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ABSTRACT: Bile acids (BAs) are surfactant molecules that regulate the intestinal absorption of lipids. Thus, the
modulation of BAs represents a potential therapy for nonalcoholic fatty liver disease (NAFLD), which is charac-
terizedbyhepatic accumulationof fat and is amajor cause of liverdiseaseworldwide.Cyp8b1 is a criticalmodulator
of the hydrophobicity index of the BApool. As a therapeutic proof of concept, we aimed to determine the impact of
Cyp8b1 inhibition in vivo on BA pool composition and as protection against NAFLD. Inhibition of Cyp8b1 ex-
pression inmice led to a remodeling of the BA pool, which altered its signaling properties and decreased intestinal
fat absorption. In amodel of cholesterol-inducedNAFLD,Cyp8b1knockdown significantly decreased steatosis and
hepatic lipid content, which has been associated with an increase in fecal lipid and BA excretion. Moreover,
inhibition ofCyp8b1 not only decreased hepatic lipid accumulation, but also resulted in the clearance of previously
accumulatedhepatic cholesterol,which led toa regression inhepatic steatosis.Taken together, ourdatademonstrate
that Cyp8b1 inhibition is a viable therapeutic target of crucial interest for metabolic diseases, such as NAFLD.—
Chevre, R., Trigueros-Motos, L., Castaño, D., Chua, T., Corlianò, M., Patankar, J. V., Sng, L., Sim, L., Juin, T. L.,
Carissimo, G., Ng, L. F. P., Yi, C. N. J., Eliathamby, C. C., Groen, A. K., Hayden, M. R., Singaraja, R. R. Therapeutic
modulation of the bile acid pool by Cyp8b1 knockdown protects against nonalcoholic fatty liver disease in mice.
FASEB J. 32, 3792–3802 (2018). www.fasebj.org
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Nonalcoholic fatty liver disease (NAFLD) is characterized
by the accumulation of lipids in hepatocytes (hepatic
steatosis) (1). Twenty to forty percent of patients with

NAFLD are affected by the clinically significant form,
nonalcoholic steatohepatitis (NASH), which is character-
ized by inflammatory changes and fibrosis in the liver (1,
2). The prevalence of NAFLD is dramatically increasing
worldwide, and NASH-related cirrhosis is expected to
become the leading cause of liver transplantation inmany
developed countries in the near future (3, 4); however, no
effective therapies exist for the treatment of NAFLD or
NASH.

Bile acids (BAs) are the primary products of cholesterol
catabolism. The hydrophilic/lipophilic balance of the BA
pool is tightly controlled by different enzymes that mod-
ulate BA synthesis in the liver, as well as by the gut
microbiome, and is the major regulator of cholesterol ho-
meostasis and intestinal absorption of fat. Immediate
products of BA synthesis pathways in humans are the
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primary BAs, cholic acid (CA) and chenodeoxycholic acid
(CDCA), and the balance between their relative amounts
determines the overall hydrophobicity of the BA pool (5,
6). The major regulator of the balance between CA and
CDCA is sterol 12a-hydroxylase (CYP8B1), which adds a
12a-hydroxyl group to 7a-hydroxy-4-cholesten-3-one,
thereby determining the relative amounts of 12a- and
non–12a-hydroxylated BAs (7). In contrast to humans,
CDCAinmice is largely converted to themorehydrophilic
muricholic acid (MCA). Conjugation of primary BAs
lowers their pKa and increases their solubility (8). In the
gut, the microbiome also plays a critical role in BA pool
remodeling by removing both conjugated moieties and
hydroxyls to form more hydrophobic secondary BAs.
Overall, these processes give rise to a complex assembly of
surfactants with different hydrophobicity indexes and
differentabilities to absorb fat (8, 9). In addition to actingas
surfactants, BAs also function as signaling molecules and
are the physiologic ligands for nuclear farnesoid X re-
ceptor (FXR) (10–12), and the G protein–coupled BA
receptor-1 (also known asTGR5) (13–15). As different BAs
activate their receptors with different affinities (16), the
complexity of the BA pool and the relative amounts of the
different BAs determine the signaling properties of the BA
pool.

In the last decades, BA sequestrants have been de-
veloped to modify the solubilization properties of the BA
pool, and have demonstrated their efficacy in metabolic
diseases and in lowering LDL cholesterol (LDL-C) (17).
Moreover, BA receptors regulate the signaling pathways
that are involved inmyriad physiologic processes that are
impaired in cardiometabolic disorders, such as lipid me-
tabolism (18), glucose homeostasis (18, 19), energy ex-
penditure (20), and hepatic inflammation (21). In this
context, BAs emerged as potential therapeutic targets for
the treatment of NAFLD (16, 22), and obeticholic acid (6-
ethyl-CDCA), a semisynthetic FXR agonist, is currently
being investigated in a phase III trial in patients with
NASH; however, use of FXR and TGR5 agonists has been
restricted as a result of either a lack of efficacy or adverse
effects (23, 24).

CYP8B1 is responsible for the overall hydrophobicity
index of the BA pool, regardless of the secondary modifi-
cations of BAs that take place within the intestinal tract. In
BA feeding experiments in mice, overall hydrophilic/
lipophilic balance of the bile salt pool, and not the indi-
vidual fed BAs, per se, is the critical determinant of cho-
lesterol absorption from the small intestine (9). Of note, in
this study, feeding of 12a-BAs increased the absorption of
cholesterol compared with that of non–12a-BAs (9). More
recently, increasedplasma levels of 12a-hydroxylatedBAs
have been associated with human insulin resistance (25),
and insulin regulates hepatic lipid metabolism viamodu-
lation of BA levels (26).Moreover, abolished CA synthesis
in differentCyp8b12/2mousemodels increased theglobal
BA pool (27), reduced atherosclerosis (28), and improved
insulin sensitivity (29). In addition, mouse and human
studies demonstrated a critical role for Cyp8b1 and 12a-
hydroxylated BAs in the regulation of lipid metabolism
and fatty liver development (30–33). Of interest, the ratio
of 12a- and non–12a-hydroxylated BAs is increased in

patients with NAFLD (33), which suggests that a decrease
in CYP8B1 may be associated with protection against
NAFLD.

Recent advances have demonstrated the potential of
RNAi targeting of the liver as a treatment strategy for
metabolic diseases, such as NAFLD (34–36). Synthetic
nanovectors are lipid- or polymer-based nanoscale parti-
cles that are used to deliver hydrophobic drugs, proteins,
and nucleic acids—pDNA,RNAor small interferingRNA
(siRNA)—in vivo (37). Gene-basedmethods have suffered
from the insufficient control of dosage, risk of genomic
integration, and antiviral immune responses. Modified
siRNAs or antisense oligonucleotides in which one or
more nucleotides are modified to increase their stealth
properties represent an alternative therapeutic platform
with great potential (35).

In this study, we aimed to establish a therapeutic proof
of concept for the treatment of NAFLD by targeting he-
patic Cyp8b1 by using nonviral delivery of modified
siRNA in vivo to modulate the BA pool and increase its
metabolically protective biologic properties. We achieved
effective, long-term knockdown (KD) of hepatic Cyp8b1,
which led to a profound remodeling of the BA pool. We
demonstrate that this remodeling dramatically reduces
lipid accumulation in the liver and inhibits NAFLD.

MATERIALS AND METHODS

Animals and diets

Female C57BL/6N mice age 2–5 mo were used in this study.
Animals had ad libitum access to water and were fed with a
standard chow diet (Altromin 1324 Mod) or a high-cholesterol
diet (HCD; 0.5%;HarlanDiets,Madison,WI, USA) for 10–20wk,
beginning at age 2 mo. Mice were unfed for 5 h before any pro-
cedures. Plasma for all experimentswas isolated fromblood that
was drawn from the saphenous vein in EDTA-coated capillary
tubes. Feces were collected continuously over 72 h. All experi-
ments were approved by the Institutional Animal Care and Use
Committee at theAgency for Science, Technology, andResearch.

In vitro siRNA screening

HEK293T cells were maintained at 37°C in 5% CO2 and DMEM
(Sigma-Aldrich, St. Louis, MO, USA) that was supplemented
with 10% heat-inactivated fetal bovine serum (GE Healthcare,
Chalfont St. Giles, United Kingdom), 4 mM glutamine, and 1%
penicillin/streptomycin. Twenty-four hours after seeding, cells
were transiently cotransfected with a plasmid that encoded
murine Cyp8b1 and 6 different siRNAs (Origene, Rockville, MD,
USA; and Thermo Fisher Scientific, Waltham, MA, USA) by us-
ing Lipofectamine 2000 according to the manufacturer’s in-
structions (Thermo Fisher Scientific).

In vivo inhibition of Cyp8b1

Cyp8b1 siRNA (sense: CGGCAUAAGCUGUUGGUUAtt, anti-
sense: UAACCAACAGCUUAUGCCGtc) or negative control
siRNA (In Vivo Ready siRNA; Thermo Fisher Scientific) and
Invivofectamine 3.0 (Thermo Fisher Scientific) complexes were
prepared according to manufacturer instructions. Either PBS,
control orCyp8b1 siRNA-Invivofectamine solution (dose, 0.5 or 1
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mg siRNA/kgmouse) was administered via tail vein injection to
wild-type mice for the indicated period of time.

Gene expression analyses

Total RNA was isolated from tissue homogenates by using an
RNeasy Kit (Qiagen, Valencia, CA, USA). cDNAwas generated
by using random hexamers and a Superscript III First-Strand
Synthesis Kit (Thermo Fisher Scientific). Quantitative real-time
PCR was performed by using SYBR Green PCR Master Mix
(Applied Biosystems, Carlsbad, CA, USA) in an ABI Quant-
Studio 6 Flex Real-Time System. Reactions were performed in
technical triplicates by using the following primers: mCyp8b1
(for in vivo studies): (forward) 59-ATCGCCTGAAGGCCGTG-
CAG-39, (reverse) 59-AGCTGGGGAGAGGAAGGAGTGC-39;
mCyp8b1 (for cotransfection studies): (forward) 59-CCTCTG-
GAGAAGGGTTTTGTG-39, (reverse) 59-GCACCGTGAAGA-
CATCCCC-39; mCyp7a1: (forward) 59-ACGCACCTCGTGAT-
CCTCTGGG-39, (reverse) 59-GGCTGCTTTCATTGCTTCAG-
GGCT-39; mFgf15: (forward) 59-AGACGATTGCCATCAAG-
GACG-39, (reverse) 59-GTACTGGTTGTAGCCTAAACAG-39;
mFgfr4: (forward) 59-CTCGATCCGCTTTGGGAATTC-39, (re-
verse) 59-CAGGTCTGCCAAATCCTTGTC-39; mFXR: forward:
59-TCCAGGGTTTCAGAGACTGG-39, (reverse) 59-GCCGA-
ACGAAGAAACATGG-39; mSHP: (forward) 59-TGGGTCC-
CAAGGAGTATGC-39, (reverse) 59-GCTCCAAGACTTGACA-
CAGTG-39; mActin: (forward) 59-ATGCTCCCCGGGCTGTAT-
39, (reverse) 59-CATAGGAGTCCTTCTGACCCATT-39;mGapdh:
(forward) 59-TGTGTCCGTCGTGGATCTGA-39, (reverse) 59-
TTGCTGTTGAAGTCGCAGGAG-39; mRpl37: (forward) 59-
GGAGTGCCAAGGCTAAGAGAC-39, reverse: 59-TCTGAA-
TCTGCGGTAGACAATCT-39; mHprt1: (forward) 59-AGTGT-
TGGATACAGGCCAGAC-39, (reverse) 59-CGTGATTCAAA-
TCCCTGAAGT-39; mTbp: (forward) 59-CCTTGTACCCTTCA-
CCAATGAC-39, (reverse) 59-ACAGCCAAGATTCACGGTA-
GA-39. Relative quantification of gene expressionwas performed
by using the geometric mean of b-actin, glyceraldehyde-
3-phosphate dehydrogenase (Gapdh), ribosomal protein L37
(Rpl37), hypoxanthine phosphoribosyltransferase 1 (Hprt1),
and TATA binding protein (Tbp) as internal controls. Quantita-
tive PCR results were analyzed by using the comparative Ct
method (38).

Western blot

Mouse liver samples were homogenized in 300 ml RIPA buffer
thatwas supplementedwith completeprotease inhibitors (Roche
Diagnostics,Mannheim,Germany), and lysateswere solubilized
in Laemmli sample buffer. Proteins were resolved on a precast
polyacrylamide gel (Bio-Rad, Hercules, CA, USA), then trans-
ferred to PVDF membranes, blocked with 5% skim milk, and
probed with anti-Cyp8b1 (clone P18; Santa Cruz Biotechnology,
Dallas,TX,USA)or anti-calnexin (Sigma-Aldrich)Absovernight.
After incubation with horseradish peroxidase–conjugated sec-
ondary Abs (Santa Cruz Biotechnology), membranes were
developed by using chemiluminescence (Bio-Rad). Relative
densities of the proteins of interest vs. the housekeeping
protein, calnexin, were calculated from the percent area un-
der the curve generated by using ImageJ (National Institutes
of Health, Bethesda, MD, USA).

Oral fat tolerance test

Blood was drawn from unfed mice before and after—1, 2, and
4h—intragastric gavageof200ml of cornoil. Plasma triglycerides
weremeasuredbyusingaLabAssayTriglycerideKit (WakoPure
Chemicals, St. Louis, MO, USA).

Liver histopathology

For conventional lightmicroscopy, livers fromCyp8b1 siRNA-
treated or control mice were fixed in 4% paraformaldehyde
for 36 h, dehydrated, and embedded in paraffin. Sections
(5 mm thick) were deparaffinized and subjected to routine
hematoxylin and eosin staining or Sirius red staining. Lipid
droplets in the liverwere stained by using the lysochromeOil-
Red-O (ORO) method. In brief, liver slices were washed in
13 PBS and fixed as previously described. Livers were se-
quentially cryoprotected in 15 and 30% sucrose until tissues
sank. Thereafter, liver slices were included in labeled cry-
omolds using optimum cutting temperature compound
(VWRChemicals, Radnor, PA, USA) and cryosectioned in 12-
mm sections (Micron HM525; Thermo Fisher Scientific). ORO
stock solutionwas prepared bymagnetic stirring of 2.5 gORO
(Sigma-Aldrich) in 400 ml of isopropanol for 2 h at room
temperature. Bright-field images were captured with a light
microscope (Axiovision; Zeiss, Oberkochen, Germany) at320
magnification, and lipid accumulation was quantified by use
of ImageJ. For visualization of cholesterol crystals and mac-
rophages, tissues and slides were prepared according to the
cryopreservation protocol previously described. For macro-
phages, antigen retrieval steaming in Dako Target Retrieval
Solution S1699 (Dako, Carpinteria, CA, USA) was performed,
and samples were blocked and stained overnight with the
anti-F4/80 Ab (MCA497G, 1:400; Bio-Rad). Sections were
then washed, incubated for 1 h with fluorescently tagged
secondary Ab, and mounted with a water-soluble mounting
medium after washing. Cholesterol crystals were detected by
using polarized light signals as previously described (39).

Flow cytometry

Fifteenmicroliters of EDTA bloodwaswashed in PBS before red
bloodcell lysis for 5minon ice, followedbywashing inPBS.Cells
were stained for viability (Supplemental Table 1) for 30 min on
ice, washed with PBS, and then blocked for 20 min in blocking
buffer (1% rat serum; Sigma-Aldrich). Cellswere then stained for
20 min with an Ab mix (Supplemental Table 1). After washing
Abs with PBS, data were acquired on a Lsr5 flow cytometer
(Becton Dickinson, Franklin Lakes, NJ, USA), and data analysis
was performedbyusingFlowJo (v.10 10.1; FlowJo,Ashland,OR,
USA).

Lipid extraction from liver and feces

Mouse liver samplesor feces (10mg)werehomogenized in300ml
PBS, and lipidswere extractedwith equal volume of chloroform:
isopropanol:NP-40 (7:11:0.1). After vortexing, samples were in-
cubated in a rotor wheel for 1 h and spun at 15,000 g for 10 min.
Organic phase was collected and air dried, and the lipid pellet
was resuspended in isopropanol.

BAs, lipids, and hepatic enzymes quantification

BA levels in plasma were analyzed by LC-MS, and total BAs in
feces weremeasured by using the Total Bile Acid Assay Kit (Cell
Biolabs, San Diego, CA, USA) according to manufacturer in-
structions. Plasmaalanine transaminase, aspartate transaminase,
HDLcholesterol, LDL-C, and total cholesterolweremeasuredby
using Cobas c311 system (Roche Diagnostics). Liver and fecal
content of cholesterol and triglycerides wasmeasured from lipid
extracts as previously described by using an Infinity Cholesterol
Kit (Thermo Fisher Scientific) and LabAssay Triglyceride Kit,
respectively.

3794 Vol. 32 July 2018 CHEVRE ET AL.The FASEB Journal x www.fasebj.org

Downloaded from www.fasebj.org by Bibliotheek der Rijksuniversiteit of Groningen (129.125.166.190) on July 10, 2018. The FASEB Journal Vol. ${article.issue.getVolume()}, No. ${article.issue.getIssueNumber()}, pp. 3792-3802.

http://www.fasebj.org


Statistical analysis

Results are expressed asmeans6 SEM, and statistical significance
was evaluated by using Student’s t test, except when indicated.
Curves in Fig. 3A were compared by using 2-way ANOVA,
followed by Sidak’s multiple comparison test. Curves in Sup-
plemental Fig. 3 were compared by using a log-rank (Mantel-
Cox) test. Statistical significance was calculated by using Prism
(GraphPadSoftware, La Jolla, CA,USA).Values ofP, 0.05were
considered statistically significantly different.

RESULTS

siRNA administration efficiently inhibits
Cyp8b1 expression in vivo

Cyp8b1 is a criticalmodulatorof thehydrophilic/lipophilic
balance of the BA pool, which makes it a tightly regulated
protein. Indeed, multiple signaling pathways and physio-
logical conditions affect its expression, such as fasting, food
intake, and circadian rhythms (40, 41), which allows levels
of Cyp8b1 to double during the course of a single day (40).
This high turnover of the Cyp8b1 protein is necessary to
rapidly adapt the BA pool to changing energy intake and
needs. Thus, inhibition of Cyp8b1 in vivo for therapeu-
tic purposes by using transient methods may repres-
ent a challenge, as sustained inhibition may be required
to achieve long-term alterations in the BA pool to im-
pact metabolic phenotypes. To achieve long-term Cyp8b1
KD and BA pool remodeling, we first screened 6 dif-
ferent siRNAs that targeted Cyp8b1 (si1–6) in vitro, and
identified 3 candidates that displayed similar levels of
protein KD 48 h after transfection (Supplemental Fig. 1). Of
the 3,we selected si1 (Fig. 1A and Supplemental Fig. 1) and
evaluated its transfection efficiency in vivo by using Invi-
vofectamine 3.0, which promotes efficient KD in the liver
without triggering significant inflammation (42). We ad-
ministered either control or si1 siRNA (1 mg/kg i.v.) in
wild-type mice, and found that hepatic Cyp8b1 protein
expression was inhibited at d 2 postinjection (Fig. 1B). To
assess the kinetics of Cyp8b1 KD, we evaluated levels of
Cyp8b1 RNA (Fig. 1C) and protein (Fig. 1D, E) at different
time points and found that injection of 1 mg/kg si1 was
sufficient to efficiently knock down Cyp8b1 protein by
.75% for 4 d (Fig. 1D, E); however, as expected, Cyp8b1
expression rapidly increased to reach its initial mRNA and
protein levelswithin5dpostinjection (Fig. 1C–E).Cyp8b1+/2

mice presentmilder BApool remodeling comparedwith
Cyp8b12/2 mice (32), which suggests that a high level of
long-lastingKD is required to fully remodel the BApool.
Tomaintain long-termCyp8b1KD,wedesigned amulti-
injection protocol, performing a second injection of 0.5 or
1 mg/kg si1 3 d after the first injection of 1 mg/kg si1
(Fig. 2A–C).We observed dose-dependent KD inCyp8b1
expression. The second administration of 0.5 mg/kg si1
allowed for a 50% KD at the protein level, but mRNA
levels remained unaffected for up to 6 d after the first
injection (Fig. 2A–C); however, the second injection of 1
mg/kg si1 achieved a 50% inhibition at the RNA level
(Fig. 2A) and a.90% inhibition of Cyp8b1 at the protein
level for up to 6 d after the first injection (Fig. 2B, C). Thus,

we successfully designed a twice-per-week injection
protocol that allowed for themaintenance of.90%KDof
Cyp8b1 protein over longer-term studies.

Cyp8b1 silencing reduces 12a-hydroxylated
BA production and promotes BA
pool remodeling

As Cyp8b1 critically modulates the 12a-/non–12a-
hydroxylated BA ratio, we first determined whether the
6-d KD of Cyp8b1 affected this balance. The injection pro-
tocol thatused1mg/kgatd0and3 ledtoa59%reduction in
plasma 12a-hydroxylated BAs (control: 0.831 mM; and
Cyp8b1 siRNA: 0.341mM) and a 69%decrease in the ratio of
12a-/non–12a-hydroxylated BA (Fig. 2D and Supplemen-
tal Fig. 2). Similar to Cyp8b12/2 mice (29), mice that were
injectedwithCyp8b1 siRNAdemonstrated alterations in the
composition of the BA pool (Supplemental Fig. 2), with
significantly lower levels of CA and increased levels of
MCAs. This indicates that our siRNA multi-injection pro-
tocol is sufficient to almost completely remodel the BApool.

To evaluate the functional consequences of changes in
the BA pool composition, we next assessed its signaling
properties. Cyp7a1 is the rate-limiting enzyme in the BA
synthetic pathway, and its expression is regulated in mice
by the Fxr–Shp axis in the liver and by the intestinal se-
cretion of Fgf15 (43, 44). Of interest, BA pool changes that
are driven by Cyp8b1 KD were associated with a signifi-
cant increase in Cyp7a1 transcript levels (Fig. 2E), re-
capitulating the phenotype described in Cyp8b12/2 mice
(27). We found no significant changes in hepatic Fxr and
Shp, and amild increase in liverFgfr4 (Fig. 2E),which is the
hepatic receptor for Fgf15; however, we observed signifi-
cant down-regulation in Shp, along with a trend toward a
decrease in Fgf15 in the intestine (Fig. 2E).

Thus, our longer-termsilencingofCyp8b1promoted the
remodeling of the BA pool, along with changes in its sig-
naling properties.

Cyp8b1 KD reduces intestinal lipid absorption
and circulating LDL-C levels

To evaluate the potential therapeutic applicability of
Cyp8b1 KD on metabolic diseases, such as NAFLD, we
next investigated whether the silencing of Cyp8b1 affects
the biologic properties of the BA pool. We performed oral
fat tolerance testing after 6 d of silencing, and observed
that Cyp8b1KD significantly reduced the ability of the BA
pool to facilitate the absorption of triglycerides in the di-
gestive system (Fig. 3A). As long-term reductions in in-
testinal fat absorptionmaybe beneficial against hepatic fat
accumulation,wedetermined the impact ofCyp8b1KDon
fat absorption in a chronic settingby feedingmice anHCD
for 15 wk, followed by an additional 3 wk of siRNA in-
jections (2 injections/wk) duringwhichmice continuedon
HCD. We observed a significant 16% increase in the fecal
content of cholesterol in Cyp8b1 siRNA-treated mice (Fig.
3B), which suggested a decrease in intestinal cholesterol
absorption. These changes were additionally potentiated
by a significant increase in the dryweight of excreted feces
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(Fig. 3C),which led toan increase in theoverall excretionof
cholesterol per day from 10.50 to 13.64 mg (P = 0.001). In
addition, an increase in the expression of Cyp7a1 should
result in increased fecal BA content (27). Correlating with
increased hepatic expression of Cyp7a1 that was observed
in Fig. 2E, fecal BA excretion was increased by 20% (Fig.
3D) in Cyp8b1 siRNA-treated mice. Of interest, these
changeswere associatedwith a decrease in plasmaLDL-C
levels (Fig. 3E), without a significant effect on HDL cho-
lesterol levels (data not shown),whichmimicked theLDL-
C lowering effect of BA sequestrants in humans (17).
Taken together, our data indicate that siRNA-mediated
Cyp8b1 KD reduces fat absorption and increases both
cholesterol catabolism and cholesterol excretion, which
might lead to protection against NAFLD by lowering he-
patic lipid accumulation.

Therapeutic silencing of Cyp8b1
inhibits NAFLD

We next assessed Cyp8b1 KD as a therapeutic proof of
concept for the treatment of NAFLD. We fed mice a diet

that was enriched in cholesterol (0.5% w/w; HCD) for
15 wk, followed by 4 additional wk of the HCD diet plus
either control or si1 siRNA that targeted Cyp8b1 (Fig. 4).
We did not detect any changes in body weights after
siRNA treatment (Supplemental Fig. 3). We observed a
dramatic 52% reduction in liver steatosis, as assessed by
hematoxylin and eosin staining (Fig. 4A). During tissue
cryopreservation, liver slices from the siRNA-treated
group sank in sucrose solution faster than did slices from
the control group (median time decreased from 1015 to
137.5 min; P , 0.0001; Supplemental Fig. 4), which sug-
gested a decrease in liver fat content. Indeed, livers that
were treated with Cyp8b1 siRNA exhibited significantly
lower liver cholesterol content (Fig. 4B) and lipid droplet
area (Fig. 4C), which correlatedwith a significant decrease
in liver triglycerides (Fig. 4D). At this timepoint and in this
model, no significant fibrosis was observed in either the
siRNA or control groups (Fig. 4E), and no changes in col-
lagen could be detected between both groups (Fig. 4E). In
addition, a significant decrease in the liver/body weight
ratio was observed (Fig. 4F). We assessed the silencing of
Cyp8b1, as well as 12a- and non–12a-BA levels and BA

Figure 1. Dynamics of Cyp8b1 KD. A, B) KD efficiency of Cyp8b1 siRNA s1 was evaluated in vitro (A) and in vivo (B) in whole liver
tissue with respect to siRNA control, and Cyp8b1 protein expression was assessed 2 d after transfection. C–E) Wild-type (WT)
mice were injected with Cyp8b1 siRNA si1 or PBS (control group) and Cyp8b1 RNA (C), and protein (D, E) expression was
assessed at d 0–6 postinjection. Expression level of Cyp8b1 RNA is represented respective to internal controls (C). Cyp8b1 protein
was normalized to calnexin expression for each group (D). Bars represent means 6 SEM (n = 2–5 mice). Representative Western
blots (E). Black arrows (A, B, E) indicate Cyp8b1 protein.
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pool composition, at the end of the experiment, 3–4 d after
mice received the final siRNA injection. Even after 1mo of
siRNA treatment, Cyp8b1 protein levels were still signif-
icantly decreased (by 55%) and resulted in significant
remodeling of the BA pool (43% reduction in 12a/
non–12a-BA ratio; Supplemental Figs. 5 and 6, re-
spectively). We detected no changes in hepatic macro-
phage content (Supplemental Fig. 7A), and mice did not
present significant signs of general inflammation as
assessed by quantification of circulating neutrophils
(Supplemental Fig. 7B). Of interest, reduction in hepatic
cholesterol was associated with significant inhibition in
cholesterol crystal formation (Supplemental Fig. 7C and
D),which has been associatedwithNASH in humans (39).

AsCyp8b1 siRNA-injected liverswere almost devoid of
steatosis, we hypothesized that this effect may not be ex-
clusively attributed to a lack of de novo lipid accumulation,
but may also be a result of increased removal of pre-
established fat from the liver. To confirm our hypothesis,
we compared hepatic steatosis before and after treatment
withCyp8b1 siRNA.We fedmicewithHCDfor 10wk, and
treated them for an additional 4 wk while on the HCD
using our siRNA protocol. After 10 wk of HCD feeding,

before beginning siRNA treatment, mice already pre-
sented nascent steatosis, which was visible by hematoxy-
lin and eosin staining (Fig. 5A, B). Compared with mice
before siRNA treatment, mice that were simultaneously
treated with siRNA and HCD for an additional 4 wk
presented significantly lower hepatic cholesterol content
(Fig. 5C), which suggested that Cyp8b1KD stimulated the
clearance of preexisting cholesterol and was correlated
with the increased cholesterol and BA excretion observed
in Fig. 3B, D. In addition, compared with pre-siRNA
treatment, a 35% decrease in hepatic steatosis was ob-
served in the Cyp8b1 KD group (P = 0.026; Fig. 5B);
however, in contrast to the significant reduction in he-
patic cholesterol, no difference in hepatic triglycerides
was observed after Cyp8b1 siRNA treatment compared
with pre-siRNA treatment in the regression experiment
(Supplemental Fig. 8). Plasma aspartate transaminase
and alanine transaminase levelswerewithin the normal
range, similar to levels observed before treatment
(Supplemental Fig. 9). Similarly, levels of plasma total
and LDL-C were comparable to those observed before
treatment (Supplemental Fig. 9). As a control, non-
treated mice on HCD for an additional 4 wk continued

Figure 2. Longer-term Cyp8b1 KD results in BA pool remodeling. Wild-type (WT) mice received intravenous injections of either
PBS or Cyp8b1 siRNA at d 0 (1 mg/kg) and d 3 (0.5 or 1 mg/kg). A–C) Cyp8b1 mRNA (A) and protein (B, C) expression were
assessed at d 6 after the first injection. Cyp8b1 protein was normalized to calnexin. Dashed lines show Cyp8b1 expression levels
after a single injection of 1 mg/kg (A, C; from Fig. 1C, D respectively). White arrows represent siRNA injection time points. Bars
represent means 6 SEM (n = 4–5 mice). D) Plasma BA levels were quantified at d 6 after the first injection and represented as the
ratio of 12-a BA in micrometers over non–12-a BA in micromolar. Bars represent means 6 SEM from n = 4 mice. E) WT mice
received intravenous injections of PBS, control, or Cyp8b1 siRNA (1 mg/kg) every 3 d. Liver and Ileal gene expression levels were
assessed between d 6 and 9 after the first injection. Bars represent means 6 SEM from n = 9–10 mice from 2 independent
experiments. White arrows (A, C) indicate intravenous injection time points. Black arrows (B) indicate Cyp8b1 protein bands.

CYP8B1 KNOCKDOWN REDUCES HEPATIC STEATOSIS 3797

Downloaded from www.fasebj.org by Bibliotheek der Rijksuniversiteit of Groningen (129.125.166.190) on July 10, 2018. The FASEB Journal Vol. ${article.issue.getVolume()}, No. ${article.issue.getIssueNumber()}, pp. 3792-3802.



to accumulate liver cholesterol, liver triglycerides, and
steatosis (Fig. 5 and Supplemental Fig. 8), which con-
firmed the results observed of our previous cohort (Fig.
4) that the silencing of Cyp8b1 significantly lowers he-
patic fat accumulation. Thus, in our study, therapeutic
silencing of Cyp8b1 not only lowered hepatic fat accu-
mulation, but indeed reversed preexisting steatosis.

DISCUSSION

To determine the viability of long-term therapeutic in-
hibition of CYP8B1 in adulthood, and to assess whether
this inhibition would result in beneficial effects on hepatic
fat accumulation and NAFLD, driven by remodeling of
the BA pool, we designed an RNAi-based therapeutic
protocol to knock down Cyp8b1 in mice. We successfully
achieved the long-term inhibitionofhepaticCyp8b1 invivo,
which resulted in remodeling of the BA pool and led to a
significant and dramatic decrease in liver steatosis, driven
by an increase in fecal excretion of lipids and BAs. More-
over, hepatic cholesterol content and steatosis were
significantly lower after treatment compared with pre-
treatment, which suggests that, in addition to reducing
hepatic fat accumulation, Cyp8b1 inhibition resulted in
regression of preexisting hepatic cholesterol. Our data
demonstrate that long-term therapeutic inhibition of
Cyp8b1 results in remodelingof theBApool andmaybean
effective target to prevent and regress NAFLD.

Compared with the lifetime disruption of Cyp8b1 in
Cyp8b12/2mice, we determined in this study the dynamic
effect of BA pool remodeling in adulthood over a short
period of time. Our approach allowed us to evaluate the
potential of transient modulation of Cyp8b1, which could

be of interest for the development of therapeutics and for
their translation to the clinic.Beyonda therapeutic proof of
concept, our approachalso allowed for investigationof the
effects of the dynamic reshaping of the BA pool, in-
dependent of any compensatory mechanisms that occur
in Cyp8b12/2 mice. Indeed, a recent study found that
Cyp8b1+/2 mice exhibit mild BA remodeling—significant
changes inonlyHDCAanda-MCA,withnodecrease, and
in fact, a mild increase in CA—compared with their
Cyp8b1+/+ counterparts, associated with no changes in
NAFLD development (32), which suggests that a robust
reduction of Cyp8b1 is needed to sufficiently remodel the
BA pool to observe a phenotype. Our findings emphasize
that a reduction in CA levels by;51% (Supplemental Fig.
6), as opposed to complete elimination of CA as in
Cyp8b12/2 mice, is sufficient to decrease liver cholesterol
content. By using our approach, we recapitulated the in-
crease in hepaticCyp7a1 expression and remodeling of the
BA pool observed in adult Cyp8b12/2 mice after only
6 d of Cyp8b1 KD. The increase in Cyp7a1 expression, to-
gether with the increase in fecal BA excretion, suggest that
BA synthesis and pool sizemay be increased in the face of
Cyp8b1KD.We quantified plasma BAs, which are a small
fraction of the BA pool and may not accurately reflect the
composition of the total BA pool. Quantification of total
BA pool size is required to directly determinewhether it is
altered upon Cyp8b1 KD. Of note, BA pool remodeling
directly affected fat absorption abilities, as observed in the
oral fat tolerance test, also within 6 d of KD. Moreover, as
BAs affect intestinal motility (45), the decrease in plasma
triglycerides might also be a result of a decrease in in-
testinal transit time. In addition, our multi-injection pro-
tocol was robust enough to maintain these alterations
during the 4 wk of Cyp8b1 inhibition and under chronic

Figure 3. Impact of Cyp8b1 KD on intestinal fat
absorption and fecal lipid and BA excretion. A)
Wild-type (WT) mice received intravenous
injections of either Cyp8b1 siRNA (black circle)
or control siRNA (white circle; 1 mg/kg) at
d 0 and 3. Oral Fat gavage was performed at d 6
after the first injection, and fat absorption was
assessed by measuring plasma triglyceride
levels. Bars represent means 6 SEM from n =
6 mice. B–E) WT mice fed HCD received
injections (1 mg/kg, i.v.) of either Cyp8b1
siRNA (black bars) or control siRNA (white
bars) twice a week. Fecal cholesterol content
(B), weight of excreted feces (C), and fecal BA
content (D) were assessed 3 wk after the first
injection. E) Plasma LDL-C was assessed 4 wk
after the first injection. Bars represent means 6
SEM (n = 6–7 mice).
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HCD conditions. Indeed, we observed a 16% increase in
cholesterol excretion after 3 wk of Cyp8b1KD in mice that
were fed HCD compared with the;50% increase in fecal
neutral sterol content that resulted from the lifetime dis-
ruption of Cyp8b1 in Cyp8b12/2 mice (27). Despite the
modest impact on intestinal fat absorption, Cyp8b1 in-
hibition reduced hepatic steatosis by 52%,which indicates
that longer treatment protocols would have a higher im-
pact on hepatic lipid accumulation and suggests great
potential for the development of synthetic inhibitors that
target Cyp8b1.

HCD feeding promotes NAFLD in rabbits (46). In ad-
dition, Cyp8b12/2 mice demonstrated reduced intestinal
fat absorption when fed HCD (29). Thus, we used HCD
(0.5% cholesterol) to elicit hepatic fat accumulation in our
mouse model. By inhibiting Cyp8b1 in mice fed HCD, we

conceptually aimed at having an impact at the level
of dietary cholesterol absorption by modifying the
hydrophilic/lipophilic balance of the BA pool (9), and at
the level of cholesterol catabolism by increasing Cyp7a1
(27). In the context of NAFLD/NASH, establishing phys-
iologically relevant animal models in vivo is challenging.
Methionine-/choline-deficient diets promote fibrosis, but
fail to recapitulate the complex metabolic environment of
NAFLD (47). HCD, high-fat, and high-sucrose diets result
in phenotypes that are more representative of the patho-
physiology of NASH, but do not promote severe forms of
liver fibrosis, at least in relatively short periodsof time (47).
Additional studies are required to validate the Cyp8b1-
mediated reduction in fat accumulation in the liver as a
versatile therapeutic strategy that targets different clinical
stages of fatty liver disease.

Figure 4. Cyp8b1 KD lowers hepatic fat accumulation. Wild-type (WT) mice fed HCD for 15 wk received injections (1 mg/kg,
i.v.) of either Cyp8b1 siRNA (black bars) or control siRNA (white bars) twice a week for an additional 4 wk. A) Liver steatosis was
assessed by hematoxylin and eosin staining. B–D) Liver fat accumulation was evaluated by ORO staining (C) and by assessing
cholesterol (B) and triglyceride (D) content in liver lipid extracts. E) Liver fibrosis was assessed by Sirius red staining for collagen
fibers. F) Liver weights. Bars represent means 6 SEM (n = 6–7 mice). Scale bars, 100 mm (A, E); 50 mm (C).
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BAmetabolismdiffersbetweenhumansandmice; thus,
some consideration is needed before the direct translation
of our findings to humans. One important difference be-
tween humans and mice is that, in humans, CDCA is a
majorprimaryBA,whereas inmice,CDCAismetabolized
toMCA in the liver. CDCA is the most potent BA agonist
for FXR, which suggests that, in humans, as opposed to
mice, increased hepatic FXR signaling would be obser-
ved. In the intestine in humans, CDCA is modified to
lithocholic acid, a less potent FXRagonist (16); however, in
mice, tauro-b-MCAacts as anFXRantagonist (48). Thus, it
is expected that increased FXR agonism would be ob-
served in both the liver and the intestine of humans com-
paredwithmice. In ourmousemodel, we did not observe
any changes in hepatic FXR signaling at the RNA level;
however, we observed a decrease in intestinal Fxr activity
as evidenced by a significant reduction in the Fxr-
regulated genes, Shp and Fgf15 (27, 48), possibly caused
by an increase in the Fxr antagonist, tauro-b-MCA. This
decrease in intestinal Fxr activity correlates with the in-
crease in Cyp7a1 in the liver. This is in agreement with
previous studies that used tissue-specific Fxr knockout
mice, which suggests that the intestinal Fxr–Fgf15 axis is
more important for Cyp7a1 regulation comparedwith the
liver Fxr–Shp axis (49).

Our study highlights the feasibility of nucleic acid
therapy in targeting the BA pool. siRNA treatment for 4
wk led to a dramatic reduction in hepatic cholesterol
accumulation and steatosis. The emergence ofmodified
RNAs, siRNAs, or antisense oligonucleotides, along
with new classes of delivery vectors, is promising (35).
Their increased circulation time and enhanced targeting

properties, which are associated with increased stability
anddecreased toxicityofnewgenerationsofnucleic acids,
should improve the efficacy of therapies that target high-
turnover proteins, suchasCYP8B1. Indeed, a recent study
that targeted proprotein convertase subtilisin/kexin type
9 in humans by using a single subcutaneous injection of
siRNA conjugated to triantennaryN-acetylgalactosamine
carbohydrates to enhance hepatocyte targeting decreased
plasmaproprotein convertase subtilisin/kexin type 9 and
LDL-C for 6mowithout promoting severe adverse effects
(36).

Overall, we find here that the therapeutic inhibition of
Cyp8b1 inmice results in remodelingof theBApool,which
alters both its signaling and physicochemical properties,
and leads to the reduction and regression of NAFLD,
modulated, in part, via a reduction in intestinal fat ab-
sorption. Thus, inhibition of CYP8B1 may be a valuable
therapeutic target for the treatment of NAFLD.
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