E, F: Treatment day 14 fasted serum samples. G, H: Treatment day 13 fed serum samples. All values are expressed as mean + SEM. Signifi-

cance is indicated as *P < 0.05, ** P< 0.01, and *** P< 0.001 as compared with vehicle control group.
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Fig. 2. OCA treatment reduces hepatic cholesterol and increases
fecal cholesterol contents along with reductions of hepatic TG and
fecal BA. Male hamsters fed a HFHCD were orally administered ve-
hicle (n = 8) or OCA at 10 mg/kg (n = 8) for 14 days. Feces were
collected on day 0 and day 13 of treatment, dried, and weighed.
Hamsters were euthanized and serum and livers were isolated at the
termination of the experiment. A, B: Lipids were extracted from
individual liver samples and TC and TG were measured. Values are
mean + SEM of eight hamsters per group. **P < 0.01 and ***P <
0.001 as compared with the vehicle control group. C, D: Lipids were
also extracted from dried feces and TC and BA were measured. Val-
ues are mean + SEM of four fecal samples per group. *P < 0.05 and
*%P<0.01 as compared with the control group.

(P < 0.05) in the mRNA levels of Insig2a in OCA-treated
hamster livers, confirming the original findings made in
mice.

The function of SR-BI in reverse cholesterol transport is
well-characterized and the increased expression of SR-BI
protein in liver is linked to enhanced HDL-C uptake from
plasma in mice (34). Western blotting of liver homoge-
nates of all liver samples demonstrated a 1.8-fold increase
(P<0.001) in SR-BI protein levels in OCA-treated animals
compared with control (Fig. 3B, C). Increased expression
of HNF4a by FXR agonist, GW4064, was reported as a
causal factor for FXR-mediated elevation of SR-BI expres-
sion in mice (35). However, in our study, HNF4a protein
levels were unchanged in these samples, which were in line
with the negative results of QqRT-PCR. It was shown that ac-
tivation of Janus N-terminal kinase (p-JNK) by GW4064 was
responsible for increased HNF4a expression and subse-
quent SR-BI upregulation by this FXR ligand in mice (35).
Thus, we examined p-JNK and total JNK protein levels in
hamster livers and we did not detect differences between
OCA-treated and control groups (supplemental Fig. S4).
Thus, our data suggest that upregulation of SR-BI by OCA
does not involve changes in hepatic HNF4a abundance.
Altogether, these results of mRNA and protein analysis

demonstrated that OCA upregulates hepatic SR-BI expres-
sion, which may account for the reduction of plasma HDL-
Cand the increase in fecal cholesterol in these dyslipidemic
hamsters treated with OCA.

Effects of OCA treatment on the SREBP pathway

The plasma cholesterol metabolism is also critically in-
fluenced by the expression level of hepatic LDLR and its
negative regulator, PCSK9, both of which are transcription-
ally activated by the mature form of sterol regulatory
element-binding protein 2 (m-SREBP2) via the sterol reg-
ulatory element (SRE)-1 sites in their gene regulatory
region (36, 37). Using total liver homogenates, we analyzed
hepatic LDLR, PCSK9, and SREBP2 precursor and mature
protein levels by Western blotting (Fig. 4A, B) and serum
PCSKY levels by ELISA (Fig. 4C). OCA treatment produced
small but significant increases in LDLR protein level to
24% over control and precursor (p-)SREBP2 and m-
SREBP?2 protein levels to approximately 40% over control,
whereas serum and hepatic PCSK9 protein levels were not
changed by OCA treatment. In addition, we examined the
protein levels of FASN and SCD1 and no differences in
their expression between the two groups were observed.
The results of Western blotting were further corroborated
by qRT-PCR analysis of hepatic gene expression (Fig. 4D).
OCA treatment increased mRNA levels of LDLR by 72%
compared with control. The mRNA level of HMG-CoA-re-
ductase (HMGCR), another SREBP2-modulated gene was
also elevated in OCA-treated liver tissues. Combined with
the observation that hepatic cholesterol levels were re-
duced in liver tissues of OCA-treated hamsters, these data
together suggest that a modest increase in hepatic LDLR
abundance as the result of activated SREBP pathway may
contribute to the reduction of serum LDL-C levels at the
latter time point of OCA treatment. In addition, measure-
ment of mRNA levels of TNFla and collagen type I
(Collal) (Fig. 4E) demonstrated significant mRNA reduc-
tions of these inflammatory and fibrosis-related marker
genes, which were in line with the anti-inflammatory effects
of this FXR agonist (16).

OCA treatment did not affect serum cholesterol and
hepatic SR-BI expression levels in normolipidemic
hamsters

We were interested in learning whether the effects of
OCA on plasma cholesterol metabolism and SR-BI expres-
sion are affected by hepatic cholesterol levels. We treated
hamsters fed a NCD with OCA at 10 mg/kg for 2 weeks. No
obvious differences in food intake, body weight or liver
weight were observed between OCA and the control groups
(supplemental Fig. SbA-D). Measurement of serum lipids
showed that administration of OCA to normolipidemic
hamsters had no effects on serum TC and HDL-C levels
(Fig. 5A, B) while serum TG levels were modestly increased
owing to an increase in the VLDL-TG fraction (supplemen-
tal Fig. S5E, F). Hepatic TG content was significantly re-
duced, while hepatic cholesterol content was increased
in OCA-treated animals by 38% compared with the con-
trol group (Fig. 5C, D). Measurement of fecal cholesterol
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and BAs demonstrated a reduction in fecal BAs, but no
changes in fecal cholesterol contents after OCA treat-
ment (Fig. 5E, F).

Hepatic gene expression analysis by qRT-PCR demon-
strated that among FXR-modulated genes, CYP7A1, SHP,
BSEP, INSIG2A, and ABCB4 were modulated by OCA to
levels comparable to its effects seen in hamsters fed the HF-
HCD. However, the induction on EL and SR-BI gene ex-
pression by OCA were not observed in the normolipidemic
hamsters (Fig. 6A). Furthermore, hepatic SR-BI protein
levels were not increased by OCA treatment (Fig. 6B, C),
which corroborated the results of qRT-PCR. Despite a small
increase in hepatic cholesterol content, we did not detect
differences in hepatic expressions of a panel of SREBP tar-
get genes, including LDLR mRNA and PCSK9 (Fig. 6D), as
well as their proteins (Fig. 6B, C).

To further examine dose-dependent effects of OCA on
hepatic SR-BI and other FXR-modulated genes in normo-
lipidemic hamsters, another cohort of hamsters fed a NCD
were orally dosed with OCA for 3 days at 10, 20, or 30 mg/
kg, while the control animals received the vehicle. Treat-
ment of animals with OCA at these doses did not affect se-
rum levels of TC and HDL-C (supplemental Fig. S6A, B).
Health parameters, including serum bilirubin levels, food
intake, and body weights of hamsters, were not significantly
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The membrane was reprobed with anti-B-actin anti-
body. C: The protein abundance of SR-BI and
HNF4a was quantified with normalization by signals
of B-actin using the Alpha View Software. Values are
the mean + SEM of eight samples per group. * P <
0.05, ##%P< 0.001 as compared with the vehicle con-
trol group.

different among the groups (supplemental Fig. S6C-E).
Measurements of liver weight showed a tendency of dose-
dependent increase in liver weight, which was further man-
ifested in comparisons of liver index (supplemental Fig.
S6F, G). The liver index of the OCA 30 mg/kg group was
19% higher than the control group (P< 0.001), suggesting
a mild adaptive changes in the liver.

Hepatic gene expression analysis of a panel of FXR-mod-
ulated genes (Fig. 7A) demonstrated dose-dependent ef-
fects of OCA on mRNA levels of SHP, CYP7A1, CYPS8BI,
BSEP, and INSIG2A and showed that OCA at a dose of
20 mg/kg had a greater effect than 30 mg/kg. The relatively
lower effect of 30 mg/kg OCA treatment on modulating
FXR target genes including SHP, BSEP, and INSIG2A
could reflect a mild liver toxicity at this higher dose. Impor-
tantly, we did not observe a significant upregulation of EL
or SR-BI mRNA expression by OCA under these doses,
which was further confirmed by Western blot analysis of
liver SR-BI protein abundance (Fig. 7B). Overall, results of
the 3 day treatment study with OCA at doses up to 30 mg/
kg largely confirmed our results obtained from the 14 day
OCA treatment of 10 mg/kg. Collectively, these results
suggest that under normolipidemic conditions, FXR activa-
tion by OCA inhibited BA synthesis without inducing SR-
Bl-mediated transhepatic cholesterol movement.
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LXR activation alone did not induce hepatic expression of
SR-BI in hamsters

One substantial difference between NCD- and HCHFD-
fed hamsters is the hepatic cholesterol content. A higher
hepatic cholesterol amount in HFHCD-fed hamsters might
have a stimulating effect on SR-BI expression through LXR
activation, as it was reported that SR-BI expression in hu-
man macrophages was induced by LXR agonists (38). To
learn whether SR-BI expression in hamsters could be di-
rectly induced by LXR activation, we examined SR-BI
protein levels in liver tissues of NCD-fed hamsters that
were previously treated with a specific LXR agonist, GW3965
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(30 mg/kg), or vehicle for 7 days (39). As shown in supple-
mental Fig. S7, hepatic SR-BI protein levels did not differ
between the two groups. We further confirmed the lack of
inducing effect of GW3965 treatment on hepatic SR-BI
expression in hamsters fed a HFD or a dyslipidemic fruc-
tose diet (data not shown).

DISCUSSION

We set out this study to understand how OCA, a thera-
peutic FXR agonist, regulates plasma cholesterol metabolism
under dyslipidemic conditions by utilizing hyperlipidemic
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hamsters, a model that has been used with increasing fre-
quency in recent years to study lipoprotein metabolism,
atherosclerosis, and to evaluate effects of hypolipidemic
agents, including PPAR activators and LXR agonists (39—
42). The important new findings of our current study are
that activation of hepatic FXR by OCA increases SR-BI ex-
pression and accelerates the removal of circulating HDL-C
with increased cholesterol fecal excretion in hyperlipid-
emic hamsters. Previous animal studies of OCA conducted
in rats, wild-type mice, LDLR-deficient mice, and CETP-
transgenic mice produced inconsistent effects on plasma
cholesterol levels, in particular HDL-C levels. For example,
Hambruch et al. (23) reported that in C57BL/6] mice fed
a HFD, OCA treatment of 4 weeks at a dose of 30 mg/kg
caused a small increase in HDL-C without significant effect
on total plasma cholesterol; however, in the same study,
it was reported that after 12 weeks of treatment, OCA at
10 mg/kg dose reduced plasma TCsignificantly and showed
a trend in HDL-C lowering in CETPtg-LDLR(—/—) mice.
In this study, we demonstrated a specific and time-de-
pendent reduction of HDL-C levels by treating hyperlipid-
emic hamsters with 10 mg/kg OCA. The facts that reduction
of HDL-C preceded the decrease in LDL-C and VLDL-C
levels and the majority of plasma cholesterol was carried in
HDL particles suggest that enhanced HDL-C removal by
OCA is likely the primary driving force for plasma choles-
terol lowering observed in this animal model. It was previ-
ously reported that in a cohort of HFD-fed hamsters, OCA

treatment of 11 days at a daily dose of 30 mg/kg reduced
cumulative food intake by 13%, lowered HDL-C, and in-
creased VLDL-C, resulting in unchanged total plasma cho-
lesterol levels (22, 24). In our study, we observed a similar
amount of reduction in cumulative food intake (~14%),
but we observed significant HDL-C reduction without any
elevation of VLDL-C or LDL-C. It is not clear what factors
contributed to the different effects of OCA on the VLDL-C
fraction in these different hamster studies. The conflicting
results might be due to different OCA doses, different diet
compositions, or different OCA preparations.

In the previous report of HFD-fed hamsters, OCA re-
duced liver BA pool size and fecal BAs (22), which was in
line with our current study of HFHCD-fed hamsters in
which OCA treatment of 14 days reduced fecal BAs by 62%.
Importantly, in addition to reduction of fecal BAs, the cur-
rent study demonstrated a reduction of hepatic cholesterol
contents and an increase in fecal cholesterol levels in OCA-
treated hamsters. Among FXR-modulated genes that are
involved in BA metabolism, the upregulation of SR-BI,
ABCB4, ABCGb), and EL by FXR agonists, FXR-450, and
PX20606 in mice were linked to the clearance of choles-
teryl esters from HDL and their excretion into feces via the
bile (23). In the same study, it was reported that OCA did
not increase hepatic SR-BI, ABCB4, EL, or ABCG5 mRNA
levels in mice, which was correlated with a lack of effect of
OCA on cholesterol efflux in mice (23). However, we de-
tected significant inductions of SR-BI, ABCB4, and EL
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mRNA levels in hamster livers after OCA treatment. We the function of SR-BI in biliary cholesterol secretion is me-
further demonstrated a 1.8-fold increase in hepatic SR-BI diated through ABCG5/ABCG8-dependent as well as -in-
protein levels by OCA treatment. It has been suggested that dependent mechanisms (43, 44). While ABCB4 is mainly
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involved in phospholipid secretion (45) and is shown not
to be dependent on biliary sterol secretion (46), a model
emerges in hyperlipidemic hamsters in which the increased
hepatic uptake of cholesterol esters from HDL via SR-BI
and enhanced HDL metabolism by EL, coupled with in-
creased cholesterol excretion via ABCB4 lead to stimulated
transhepatic cholesterol efflux in hyperlipidemic hamsters
by OCA treatment. Further investigations using radioiso-
tope-labeled cholesterol to demonstrate a direct effect of
OCA on upregulation of HDL-C uptake in SR-BI wild-type
and deficient animals will be required to validate this work-
ing model.

The results from our chow-fed hamster studies showed
that OCA treatment of 14 days inhibited BA hepatic synthe-
sis, which was evidenced by strong effects on hepatic
CPY7A1 and SHP gene expression and reduction of fecal
BAs. However, these OCA effects occurred in the absence
of changes in serum HDL-C, fecal cholesterol, and hepatic
expression of EL and SR-BI, indicating that the transhe-
patic cholesterol efflux was not induced by OCA in these
normolipidemic hamsters, which might account for the
small increase in hepatic cholesterol content. The lack of
OCA effect on hepatic SR-BI expression under normolipid-
emic conditions was also consistently observed in chow-fed
hamsters treated with OCA at daily doses up to 30 mg/kg.

It has been shown that the regulation of SR-BI expres-
sion by FXR involves different mechanisms. One study re-
ported that FXR activation by synthetic agonist GW4064
increased transcription factor HNF4a protein levels that
led to the transcriptional activation of SR-BI gene through
HNF4a binding sequences embedded in the promoter re-
gion and intronic sequences of murine SR-BI gene (35).
Another study identified multiple functional FXR binding
sites (IRI) in the first intron of the murine SR-BI gene
(47). Furthermore, it was reported that treating HepG2
cells with GW4064 increased SR-BI mRNA levels. This ef-
fect was linked to the binding of FXR to a putative FXR
response element site (DR8) in the promoter region of the
human SR-BI gene (48). In this current study, we observed
increased SR-BI mRNA and protein expression to a similar
extent by OCA treatment in the absence of changes in he-
patic HNF4a abundance of hamsters fed a HFHCD. Thus,
our data suggest that SR-BI gene transcription is directly
induced by FXR activation in the hamster species under
hyperlipidemic conditions, but not in the normolipidemic
state. One major difference between NCD- and HCHFD-
fed hamsters is the hepatic cholesterol content. Higher he-
patic cholesterol in HFHCD-fed hamsters might have a
stimulating effect on SR-BI expression through LXR activa-
tion, as SR-BI expression in human macrophages was in-
duced by LXR agonists (38). However, our examination of
SR-BI protein abundances in the livers of normolipidemic
hamsters treated with LXR agonist GW3965 or vehicle
failed to detect any differences in SR-BI expression levels
(supplemental Fig. S7), suggesting that in the hamster species,
SR-BI is not directly regulated by LXR alone. Thus, cur-
rently, it is unclear how different levels of hepatic cholesterol
or cholesterol metabolites could impact the effect of OCA
on SR-BI gene expression in the hamster species. Because

activation of SR-BI transcription is associated with a favor-
able lipoprotein cholesterol profile, our findings warrant
further investigations to better understand the influence of
dietary cholesterol on the inducibility of SR-BI expression
by FXR agonists, including OCA at the gene transcriptional
level in different animal models and in humans.

In our hyperlipidemic hamster study, in addition to
HDL-C reduction, OCA treatment lowered serum LDIL-C
and VLDL-C fractions at the later treatment time points.
Previous in vitro studies reported that FXR activation in
hepatic cells led to LDLR mRNA stabilization (49) or inhi-
bition of PCSK9 transcription (50). Either of these effects
could result in decreases in plasma LDL-C levels owing to
increased hepatic LDLR abundance. As investigated here,
while we did not observe changes in serum and hepatic
PCSK9 protein levels, we did detect small but significant
increases in hepatic LDLR mRNA and protein levels, which
were accompanied by increased m-SREBP2 in the liver of
OCA-treated hamsters fed a HFHCD (Fig. 4). Combined
with the observation of reduced liver cholesterol content,
our results suggest that in hamsters fed a cholesterol-en-
riched diet, the hepatic SREBP pathway was repressed; al-
leviation of this repression through SR-BI facilitated
transhepatic cholesterol excretion into feces probably gen-
erated a positive yet modest impact on the intracellular
proteolytic process that converts the inactive SREBP2 to
the active form to enter the nucleus and turn on the LDLR
gene transcription along with a subset of SREBP2-target
genes. In the absence of changes in PCSK9 hepatic and se-
rum levels, the increase in hepatic LDLR expression may
contribute, at least in part, to the LDL-C reduction. Fur-
thermore, previous in vitro and in vivo studies have sug-
gested that SR-BI mediates selective uptake of cholesterol
esters from LDL particles in addition to HDL particles (8,
51). Thus, the OCA-mediated reduction of serum LDIL-C
and VLDL-C could result from its combined activities in
increasing SR-BI and LDLR abundances in liver tissue.

In summary, OCA treatment of hyperlipidemic hamsters
elicited reductions of serum HDL-C levels with concomi-
tant upregulation of hepatic SR-BI expression and in-
creased cholesterol excretion into feces. Our findings in
this hamster model suggest that induction of hepatic SR-BI
expression may account for the hypocholesterolemic effect
of OCA under hyperlipidemic states. Bl
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