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Sterol 12α-Hydroxylase Aggravates Dyslipidemia by Activating the  
Ceramide/mTORC1/SREBP-1C Pathway via FGF21 and FGF15

Preeti Pathak and John Y. L. Chiang

Department of Integrative Medical Sciences, Northeast Ohio Medical University, Rootstown, OH, USA

Sterol 12a-hydroxylase (CYP8B1) is required for the synthesis of cholic acid in the classic bile acid synthesis 
pathway and plays a role in dyslipidemia and insulin resistance. However, the mechanism of the involvement 
of Cyp8b1 in dyslipidemia and insulin resistance is not known. CYP8B1 mRNA and protein expression are 
elevated in diabetic and obese (db/db) mouse liver. In this study adenovirus-mediated transduction of CYP8B1 
was used to study the effect of Cyp8b1 on lipid metabolism in mice. Results show that Ad-Cyp8b1 increased 
12a-hydroxylated bile acids and induced sterol regulatory element-binding protein 1c (Srebp-1c)-mediated  
lipogenic gene expression. Interestingly, Ad-Cyp8b1 increased ceramide synthesis and activated hepatic mech-
anistic target of rapamycin complex 1 (mTORC1)-p70S6K signaling cascade and inhibited AKT/insulin signal-
ing in mice. Ad-Cyp8b1 increased free fatty acid uptake into mouse primary hepatocytes. Ceramides stimulated 
S6K phosphorylation in both mouse and human primary hepatocytes. In high-fat diet-fed mice, Ad-Cyp8b1 
reduced fibroblast growth factor 21 (FGF21), activated intestinal farnesoid X receptor (FXR) target gene 
expression, increased serum ceramides, VLDL secretion, and LDL cholesterol. In high-fat diet-induced obese 
(DIO) mice, Cyp8b1 ablation by adenovirus-mediated shRNA improved oral glucose tolerance, increased 
FGF21, and reduced liver triglycerides, inflammatory cytokine expression, nuclear localization of Srebp-1c 
and phosphorylation of S6K. In conclusion, this study unveiled a novel mechanism linking CYP8B1 to cer-
amide synthesis and mTORC1 signaling in dyslipidemia and insulin resistance, via intestinal FXR-mediated 
induction of FGF15 and liver FGF21. Reducing cholic acid synthesis may be a potential therapeutic strategy to 
treat dyslipidemia and nonalcoholic fatty liver disease.
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INTRODUCTION

Sterol 12a-hydroxylase (CYP8B1) is an enzyme 
required for the synthesis of cholic acid (CA) in the classic 
bile acid synthesis pathway, which is initiated by the rate-
limiting enzyme cholesterol 7a-hydroxylase (Cyp7a1) to 
synthesize two primary bile acid chenodeoxycholic acid 
(CDCA) and CA in human liver1. In rodents, CDCA is con-
verted to highly soluble a-muricholic acid (a-MCA) and 
b-MCA, and 7b epimer, ursodeoxycholic acid (UDCA). 
CA has the lowest critical micellar concentration for solu-
bilization of cholesterol and phospholipids to form mixed 
micelles, allowing for storage in the gallbladder, and is 
most efficient in the absorption of dietary cholesterol and 
fats into the intestine2. Bile acids are physiological agents 
that aid in the absorption of dietary lipids and steroids, 
xenobiotics and drugs for distribution, metabolism, and 

excretion. Bile acids also are signaling molecules that 
activate nuclear farnesoid X receptor (FXR) and Takeda 
G protein-coupled receptor 5 (TGR5) to maintain glu-
cose, lipid, and energy homeostasis and to protect against 
inflammation in the liver and intestine3. Bile acids are 
conjugated to taurine or glycine for secretion into bile. 
In the intestine, conjugated CA and CDCA are deconju-
gated by gut bacterial bile salt hydrolase, and then bac-
terial 7a-dehydroxylase removes a 7a-hydroxyl group to 
form deoxycholic acid (DCA) and lithocholic acid (LCA), 
respectively4. About 95% of bile acids are reabsorbed in 
the ileum and circulated back to the liver via portal blood 
to inhibit bile acid synthesis. Bile acid hydrophobicity fol-
lows the order of LCA > DCA > CDCA > CA > UDCA >  
b-MCA > a-MCA. FXR expression is specific, mainly 
expressed in the gastrointestinal system5, while TGR5 
is expressed in most tissues including liver, intestine, 
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gallbladder, macrophages, and adipose tissues. In the 
liver, TGR5 is expressed in the sinusoidal endothelial cell 
(SEC), Kupffer cells (hepatic resident macrophages), stel-
late cells, and biliary epithelial cells in bile ducts, but not 
in hepatocytes6,7. Among bile acids, CDCA is the most 
potent endogenous ligand of FXR, while secondary bile 
acids, LCA and DCA, activate TGR5. The transcription of 
Cyp7a1 and Cyp8b1 genes is inhibited by FXR-induced 
small heterodimer partner (Shp) in the liver8. The gut 
to the liver axis plays a key role in regulating bile acid 
synthesis. Intestinal FXR induces fibroblast growth fac-
tor 15 (FGF15 or human FGF19) to activate hepatic FGF 
receptor 4/ERK signaling to inhibit Cyp7a1 and Cyp8b1 
gene transcription1. Cyp7a1 and Cyp8b1 expression 
exhibits opposing diurnal rhythms, and fasting induces 
Cyp8b1 but suppresses Cyp7a1 expression, whereas feed-
ing suppresses Cyp8b1 but induces Cyp7a1 expression9. 
This opposite effect of nutrient regulation of these two 
important regulatory genes in bile acid synthesis during 
fasting and refeeding cycle may determine bile acid com-
position and pool size to affect hepatic lipid and glucose 
metabolism.

Bile acid signaling through FXR and TGR5 plays a 
critical role in maintaining metabolic homeostasis and 
preventing metabolic diseases such as nonalcoholic fatty 
liver disease (NAFLD), which encompasses the simple 
steatosis, nonalcoholic steatohepatitis (NASH), fibrosis, 
and cirrhosis10. NAFLD is a major health problem world-
wide and is associated with obesity and insulin resistance. 
It has been reported that type 2 diabetic patients have 
elevated serum 12a-hydroxylated bile acids (CA + DCA) 
and may be linked to insulin resistance11. Serum tau-
rocholic acid (TCA) was elevated in human NAFLD 
patients12. It is not clear whether increased serum TCA 
is a cause or a consequence of NAFLD. Recently, the 
mechanistic target of rapamycin complex 1 (mTORC1) 
and its downstream target, ribosomal protein S6 kinase 
(S6K), have been linked to nutrient overloading-induced 
insulin resistance13. Several recent studies reported that 
deficiency of the Cyp8b1 gene alleviates NAFLD and 
high-fat diet (HFD)-induced obesity (DIO)14,15. However, 
the underlying mechanism of the involvement of Cyp8b1 
in dyslipidemia and NAFLD is not known and requires 
further study. To study the role of Cyp8b1 in dyslipidemia 
and insulin resistance, we used adenovirus-mediated 
overexpression of Cyp8b1 in wild-type and HFD-fed 
mice and silencing of Cyp8b1 in DIO mice. Our results 
showed that overexpression of Cyp8b1 induced intesti-
nal FGF15 and increased ceramide synthesis, activated 
mTORC1 and S6K signaling to stimulate expression and 
maturation of steroid regulatory element-binding pro-
tein 1c (SREBP-1c), and hepatic lipogenesis in HFD-fed 
mice. Silencing of the Cyp8b1 gene in DIO mice reduced 
FGF21, inactivated mTORC1/S6K singaling, and 

increased glucose tolerance and improved dyslipidemia. 
This study unveiled a novel mechanism linking Cyp8b1 
to ceramide synthesis, FGF21, and mTORC1 signaling 
and dyslipidemia.

MATERIALS AND METHODS

Mice

Male C57BL/6J mice and leptin receptor-deficient 
obese Leprdb/db (db/db) male mice, 6–8 weeks of age, were 
purchased from Jackson Laboratory (Bar Harbor, ME, 
USA). Mice were fed a standard chow diet or a high-fat diet 
(HFD; 60% calories from fat; Research Diets, D12492) 
for 2 weeks as a nutrient overload and hepatic steatosis 
model or were fed a HFD for 4 months to develop obesity 
as a DIO mouse model. Mice were housed in a room with 
a 12-h light/dark cycle. The Institutional Animal Care and 
Use Committee of Northeast Ohio Medical University 
approved all animal protocols used in this study. To over-
express Cyp8b1, wild-type mice and HFD-fed male mice 
were injected via the tail vein with Ad-Cyp8b1 (Vector 
Bio Lab, Malvern, PA, USA) or Ad-GFP (Ad-Control) at 
1 × 109 plaque-forming units per mouse and were killed 
14 days later. To knock down the Cyp8b1 gene, DIO mice 
were injected with adenovirus-shCyp8b1 (Ad-shCyp8b1) 
or Ad-shLacZ (Ad-shControl) and were killed 7 days 
later. All mice were fasted overnight and killed at 9 am. 
To study the mTORC1 signaling pathway, Ad-Cyp8b1 
and Ad-GFP were injected in chow-fed mice, and 14 days 
later mice were fasted overnight. Male mice were intra-
peritoneally injected with mTORC1 inhibitor rapamycin 
(RAP; 2 mg/kg in saline buffer), extracellular signal-
regulated kinase 1/2 (ERK1/2) inhibitor U0126 (2 mg/
kg in 0.2% DMSO), or vehicle (0.2% PBS). Mice were 
sacrificed after 4 h, and liver mTORC1 and ERK signal-
ing were monitored by immunoblot.

Cloning of Ad-shCyp8b1

Cyp8b1 shRNA was designed against sequences in 
Cyp8b1 exon-1: 5¢-ACCGGTGTGAAGATGGCCTCT
TTCCGAAGAAAGAGGCCATCTTCACACC-3¢ 5¢- 
AAAAGGTGTGAAGATGGCCTCTTTCTTCGG 
AAAGAGGCCATCTTCACACC-3¢. The shRNA oligo 
sequence was cloned in pAd/CMV/V5-DEST vector 
(ThermoFisher, Waltham, MA, USA) as Ad-shCyp8b1 
for knockdown of Cyp8b1. The scrambled shRNA 
oligo sequence was designed using BLOCK-itTM RNAi 
Designer (Invitrogen) and cloned in Ad-LacZ plasmid as 
Ad-shLacZ (Ad-shControl). Adenovirus was packaged in 
HEK293A cells. Low-titer viral stock was amplified and 
purified using the CsCl

2
 gradient as reported previously16.

Bile Acid Analysis

Bile acids in the liver, intestine (whole with its content), 
and gallbladder were extracted in 95% EtOH overnight, 



CYP8B1, CERAMIDES, AND mTORC1 163

in 80% EtOH for 2 h, and methanol/chloroform (2:1) for 
2 h at 50°C. Bile acids were quantified using Bile Acid 
Assay kit (Genzyme Diagnostic, Framingham, MA, 
USA). Bile acid composition was analyzed by ultra-high-
performance liquid chromatography/quadruple time-of-
flight mass spectrometry as reported previously17.

RNA Isolation and Quantitative Real-Time PCR  
(qPCR) Analysis

Total RNA was isolated with TRIzol reagent (Thermo 
Fisher). Reverse transcription reactions and real-time 
PCR were performed as described previously16. All prim-
ers/probe sets for qPCR were ordered from TaqMan Gene 
Expression Assays (Applied Biosystems, Foster City, 
CA, USA). Amplification of glyceraldehyde-3-phosphate 
dehydrogenase (Gaphd) was used as an internal con-
trol. Relative mRNA expression was quantified using 
the comparative CT (Ct) method and is expressed as  
2−ΔΔCt.

Immunoblotting Analysis

Liver tissues were homogenized in RIPA buffer con-
taining a cocktail of protease and phosphatase inhibitors 
(Cell Signaling Technology, Danvers, MA, USA). The 
protein content was determined by a BCATM protein assay 
kit (Pierce, Rockford, IL, USA). The protein lysates were 
separated by 10% SDS-PAGE and transferred onto a  
polyvinylidene difluoride membrane (Millipore, Billerica, 
MA, USA). After blocking with 5% nonfat milk for 1 h 
at room temperature, the membrane was incubated with 
primary antibody overnight. Antibodies against Cyp8b1 
(ab191910), Cyp7a1 (ab65596), and Cyp7b1 (ab138497) 
were purchased from Abcam (Cambridge, MA, USA). 
Antibodies against pAKT (#9271), AKT (#9272), S6K 
(#9205), pS6K (#9202), ERK (#9102), and pERK (#9101) 
were purchased from Cell Signaling (Danvers, MA, 
USA), and Srebp-1c antibody (NB100-60545) was from  
Novus Biologicals (Littleton, CA, USA).

H&E Staining

Mouse liver tissue was fixed in 4% paraformaldehyde 
for 48 h followed by paraffin embedding. Liver sections 
were stained with H&E and visualized under 40× magni-
fication using a Olympus BX40 microscope.

Quantification of Tissue and Plasma Lipids

The liver was homogenized in PBS, and lipids were 
extracted in a mixture of chloroform and methanol 
(2:1), dried, and dissolved in 5% Triton X-100 in iso-
propanol. Hepatic and serum triglyceride and choles-
terol levels were then quantified using Infinity reagents 
(ThermoFisher). Hepatic total free cholesterol was quan-
tified using a kit from BioVision (Milpitas, CA, USA). 
Hepatic and plasma free fatty acid was quantified using a 

commercial kit (Wako, Osaka, Japan). Serum ceramides 
were analyzed as described previously18.

Oral Glucose and Insulin Tolerance Tests

For the oral glucose tolerance test, DIO mice were 
injected with Ad-shCyp8b1 or Ad-shLacZ (Ad-shControl), 
and 7 days later mice were fasted 6 h and were orally 
gavaged with glucose (2 g/kg). Blood samples were col-
lected via tail vein, and serum glucose was measured over 
2 h using a OneTouch Ultra Mini glucometer (LifeScan, 
Milpitas, CA, USA).

Serum FGF21

Animals were fasted 6 h before collection of serum. 
Serum FGF21 level was measured using rat/mouse 
FGF21 Elisa assay kit (EZRMFGF21-26, Millipore, 
Burlington, MA, USA) according to the manufacturer’s  
protocol.

VLDL Secretion Assay

Male C57BL/6J mice were injected with Ad-Cyp8b1 
(n = 5) and Ad-GFP (n = 5) and were fasted for 6 h. Mice 
were injected with tyloxapol using tail vein injection. 
Retro-orbital blood collection was performed every hour, 
and serum triglycerides were measured.

Fast Protein Liquid Chromatography (FPLC) Analysis 
of Serum Lipoprotein Profiles

Male C57BL/6J mice were injected with Ad-Cyp8b1 
(n = 5) and Ad-Control (n = 5). Two weeks later mice were 
fasted for 6 h before collecting sera. Sera were pooled 
from five mice. Serum sample (200 µl) was injected into 
a BioLogic DuoFlow QuadTec 10 system (Bio-Rad, 
Hercules, CA, USA) with a Superose 6 10/300 GL column 
(GE Healthcare), and a mobile phase buffer (0.15 mM  
NaCl, 0.01 M Na

2
HPO

4
, 0.1 mM EDTA, pH 7.5) was 

used to separate serum lipoproteins. The column fractions 
(0.5 ml each) were collected and assayed for cholesterol 
and triglycerides using an assay kit from ThermoFisher 
according to the manufacturer’s protocol.

Free Fatty Acid Uptake Assay

Mouse primary hepatocytes were isolated and plated in 
a 48-well plate (6 × 104 cells in each well). Cells were then 
serum deprived for 1 h before treatment with QBT Fatty 
Acid Uptake solution (BODIPY-fatty acid + Q-Red.1 
quencher in HBSS solution). Fluorescence emissions 
were recorded immediately with a Synergy-4 fluores-
cence plate reader (BioTek, Winooski, VT, USA) at 
37°C. Instrument settings were as follows: bottom read, 
medium sensitivity, excitation 488/emission 515, with a 
filter cutoff at 495 nm19. The slope of fluoresce unit ver-
sus time was calculated. Slopes were represented (fatty 
acid uptake/min) with different concentrations of fatty 
acids added for uptake assay. Primary human hepatocytes 
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were obtained from the Liver Tissue and Cell Distribution 
System at the University of Pittsburgh.

Statistical Analysis 

All experimental data are presented as mean ± stan-
dard error (SE). Statistical analysis was performed by 
Student’s t-test. A value of p < 0.05 was considered a  
statistically significant difference.

RESULTS

CYP8B1 Expression Is Upregulated in Diabetes

Real-time PCR assay indicated that hepatic Cyp8b1 
mRNA expression increased threefold, while Cyp7a1 
increased twofold in leptin receptor-deficient Leprdb/db  

(db/db) mice compared to the wild-type mice (Fig. 1A,  
left). Cyp7b1 mRNA of the alternative bile acid synthe-
sis pathway was induced significantly. Immunoblotting 
showed that hepatic Cyp8b1 and Cyp7b1 protein expres-
sion was elevated in db/db mice compared to wild-type 
mice, while there was no change in Cyp7a1 protein 
expression (Fig. 1A, right). Liver lipogenic genes fatty 
acid synthase (Fas) and stearoyl-CoA desaturase 1 
(Scd1), and their transcriptional activator Srebp-1c mRNA  
levels were significantly increased in db/db mice com-
pared to wild-type mice (Fig. 1B). However, expression 
of FXR-induced gene Shp was not altered in db/db mice, 
indicating that hepatic FXR was not activated in db/db 
mice (Fig. 1B). In the intestine, FXR target genes includ-
ing organic solute transporter β (Ostβ) and Shp mRNA 
expression levels were increased in db/db mice com-
pared to wild-type mice (Fig. 1C). These results indicate 
that bile acid synthesis is dysregulated, and SREBP-1c- 
mediated lipogenesis is stimulated in db/db mice.

Adenovirus-Mediated Overexpression of Cyp8b1 
Increased Hepatic Lipogenic Gene Expression  
and Free Fatty Acid Uptake

To test the effect of Cyp8b1 on hepatic metabolism,  
hemagglutinin tagged (HA)-Cyp8b1 adenovirus (Ad- 
Cyp8b1) was administrated to the chow-fed mice. 
Adeno virus overexpression increased Cyp8b1 mRNA 
expres sion by sevenfold compared to Adeno-Gfp (Ad- 
Control)-injected mice (Fig. 2A, left) and significantly 
increased Cyp8b1 protein levels (Fig. 2A, left inset). 
Ad-Cyp8b1 did not alter the expression of other bile  
acid synthesis genes including Cyp7a1, Cyp27a1, Cyp7b1,  
and aldoketoreductase 1D1 (Akr1d1) mRNA expres-
sion (Fig. 2, middle). Interestingly, Ad-Cyp8b1 induced 
expression of lipogenic genes Srep-1c and Fas mRNA, 
but reduced Srebp-2 expression and had no effect on Shp 
or Scd1 mRNA expression (Fig. 2A, right). However, 
Ad-Cyp8b1 did not alter serum or liver cholesterol 
or triglyceride levels (data not shown). As expected, 
Ad-Cyp8b1 altered the gallbladder bile acid composition 

by markedly increasing TCA, CA, and TDCA, and reduc-
ing T-b-MCA and b-MCA (Fig. 2B). Increasing Cyp8b1 
expression did not increase bile acid pool size (bile acid 
content in liver, intestine, and gallbladder) compared to 
Ad-Control mice (Fig. 2C). Ad-Cyp8b1 significantly 
increased mRNA expression of liver-specific fatty acid-
binding protein Fabp-1, Fabp-2, and Fabp-5, but not 
Fabp6 or Cd36 or the sphingosine-1-phosphate receptor 
2 (S1pr2) (Fig. 2D). Fatty acid uptake assay showed rapid 
uptake of palmitate into mouse primary hepatocytes iso-
lated from mice infected with Ad-Cyp8b1 compared to 
Ad-control hepatocytes (Fig. 2E). However, Ad-Cyp8b1 
did not increase liver inflammatory gene tumor necro-
sis factor a (Tnfa), cyclin D14 (Cd14), interleukin-6 
(IL-6), interferon-g (Infg), INFg-induced protein-10 
(Ip-10), or Il-18 mRNA expression, or serum AST or 
ALT levels (Fig. 2F). Ad-Cyp8b1 induced ileum Fxr, 
Shp, and Fgf15 mRNA expression indicating activation 
of intestinal FXR activity. Overall, these results indicate 
that increasing Cyp8b1 expression stimulates lipogen-
esis, increases TCA and TDCA, increases free fatty acid 
uptake into mouse hepatocytes, and activates intestinal  
FXR activity.

Ad-Cyp8b1 and Ceramides Stimulate mTORC1/S6K 
Signaling in Chow-Fed Mice

Activation of the mechanistic target of rapamycin 
complex 1 (mTORC1) pathway has been linked to 
activation of Srebp-1c processing20 and increase of free 
fatty acid uptake21,22. Therefore, we wanted to investi-
gate whether Ad-Cyp8b1 activates the mTORC1 path-
way by stimulating phosphorylation of its downstream 
target S6K. Ad-Cyp8b1 mice were fasted overnight 
and fed chow diet for 4 h, with or without intraperi-
toneal injection of the mTORC1 inhibitor rapamycin 
(RAP) and the ERK1/2 inhibitor (U0126). Figure 3A 
shows that Ad-Cyp8b1 increased S6K phosphoryla-
tion (pS6K), which was suppressed by RAP but not 
U0126. In contrast, Ad-Cyp8b1 reduced phospho-
rylation of AKT (pAKT) in insulin signaling, which 
was prevented by RAP. These data are consistent 
with activation of the mTORC1 pathway antagoniz-
ing insulin signaling in hepatocytes23. Increased phos-
phorylation of S6K correlates with the increase in the 
nuclear form of Srebp-1c (nSrebp-1c) in Ad-Cyp8b1 
mice (Fig. 3A). We assayed ERK1/2 phosphorylation 
in Ad-Cyp8b1 mice. Figure 3A shows that Ad-Cyp8b1 
induced ERK phosphorylation, which was inhibited 
by RAP (Fig. 3A). These results suggest that Cyp8b1 
activates mTORC1 via activation of ERK1/2 signaling. 
Ceramides are known to activate mTORC1 signal-
ing24. Ad-Cyp8b1 induced liver ceramide synthase 2 
(CerS2), the rate-limiting enzyme in ceramide synthe-
sis, but not serine palmitoyltransferase long-chain base 
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subunit 1 (Sptlc1) and Sptlc2, nor Delta 4-desaturase  
sphingolipid-1 (Degs-1) mRNA expression (Fig. 3B, 
right). In the ileum, both CerS2 and Sptlc2 were sig-
nificantly upregulated (Fig. 3B, right). We then stud-
ied the effect of ceramides on S6K phosphorylation 
in mouse and human primary hepatocytes. Treatment 
with ceramides 16:0 and 18:0 increased phosphoryla-
tion of S6K in mouse and human primary hepatocytes 
(Fig. 3C). Ceramide treatment had a reduced effect 
on ERK1/2 phosphorylation in mouse primary hepa-
tocytes and had no effect on ERK1/2 phosphorylation 
in human primary hepatocytes. Overall these results 
indicate that overexpression of Cyp8b1 stimulates 
mTORC1-S6K signaling and SREBP-1c maturation, 
but inhibited insulin/AKT signaling. These results  

suggest that Cyp8b1 stimulation of mTORC-S6K signal-
ing and nSREBP-1c may be mediated by ceramides in 
hepatocytes.

Ad-Cyp8b1 Induced Lipogenesis, mTORC1 Signaling, 
and Ceramide Synthesis in Short-Term  
High-Fat Diet-Fed Mice

We next studied the effect of Ad-Cyp8b1 on mTORC1 
signaling in short-term high-fat diet (HFD)-fed mice 
as a model of nutrient overload. Mice were injected 
with Ad-Cyp8b1 and fed HFD for 2 weeks. There was 
no significant change in body weight and food intake 
in Ad-Cyp8b1 mice compared to Ad-Control injected 
mice (Fig. 4A). Interestingly, Ad-Cyp8b1 improved 
insulin tolerance, while there was no change in glucose 

Figure 1. Sterol 12a-hydroxylase (Cyp8b1) expression in diabetic and obese (db/db) mice. Wild-type C57BL/6J mice (n = 6) 
and db/db mice (n = 5) were sacrificed after 6 h of fasting. (A) Real-time PCR (qPCR) analysis of liver bile acid synthesis gene 
mRNA expression (left). Immunoblot of liver microsomal Cyp7a1, Cyp8b1, and Cyp7b1 protein expression in wild-type (n = 3) 
and db/db mouse liver (n = 5) (right). Calnexin was used as an internal control for microsomal proteins. (B) Mouse liver farne-
soid X receptor (FXR) target gene mRNA expression in wild type and db/db mice. (C) Mouse intestine FXR target gene mRNA 
expression. Relative mRNA expression was calculated with respect to normal liver samples compared to human steatosis. 
Results are shown as means ± SE. Student’s t-test was used for statistical analysis. *Statistically significant difference (p < 0.05),  
WT versus db/db mice.
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tolerance compared to Ad-Control injected mice (Fig. 
4B). Ad-Cyp8b1 significantly increased liver triglyc-
erides but not serum cholesterol or triglycerides, nor 
serum AST or ALT levels in HFD-fed mice (Fig. 4C). 

However, Ad-Cyp8b1 significantly reduced serum FGF21  
in HFD-fed mice (Fig. 4D). H&E staining shows 
that HFD caused hepatic steatosis, and Ad-Cyp8b1 
increased hepatic steatosis in HFD-fed mice (Fig. 4E).  

Figure 2. Metabolic analysis of mice transduced with Ad-CYP8B1. Wild-type C57BL/6J mice were injected with Ad-Cyp8b1 
(Ad-cyp8b1, n = 8) or Ad-Control (n = 8) for 2 weeks. Mice were fasted for 6 h and sacrificed. (A) Expression of bile acid synthesis 
genes in mouse liver. Left: qPCR analysis of liver Cyp8b1 mRNA expression. The inset shows immunoblot of HA-CYP8B1 in liver 
extracts. Middle: qPCR analysis of liver bile acid synthesis gene mRNA expression. Right: qPCR analysis of mRNA expression of 
liver lipogenic genes Srebp-1c, Srebp-2, fatty acid synthase (Fas), and stearoyl-CoA desaturase 1 (Scd1), fibroblast growth factor 21 
(FGF21) mRNA expression. (B) Bile acid composition analysis of gallbladder bile. (C) Total bile acid pool size (bile acids in gallblad-
der liver and intestine). (D) qPCR analysis of liver fatty acid transport proteins (FATPs) and Cd-36 mRNA expression. (E) Free fatty 
acid uptake assay. Mouse primary hepatocytes were treated with palmitate, and fatty acid uptake rates were assayed using BODIPY. 
(F) qPCR analysis of liver inflammatory cytokine mRNA expression (left), and serum AST and ALT levels (right). (G) qPCR analysis 
of expression of FXR target gene mRNA in the ileum of Ad-Cyp8b1 mice. Results shown are means ± SE. Student’s t-test was used 
for statistical analysis. *p < 0.05, versus chow mice injected with Ad-GFP. *Statistically significant difference (p < 0.05), Ad-CYP8B1 
versus Ad-control mice.
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FPLC analysis of serum lipids shows that LDL choles-
terol (fractions Nos. 18–21) was increased in HFD-fed  
Ad-Cyp8b1 mice (Fig. 4F, top). Ad-Cyp8b1 did not 
affect triglycerides in the VLDL fractions (Nos. 10–14) 
but increased triglycerides in LDL fractions (Nos. 18–21) 

(Fig. 4F, bottom). Interestingly, Ad-Cyp8b1 significantly 
increased serum ceramide species, C16:00, C18:00, C22:0,  
and C24:0 in HFD-fed mice (Fig. 4G). Ad-Cyp8b1 
increased VLDL secretion rate in HFD-fed mice com-
pared to adenovirus control mice (Fig. 4H). Overall, 

Figure 3. Effect of Ad-Cyp8b1 on hepatic mechanistic target of rapamycin complex 1 (mTORC1) signaling in mice. Wild-type 
C57BL/6J mice were injected with Ad-Cyp8b1 (n = 5) or Ad-Control (n = 5). Overnight fasted mice were fed chow diet for 4 h and 
were IP injected with the mTORC1 inhibitor rapamycin (RAP; 0.5 mg/kg), the ERK1/2 inhibitor U0126 (0.5 mg/kg), or vehicle (0.2% 
DMSO) for 1 h and were sacrificed. (A) Immunoblot analysis of HA-CYP8B1, nuclear SREBP-1c (nSREBP-1c), total S6K and AKT, 
ERK1/2 and phosphorylated S6K (pS6K), phosphorylated AKT (pAKT), and phosphorylated-ERK. Liver nuclear extracts were used 
for the assay of nSREBP-1c and histone as the internal control. Liver cytoplasmic protein extracts were used for assay phosphorylation 
of S6K, AKT, and ERK. (B) qPCR analysis of ceramide synthesis gene mRNA expression. (C) Immunoblot analysis of phosphoryla-
tion of S6K and ERK1/2 in mouse primary hepatocytes (left) and human primary hepatocytes (right). pERK1/2 is phosphorylated 
ERK1/2. Human and mouse primary hepatocytes were treated with 30 mM each of C16:0 or 18:0 ceramide indicated for 2 h. Each lane 
represents one primary hepatocyte preparation isolated from mouse liver or human donor liver. Student’s t-test was used for statistical 
analysis. *Statistically significant difference (p < 0.05), Ad-CYP8B1 versus Ad-control mice.
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Ad-Cyp8b1 combined with short-term HFD feed ing 
significantly elevated VLDL secretion rate, serum cer-
amide, and LDL cholesterol, without increasing serum  
cholesterol, triglycerides, or inflammation markers.

We then fed mice with HFD and treated with 
Ad-Cyp8b1 or Ad-Control for 2 weeks to study the 
effect of overexpression of CYP8B1 on lipid metab-
olism. Figure 5A shows that Ad-Cyp8b1 increased 

Figure 4. Effect of Ad-Cyp8b1 on lipid and lipoprotein metabolism in high-fat diet (HFD)-fed mice. Wild-type C57BL/6J mice were 
injected with Ad-CYP8B1 (n = 11) or Ad-Control (n = 11; indicated by an arrow). Mice were fed a high-fat diet (60% calorie from fat) 
for 2 weeks. Mice were fasted for 6 h before sacrifice. (A) Body and food intake of HFD-fed mice injected with Ad-CYP8B1 com-
pared to Ad-Control HFD-fed mice. (B) Insulin tolerance test (ITT) and glucose tolerance test (GTT) of HFD-fed mice injected with 
Ad-Cyp8b1 compared to Ad-control HFD-fed mice. ITT was performed on the 11th day after adenovirus injection (left), and GTT 
was performed on the 13th day after adenovirus injection. (C) Liver triglyceride (TG); serum cholesterol and triglyceride; and serum 
AST and ALT. (D) Serum FGF21 protein levels. (E) H&E staining of lipids in livers of chow-fed and HFD-fed mice injected with 
Ad-Cyp8b1 or Ad-Control virus (representative image from one liver in each group). Representative images are shown. (F) FPLC 
analysis of serum cholesterol and triglyceride. Sera were pooled from five Ad-Cyp8b1 and five Ad-Control mice for analysis. Serum 
cholesterol (top) and serum triglycerides (bottom) were assayed in each FPLC fractions: VLDL (Nos. 10–14), LDL (Nos. 18–22), and 
HDL (Nos. 22–28). (G) Serum ceramides in Ad-Cyp8b1. (H) VLDL secretion assay. Results are shown as means ± SE. Student’s t-test 
was used for statistical analysis. *Statistically significant difference (p < 0.05), Ad-Cyp8b1 versus Ad-Control mice.
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Cyp8b1 mRNA levels by seven- to eightfold, but did 
not change liver Cyp7a1, Cyp7b1, Cyp27a1, or Akr1d1 
mRNA expression in HFD-fed mice (Fig. 5A). Figure 
5B shows that Ad-Cyp8b1 increased mRNA expres-
sion of liver lipogenic genes Srebp-1c, Fas and Scd1, 
reduced Fgf21, while it had no change in Shp, Srebp-2, 
and S1pr2 mRNA expression (Fig. 5B). Ad-Cyp8b1 
induced liver mRNA expression of ceramide synthe-
sis genes CerS2, Sptlc1, and Degs-1, and triglyceride 
synthesis genes diacylglycerol acyltransferase (Dgat) 
and glycerol-3-phosphate acyltransferase (Gpat) in 

HFD-fed mice (Fig. 5C). However, Ad-Cyp8b1 did 
not further increase nSREBP-1c protein and phospho-
rylation of S6K1, but reduced AKT phosphorylation 
in HFD-fed mice (Fig. 5D). In the ileum, Ad-Cyp8b1 
activated intestinal FXR signaling by inducing Shp, 
OSTa, and Fgf15 mRNA expression, and CerS2 and 
Sptlc1 mRNA (Fig. 5E). These results indicate that 
Ad-Cyp8b1 increased liver lipogenic gene expression, 
Srebp-1c maturation, intestinal ceramide synthesis, 
and mTOR-pS6K signaling in this short-term HFD-fed 
mouse model. 

Figure 5. Effect of Ad-Cyp8b1 on liver and intestine gene expression and mTORC1 signaling in HFD-fed mice. Wild-type C57BL/6J 
mice were injected with Ad-CYP8b1 (n = 11) or Ad-GFP control (n = 11) and fed with high-fat diet (60% kcal from fat) for 2 weeks. 
Mice were fasted for 6 h before sacrifice. (A) qPCR analysis of bile acid synthesis gene mRNA expression. (B) qPCR analysis of 
liver lipogenic gene mRNA expression. (C) qPCR analysis of liver ceramide synthesis gene mRNA expression (left) and triglyceride 
synthesis gene mRNA expression (right). (D) Immunoblot analysis of nSREBP-1c and phosphorylation of S6K and AKT. (E) qPCR 
analysis of ileum FXR target gene and ceramide synthesis gene mRNA expression. Results shown are means ± SE. Student’s t-test was 
used for statistical analysis. *Statistically significant difference (p < 0.05), Ad-Cyp8b1 versus Ad-Control mice.
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Deletion of Cyp8b1 Improved Dyslipidemia  
in Diet-Induced Obese Mice

We then fed wild-type mice with HFD for 4 months 
to induce obesity in mice, and then Ad-shCyp8b1 
(shCyp8b1) or Ad-shControl was transduced in DIO 

mice for 2 weeks to study the effect of silencing of 
Cyp8b1 expression on insulin sensitivity and dyslipi-
demia. There was no significant change in body weight, 
serum total cholesterol, and triglyceride of DIO mice 
injected with Ad-shCyp8b1 compared to Ad-shControl 
injection in 2 weeks (Fig. 6A, left). Oral glucose 

Figure 6. Effect of silencing Cyp8b1 in high-fat diet-induced obese (DIO) mice. Wild-type C57BL/6J mice were fed with HFD for 4 
months. DIO mice were then injected with Ad-shCyp8b1 (n = 10) or Ad-shLacZ (Ad-shControl, n = 8) (indicated by an arrow) and were 
fasted for 6 h before sacrificed. (A) Body weight and glucose tolerance of Ad-shCYP8b1 DIO mice. Mice were fed HFD for 16 weeks. 
Ad-Cyp8b1 was injected to mice at time indicated by an arrow. Oral glucose tolerance test (left) and serum FGF21 levels (right). (B) 
Liver cholesterol and triglycerides. (C) Bile acid pool size. (D) qPCR analysis of liver Cyp8b1 and lipogenic gene mRNA expression. 
Immunoblot analysis shows that Ad-shCyp8b1 reduced Cyp8b1 protein levels in mouse livers (n = 3). (E) qPCR analysis of liver ceramide 
synthesis gene mRNA expression. (F) Immunoblot analysis of liver nSREBP-1c and phosphorylation of S6K. (G) qPCR analysis of liver 
inflammatory cytokine mRNA expression. (H) qPCR analysis of ileum FXR target gene mRNA expression. (I) Liver H&E staining of 
DIO + shControl and DIO + Cyp8b1 fed with high-fat diet for 4 months (representative of a liver each). Results are shown as means ±  
SE. Student’s t-test was used for statistical analysis. *Statistically significant difference (p < 0.05), Ad-shCyp8b1 versus Ad-shControl.
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tolerance test showed that Ad-shCyp8b1 improved glu-
cose tolerance (Fig. 6A, right), increased serum FGF21 
levels, and reduced liver triglycerides, whereas it had 
no effect on liver cholesterol in DIO mice (Fig. 6B). 
Ablation of Cyp8b1 did not change total bile acid pool 
size or distribution of bile acids in gallbladder, liver, 
and intestine compared to Ad-shControl mice (Fig. 6C). 
Ad-shCyp8b1 reduced Cyp8b1 mRNA expression by 
90% and reduced Srebp-1c and Srebp-2 mRNA levels 
compared to Ad-shControl mice (Fig. 6D). Immunoblot 
analysis shows that Ad-shCyp8b1 reduced Cyp8b1 pro-
tein levels in mouse liver compared to Ad-shControl 
(Fig. 6D, inset). Interestingly, Ad-shCyp8b1 signifi-
cantly increased Shp mRNA levels, indicating activation 
of liver FXR activity (Fig. 6D); Fgf21 and lipin1 mRNA 
levels were also increased (Fig. 6D). Ad-shCyp8b1 
reduced liver CerS2, Sptlc1, and Sptlc2 mRNA levels 
compared to Ad-shControl mice (Fig. 6E). Ad-shCyp8b1  
significantly reduced nSrebp-1c and S6K phosphory-
lation in DIO mice compared to Ad-shControl mice 
(Fig. 6F). Ad-shCyp8b1 also significantly reduced liver 
inflammatory markers, Il-6, Ip-10, Tnfα, and Ifnγ mRNA 
expression compared to Ad-shControl in DIO mice (Fig. 
6G). However, Cyp8b1 deletion did not alter intestinal 
FXR target gene mRNA expression (Fig. 6H) or serum 
lipid profile in DIO mice (data not shown). H&E stain-
ing indicates that Ad-shCyp8b1 reduced lipid content in 
mouse livers (Fig. 6I). These results indicate that ablation 
of Cyp8b1 reduced liver ceramide synthesis, induced 
liver FGF21 production, and inhibited mTORC1/S6K1 
signaling to improve glucose tolerance and reduce 
hepatic inflammation in DIO mice.

DISCUSSION

The aim of this study was to elucidate the mechanism 
of Cyp8b1 involvement in dyslipidemia and insulin resis-
tance. Overexpression of Cyp8b1 increased TCA and 
TDCA, which may activate intestinal FXR. Intestinal 
FXR induces synthesis of ceramides, which activates 
hepatic mTORC1/S6K signaling and Srebp-1c-mediated 
lipogenesis (Fig. 7). The mTORC1/S6K pathway plays a 
critical role in inhibiting insulin signaling13. It has been 
reported that insulin stimulation of SREBP-1c process-
ing to its nuclear form requires S6K, and deficiency of 
the liver-specific S6K protects against hepatic steatosis 
by reducing Srebp-1c expression and maturation, sug-
gesting that mTORC1/S6K signaling plays an important 
role in the fasting/feeding response, hepatic steatosis, 
and insulin resistance25,26. Our current study uncovered a 
novel link involving Cyp8b1-mediated activation of the  
mTORC1/S6K/SREBP-1c pathway to cause dyslipidemia 
and insulin resistance.

This study also showed that Ad-Cyp8b1 decreased 
FGF21 expression in HFD-fed mice, whereas shCyp8b1 

induced FGF21 expression in DIO mice. FGF21 has 
emerged as a fasting-induced hormone that mimics insu-
lin action to regulate glucose and energy metabolism27,28. 
It has been reported that FGF21 reduces serum triglyc-
erides by stimulating energy metabolism in adipose tis-
sues29 and rapidly increases adiponectin secretion from 
adipose tissue to reduce ceramides and stimulate energy 
metabolism in DIO mice30. Our previous study shows that 
bile acids inhibit transcription of peroxisome proliferator- 
activated receptor a (PPARa)31. PPARa induces FGF2127, 
which then inhibits mTORC1 (Fig. 7). Recent studies 
show that FGF21 inhibits mTORC1 signaling to improve 
insulin sensitivity and reduce hepatic steatosis in DIO 
mice32,33. Thus, increasing Cyp8b1 expression decreases 
FGF21 expression and stimulates mTORC1/ceramide 

Figure 7. Mechanism of CYP8B1 activation of ceramide/
mTOR/SREBP-1C signaling. CYP8B1 increases TCA, which 
is converted to DCA by gut microbiota. In the intestine, TDCA 
activates intestinal FXR to induce ceramides and FGF15 syn-
thesis. CYP8b1 activates mTORC1 by two mechanisms. First, 
ceramides synthesized in enterocytes are secreted into blood cir-
culation to activate the mTORC1-S6K pathway in hepatocytes to 
induce SREBP-1C-mediated hepatic lipogenesis. Second, TCA/
TDCA induces intestinal FGF15 to activate hepatic FGFR4 to 
activate mTORC1. mTORC1 activates ERK1/2 signaling via 
pS6K. Activation of ERK1/2 may serve as a negative mecha-
nism to inhibit CYP8B1. Therefore, CA and DCA modulate  
mTORC1 signaling and insulin signaling and lipogenesis in 
hepatocytes to maintain lipid homeostasis. Bile acids inhibit 
PPARa, which induces FGF21 as a fasting response. FGF21 
inhibits mTORC1 through increased adiponectin secretion from 
adipose tissue and increase hepatic AKT/insulin sensitivity. 
CYP8B1 inhibits hepatic synthesis of FGF21, which inhib-
its mTORC1 signaling, and results in activation of mTORC1 
signaling.
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signaling to stimulate Srebp-1c-mediated lipogenesis. In 
addition, increased TCA and TDCA stimulates intestinal 
FXR/FGF15 signaling to stimulate mTORC1 via FGFR4 
signaling (Fig. 7).

Interestingly, Ad-Cyp8b1 induced intestinal Fgf15 
expression and ceramide synthesis in HFD-fed mice. This 
effect was mainly through activation of intestinal FXR, 
which is known to induce ceramide synthesis and serum 
ceramide levels18. Ceramides cause ER stress and mito-
chondrial oxidative stress, contributing to NAFLD34. In 
hepatocytes, ceramides inhibit AKT and cause hepatic 
insulin resistance35. TCA is a very weak FXR agonist 
(EC

50
 = ~0.6 mM). In the colon, TCA is converted to 

DCA by gut bacteria. Ad-Cyp8b1 markedly increased 
TCA and TDCA to levels that could be high enough to 
activate intestinal FXR to induce ceramide synthesis in 
Ad-Cyp8b1 mice. High-fat diet is known to induce TCA to 
promote dysbiosis and contribute to liver inflammation36. 
TCA/DCA-induced dysbiosis may be through activation 
of intestinal FXR to increase ceramides. Robust increases 
in serum ceramide species may lead to stimulation of 
mTORC1-S6K signaling in hepatocytes. S6K can be acti-
vated by mTORC1 or ERK1/237. A recent study showed 
that FGF19 activated mTORC1/pS6K and ERK1/2 in hepa-
toma cells38. We reported previously that FGF19 activates 
FGFR4/ERK1/2 signaling in human hepatocytes to inhibit 
CYP7A1 and CYP8B1 via ERK1/2 pathway39. Therefore, 
increasing TCA and TDCA activates mTORC1 signaling 
via two signaling mechanisms: FXR/ceramide and FXR/
FGF15/FGFR4 pathways (Fig. 7). Figure 7 illustrates the 
role of CYP8B1 in stimulating lipogenesis via mTORC1, 
which is activated by FGF15/19/FGFR4/ERK1/2 and 
FXR/ceramide pathways. These two pathways also serve 
as a feedback mechanism to inhibit CYP8B1 gene tran-
scription to maintain hepatic lipid homeostasis (Fig. 7). 
Increasing Cyp8b1 expression, such as in fasting, diabe-
tes, and NASH, may contribute to dyslipidemia. TCA and 
DCA are major bile acids; increasing these two bile acids 
by Ad-Cyp8b1 in this study is relevant to humans.

Our current study is consistent with recent reports 
that deletion of the Cyp8b1 gene protects against NASH 
in mice14,15, reduces dietary cholesterol absorption from 
the intestine, prevents hypercholesterolemia and gall-
stone formation in diabetic mice40, and prevents athero-
sclerosis in Apoe knockout mice41. Ablation of Cyp8b1 
also improved glucose homeostasis by increasing GLP-1 
secretion42. Overall, this current study has identified a 
novel Cyp8b1/ceramide/mTORC1/SREBP-1c signaling  
pathway that is modulated by FGF15 and FGF21. These 
mechanisms may be responsible for dyslipidemia and 
insulin resistance, and diet-induced obesity. Targeting 
Cyp8b1 to modulate bile acid composition and mTORC1 
signaling may be a potential drug therapy to treat 
NAFLD.
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