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Abstract

Activation of the nuclear bile acid receptor farnesoid X receptor (FXR) protects against hepatic
inflammation and injury, while Takeda G protein-coupled receptor 5 (TGR5) promotes adipose
tissue browning and energy metabolism. Here, we examined the physiological and metabolic
effects of the deficiency of these two bile acid receptors on hepatic metabolism and injury in mice.
Fxr/Tgr5 double knockout mice (DKO) were generated for metabolic phenotyping. Male DKO
mice fed chow diet had reduced liver lipid levels but increased serum cholesterol levels. Liver
Cyp7al activity and Cyp8b1 mRNA levels were induced, while ileum FXR target genes were
suppressed in DKO mice compared to WT mice. Bile acid pool size was increased in DKO mice,
with increased tauro-cholic acid and decreased tauro-muricholic acids. RNA sequencing analysis
of the liver transcriptome revealed that bile acid synthesis and fibrosis gene expression levels are
increased in chow-fed DKO mice compared to WT mice and the top regulated pathways are
involved in steroid/cholesterol biosynthesis, liver cirrhosis and connective tissue disease.
Cholestyramine treatment further induced Cyp7al mRNA and protein in DKO mice, and increased
bile acid pool size, while cholic acid also induced Cyp7alin DKO mice, suggesting impaired bile
acid feedback regulation. Western diet containing 0.2% cholesterol increased oxidative stress and
markers of liver fibrosis, but not hepatic steatosis in DKO mice. In conclusion, FXR and TGR5
play critical roles in protecting the liver from inflammation and fibrosis. Deficiency of both of
these bile acid receptors in mice increased cholic acid synthesis and bile acid pool, liver fibrosis
and inflammation. FXR and TGR5 double knockout mice may be a novel mouse model for liver
fibrosis.
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Introduction

Bile acids are physiological detergents that also play a critical role in maintaining hepatic
homeostasis through interaction with the nuclear bile acid receptor farnesoid X receptor

Correspondence address: John Y.L. Chiang, Ph.D. Department of Integrative Medical Sciences, College of Medicine, Northeast
Ohio Medical University, 4209 SR 44, Rootstown, OH 44272. Phone: 330-325-6694; Fax: 330-325-5910; jchiang@neomed.edu.
Author contributions:JMF performed most experiments and wrote manuscript, PP performed histochemical staining, SB bred mice
and performed assays, TG performed assays and histochemical staining, JYLC developed concept, designed experiments, interpreted
data and wrote manuscript.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ferrell et al.

Page 2

(FXR) and Takeda G protein-coupled receptor 5 (TGRS, aka G protein-coupled bile acid
receptor-1 [Gpbar-1]) 4. The classic bile acid synthesis pathway is initiated by cholesterol
7a-hydroxylase (Cyp7al) to synthesize chenodeoxycholic acid (CDCA) and cholic acid
(CA), the latter of which requires sterol 12a-hydroxylase (Cyp8b1). The alternative pathway
is initiated by sterol 27-hydroxylase (Cyp27al) and oxysterol 7a.-hydroxylase (Cyp7b1). In
mice, CDCA is further converted to a- and p-muricholic acids (a/B-MCA). Primary bile
acids are then conjugated to the amino acid taurine or glycine for biliary secretion into the
gallbladder and are released into the duodenum following food consumption to aid in the
absorption of fats, nutrients and vitamins. In the intestine, gut bacteria with bile salt
hydrolase activity de-conjugate conjugated bile acids, then bacterial 7a-dehydroxylase
activity converts CA and CDCA to the secondary bile acids deoxycholic acid (DCA) and
lithocholic acid (LCA), respectively.

In the liver, CDCA activates FXR to induce small heterodimer partner (SHP), which inhibits
transcription of the CYP7A1 gene and bile acid synthesis. FXR also induces bile salt export
pump (BSEP) to stimulate biliary bile acid secretion. In the ileum, bile acids are reabsorbed
via apical sodium-dependent bile salt transporter (ASBT) to activate FXR, which induces
fibroblast growth factor 15 (FGF15, or FGF19 in humans) (2). On the sinusoidal membrane,
FXR induces organic solute transporter a/f (OSTa/p) to efflux bile acids into portal
circulation. FGF19 activates hepatic FGF receptor 4 and -Klotho complex to repress
CYP7A1 transcription. The enterohepatic circulation of bile acids efficiently maintains bile
acid homeostasis to prevent accumulation of toxic bile acids and protects against liver
inflammation and injury. Activation of FXR and TGRS by their selective ligands reduces
hepatic inflammation and injury, diet-induced obesity, insulin resistance, and atherosclerosis
by reducing lipogenesis and gluconeogenesis, and promotes white adipose tissue browning
and energy metabolism (3-6). Whole body knockout of the £xrgene in mice increased bile
acid pool size and altered hepatic glucose and lipoprotein metabolism, and caused
dyslipidemia, high fat diet-induced obesity (DIO) and diabetes, atherosclerosis, and
spontaneous hepatocellular carcinoma (7-10),

LCA and DCA activate TGR5, which is expressed in intestinal cells, cholangiocytes,
Kupffer cells, and other epithelial cells and tissues, but not in hepatocytes 1), Activation of
TGRS stimulates glucagon-like peptide 1 (GLP-1) secretion from intestinal L cells to
improve hepatic glucose and insulin sensitivity 12). A dual FXR and TGRS5 agonist induced
TGRS expression and FXR and TGRS crosstalk to stimulate GLP-1 secretion and adipose
tissue browning, improving hepatic metabolism and metabolic disorders (). Obeticholic
acid, an FXR agonist, has been used to treat primary biliary cirrhosis and nonalcoholic
steatohepatitis (NASH), a progressive form of non-alcoholic fatty liver disease (NAFLD)
that can lead to liver fibrosis, cirrhosis and hepatocellular carcinoma (13: 14). The prevalence
of NASH has increased substantially worldwide; however, the underlying mechanism of
NASH pathogenesis is not understood.

To further study the role of FXR and TGR5 in the regulation of bile acid synthesis and
hepatic metabolism, and in the pathogenesis of NASH, we bred Fxrand 7gr5double
knockout (DKO) mice to identify metabolic phenotypes and differentially expressed genes
and pathways that are involved in the regulation of bile acid synthesis, liver metabolism and
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liver diseases. Deficiency of both Fxrand 7gr5in mice increased liver inflammation and
fibrogenic gene expression, and Western diet exacerbated liver fibrosis without severe
hepatic steatosis.

Materials and Methods

Generation of Fxr-/Tgr5~~ double knockout mice

Male C57BL/6J wild type, Fxr”~, Tgr5~~and Fxr’'~I Tgr5~ 4-month old mice were
maintained on a standard chow diet (LabDiet #5008; St. Louis, MO) and water ad /ibitum
(except where noted) and were housed in a temperature-controlled facility with a 12 hr light
and 12 hr dark cycle. Homozygote male Fxr”~ (7) and female 7gr57~(5) miceina
C57BL/6J background were pair-bred and double heterozygous Axr*/~and 7gr5~ mice
were genotyped. Heterozygous Fxr*/~and Tgr5*/~ mice were mated to generate Fxr~”~/
Tgr5~~ double knockout (DKO) mice. All mouse experiments were performed at Northeast
Ohio Medical University (NEOMED) and were approved by the Institutional Animal Care
and Use Committee.

Dietary Treatments

Cholic acid: Male C57BL/6J wild type and DKO mice were given ad /ibitum access to
chow diet supplemented with cholic acid (0.5% w/w, Sigma-Aldrich, St. Louis, MO) for 2
weeks.

Cholestyramine: Male C57BL/6J wild type and DKO mice were given ad /ibitum access
to chow diet supplemental with the bile acid binding resin cholestyramine (2% wi/w; Sigma-
Aldrich) for 2 weeks.

Western diet: Male C57BL/6J wild type, Fxr™~, Tgr57~, and DKO mice were given ad
libitum access to Western diet (42% kcal from fat, 0.2% cholesterol, Harlan Teklad TD.
88137) for 16 weeks. After dietary treatment, mice were sacrificed during the fed state,
except where noted, from approximately 9—-11 am and tissues were collected for analysis.

Statistical analysis

Statistical significance between two groups was determined using a two-tailed Student’s #
test; statistical significance between multiple groups was determined using one-way
ANOVA followed by a Tukey post-hoc test using GraphPad Prism software (GraphPad
Software Inc., CA). Data are presented as mean = standard deviation (SD), with p <0.05
considered statistically significant.

Supplemental methods:

Glucose and insulin tolerance tests, metabolic analysis of energy metabolism, serum and
tissue lipid analyses, histology, bile acid analysis, next generation sequencing (RNA-seq),
quantitative real-time PCR analysis of mRNA, Cyp7al activity assay, and immunoblot
analyses.
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Fxr~=/Tgr5~~ double knockout (DKO) mice are lean and insulin sensitive compared to wild

type mice

Chow-fed male Fxr”~/Tgr5~~ double knockout (DKO) mice were smaller than control wild
type (WT) mice with respect to gross body weight, though body weight was not significantly
different when analyzed across all genotypes (Suppl. Fig. 1A-B). DKO mice had less fat
determined by body composition analysis (Suppl. Fig. 1C) and white adipose tissue
normalized to body weight was decreased in DKO mice compared to both wild type and Fxr
~~mice, though the liver-to-body weight ratio was significantly increased in 7gr5~~ and
DKO mice (Suppl. Fig. 1D-E). Glucose tolerance testing revealed no significant difference
between wild type and DKO mice (Fig. 1A), though blood glucose levels were elevated.
Paradoxically, DKO mice exhibited lower blood glucose levels compared to wild type mice
during insulin tolerance testing (Fig. 1B), which may be due to significantly increased
phosphorylated AKT expression (Fig. 1C). £xr”~and Tgr57~ mice also had elevated
glucose levels during glucose tolerance testing and £xr~~ mice were mildly insulin sensitive
(Suppl. Fig. 1F-G). Serum AST and ALT were significantly increased in £xr7~and DKO
mice, indicating increased hepatic inflammation (Fig. 1D). Real-time PCR analysis detected
differential expression levels of inflammatory and fibrosis genes. Collagen synthesis genes
Collaland Colla2?and tissue inhibitor of metalloproteinase 1/2 ( 7imp1 and 7impZ2) were
significantly upregulated in £xr~~ and DKO mice, and tumor necrosis factor a. (777/3)
expression was significantly upregulated in 7gr5~~ and DKO mice (Fig. 1E, left).
Transforming growth factor B ( 7g#b) was significantly upregulated in Axr~~and Tgr57~
mice while a-smooth muscle actin (a Sma) expression was unchanged. Further, mMRNA
levels for the cell adhesion protein selectin (Sefe), chemokine C-X-C motif ligand 1 (Cxc/1)
and C-X-C chemokine receptor 2 (Cxcr2) were significantly increased in DKO liver (Fig.
1E, right). In white adipose tissue, deiodinase 2 (Dio2) mRNA levels were reduced, while
peroxisome proliferator activated receptor -y co-activator 1a (Pgcla) and uncoupling
protein 1 (Ucpl) were significantly increased in DKO mice (Fig. 1F). Expression of PR-
domain containing 16 (Pram16), a key transcriptional regulator of white adipose browning,
was unchanged. These data are consistent with inactivation of TGR5 signaling in adipose
tissue. Increased UCP1 may indicate uncoupling of mitochondrial oxidative phosphorylation
from electron transport. A comprehensive laboratory animal monitoring system (CLAMS)
was used to perform indirect calorimetric recording in chow-fed male wild type and DKO
mice. Respiratory exchange ratio (RER; Suppl. Fig. 1H), daily food intake (Suppl. Fig. 11)
and heat production (Suppl. Fig. 1J) did not differ between wild type and DKO mice;
however, DKO mice were significantly more active compared to wild type mice (Suppl. Fig.
1K). Liver cholesterol was significantly reduced in chow-fed DKO mice compared to WT
mice but was higher than £xr”~and 7gr57~ mice (Suppl. Fig. 2A, left), while liver
triglycerides were reduced in 7gr5~~ mice (Suppl. Fig. 2A, middle). Free fatty acid levels
were also significantly reduced in DKO liver compared to £xr~~and 7gr5~~ mice (Suppl.
Fig. 2A, right). Serum cholesterol was significantly elevated in £xr~~and DKO mice
compared to wild type mice (Suppl. Fig. 2B, left). Serum triglycerides (Suppl. Fig. 2B,
middle) were significantly increased in £xr”~ mice, while serum free fatty acids were
unchanged (Suppl. Fig. 2B, right). Fecal cholesterol was significantly lower in DKO and Fxr
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~~mice compared to 7gr5~~ mice, while fecal triglycerides were higher in DKO mice
compared to single knockout mice and fecal free fatty acids were lower in DKO mice
compared to single knockout mice (Suppl. Fig. 2C). H&E (Suppl. Fig. 2D) and Oil Red O
staining (Suppl. Fig. 2E) did not reveal distinct morphological changes in chow-fed wild
type, Fxr”~, Tgr5”~ or DKO mouse liver. Liver alkaline phosphatase (ALP) was unchanged
across groups while serum ALP was elevated only in £x7”~mice (Suppl. Fig. 3A-B).
Thiobarbituric acid reactive substances (TBARS, reflected as malondialdehyde [MDA];
Suppl. Fig. 3C) was unchanged, while liver hydroxyproline was elevated in 7gr5~~and
DKO mice (Suppl. Fig. 3D). Liver Picro-Sirius Red staining depicted increased collagen
staining in Axr™~, Tgr5~~ and DKO mice (Suppl. Fig. 3E), while a-smooth muscle actin
(aSMA\) (Suppl. Fig 3F) and Masson’s trichrome staining did not differ between genotypes
(Suppl. Fig. 3G). These metabolic phenotypes indicate that deficiency of both FXR and
TGRS exacerbated liver inflammation and injury, and dyslipidemia.

Bile acid synthesis, FXR target gene expression, and bile acid pool and composition are
significantly altered in DKO mice

We next assayed key regulatory enzymes and genes involved in bile acid synthesis and
regulation in the liver and intestine, and bile acid composition and pool size of wild type,
Fxr”~, Tgr5”~ and DKO mice. In the liver, MRNA expression levels of Cyp7aland Cyp8b1
in DKO mice were significantly increased by ~3—-4 fold (Fig. 2A, left panel), consistent with
the lack of FXR-dependent transcriptional repression of Cyp7aland Cyp8b1in DKO mice.
Expression of Cyp7b1 in DKO mice was similar to WT and 795~ mice, though
expression was significantly lower in £xr~~ mice. Shp expression was significantly reduced
in Fxr”~, Tgr57~, and DKO mice, while taurocholate-activated sphingosine-1-phosphate
receptor 2 (SZpr2) expression was significantly higher in DKO mice. Expression of Bsep
was significantly lower in £xr7~and DKO mice and sinusoidal Na2*-taurocholate co-
transport peptide (NVcp) was higher in DKO mice than in £xr7~and 7gr5~~ mice. In the
ileum, FXR target genes Fgr15, Shp, and Osta/B were significantly reduced in £xr”~ and
DKO mice as expected, while expression of Abstwas higher in DKO mice compared to Fxr
~~and Tgr5~~ mice (Fig. 2A, right). Immunoblot analysis showed that liver microsomal
CYP7AL protein, and CYP8B1, CYP7B1 and CYP27AL protein in liver lysate was
significantly increased in DKO mice (Fig. 2B), and liver microsomal CYP7A1 enzyme
activity was 2-fold higher in DKO mice compared to WT mice (Fig. 2C).

Gallbladder bile acid content was significantly reduced in DKO mice while intestinal and
liver bile acids were significantly increased, resulting in a significant increase in the DKO
bile acid pool (the sum of bile acids in gallbladder, liver and intestine), which is about 70%
larger than wild type mice (Fig. 2D, left). The total bile acid pool was significantly increased
in Fxr”~ mice as expected. Bile acids in gallbladder were reduced but the total bile acid pool
size did not change in 7gr5~~ mice as we reported previously (16). Serum bile acids (Fig.
2D, middle) and fecal bile acids (Fig. 2D, right) were also significantly elevated in DKO
mice. Together, these data indicate that lack of FXR and TGR5 results in increased bile acid
synthesis and accumulation in the liver. Increased intestinal bile acid reabsorption and
reduced intestinal bile acid efflux may result in increased intestinal bile acid content and
total bile acid pool size in DKO mice. Analysis of gallbladder bile acid composition
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indicated significant increase in conjugated bile acids, including taurocholic acid (TCA) and
glycocholic acid (GCA), but reduced taurochenodeoxycholic acid (TCDCA),
tauromuricholic acids (T-a-MCA, T-B-MCA, T-y-MCA and T-w-MCA) and un-conjugated
bile acids (except deoxycholic acid, DCA) in DKO. Overall, the changes in bile acid
composition in DKO mice are consistent with increased CYP7AL and CYP8B1 expression
and are indicative of activation of the classic bile acid synthesis pathway.

RNA sequencing revealed differentially expressed genes and pathways in Fxr™~, Tgr5~/~
and DKO mice

RNA-sequencing was performed to accurately and quantitatively analyze liver
transcriptomes and to delineate the differentially expressed genes in DKO mouse liver
compared to wild type, £xr”~and Tgr57~ mice. Principal component analysis of
differentially expressed genes (DEGs) in wild type, DKO, £xr”~and 7Tgr5~~ mice revealed
a clear separation of distinct liver transcriptomes among the four genotypes (Fig. 3A). Venn
diagram analysis of statistically significant DEGs (p<0.05) in the liver transcriptomes of
DKO, Fxr”~and Tgr57~ mice vs. wild type mice depict unique and overlapping genes (Fig.
3B). As expected, the bile acid synthesis genes Cyp7al (4-fold) and Cyp8b1 (3-fold) were
unique DEGs (p<0.05) highly induced in DKO vs. WT mouse liver. Interestingly, many
statistically significant induced DEGs are involved in fibrosis ( 7imp1, Collal/la2),
inflammation (Cc/4, Egr1, Stat4) and cholesterol synthesis (Fapt1, Mvk, Sgle, Dhcr7,
Hmagecsl1, Insig2, Lss, etc.) in DKO liver. A heatmap (Suppl. Fig. 4) depicts FDR corrected &
test (0<0.05) and >2-fold changed DEGs in DKO mice vs. wild type mice. Pathway analysis
identified several up regulated metabolic and disease pathways in DKO mice, including
steroid and cholesterol biosynthesis, liver cirrhosis, and lipoidosis (Fig. 3C). Unique DEGs
and cell cycle and apoptosis pathways were identified in £xr”~ mouse liver (Suppl. Fig. 5
and Suppl. Table 1). Interestingly, a wide variety of unique DEGs and metabolic pathways
and diseases were identified in 7gr5~~ mice, including NAFLD, electron transport and
oxidative phosphorylation, and neurological disorders (Suppl. Fig. 6 and Suppl. Table 2).

Bile acid feedback regulation is impaired in DKO mice

Bile acid synthesis is tightly regulated by a feedback mechanism via FXR and FGF15
signaling. Bile acid feeding increases bile acid pool size and inhibit bile acid synthesis,
while bile acid sequestrants reduce bile acid pool and stimulate bile acid synthesis. We fed
wild type and DKO mice a chow diet supplemented with cholic acid (0.5% w/w) for 2 weeks
to determine bile acid regulation in DKO mice. DKO mice fed cholic acid remained
significantly leaner than wild type mice (Suppl. Fig. 7A), though liver weight was
significantly increased (Suppl. Fig. 7B). Liver cholesterol levels were unchanged between
wild type and DKO mice (Suppl. Fig. 7C, left), while liver triglycerides (Suppl. Fig. 7C,
middle) and free fatty acids (Suppl. Fig. 7C, right) were significantly increased. Serum
cholesterol (Suppl. Fig. 7D, left), triglycerides (Suppl. Fig. 7D, middle), and free fatty acids
(Suppl. Fig. 7D, right) were statistically similar between groups. Unexpectedly, cholic acid
feeding drastically increased Cyp7al expression in DKO mice (Fig. 4A). Cyp8b1 expression
was significantly induced in DKO mice, while Cyp7b1, Cyp27aland SIpr2expression were
reduced by CA feeding. In the ileum, Fgf15expression was significantly induced in WT
mice but suppressed in DKO mice, and FXR target genes S/p, Osta and Ostf were
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significantly suppressed in DKO mice compared to wild type mice (Fig. 4B). Cholic acid
feeding significantly reduced bile acid content in the gallbladder but increased liver bile
content, though the total pool size (Fig. 4C) and serum bile acids (Fig. 4D) did not differ
between CA-fed WT and DKO mice. CYP7AL protein expression remained significantly
elevated in CA-fed DKO mice compared to CA-fed wild type mice (Fig. 4E). These data are
consistent with the lack of FXR in the liver of DKO mice.

Additional cohorts of wild type and DKO mice were fed a chow diet supplemented with the
bile acid sequestrant cholestyramine (2% wi/w) for 2 weeks. DKO mice weighed
significantly less than wild type mice (Suppl. Fig. 8A), though liver and white adipose
tissues were significantly increased in DKO mice (Suppl. Fig. 8B). Liver lipid profiling did
not reveal differences in DKO mice (Suppl. Fig 8C), though serum cholesterol (Suppl. Fig
8D, left) and triglycerides (Suppl. Fig 8D, middle) were significantly elevated in DKO mice,
while serum free fatty acids were unchanged (Suppl. Fig 8D, right). Surprisingly, liver
Cypraland Cyp8bI mRNA levels were significantly elevated in DKO mice, and
consistently, SAp gene expression was significantly reduced in DKO mice (Fig. 5A). In the
ileum of cholestyramine-fed mice, Fgfi5and Osta/p gene expression was significantly
suppressed (Fig. 5B). While gallbladder bile acid content was unchanged between groups,
liver bile acids were significantly increased in DKO mice fed cholestyramine and intestinal
bile acids in DKO mice trended toward increase, resulting in DKO mice consistently
displaying a larger bile acid pool (Fig. 5C, left). Serum bile acids were unchanged (Fig. 5D)
and CYP7AL protein expression remained significantly increased in the presence of
cholestyramine (Fig. 5E). These results indicate that bile acid feedback regulation by an
FXR-mediated mechanism was impaired in DKO mice, as expected. However, induction of
Cyp7al by either cholic acid or cholestyramine indicate that additional mechanism(s)
independent of FXR/SHP/FGF15 may exist to regulate Cyp7al, Cyp8bl and bile acid
synthesis.

Western diet did not cause obesity or insulin resistance in DKO mice.

It is known that dietary cholesterol, rather than hepatic steatosis, causes liver inflammation
in mouse models of NASH (7). We thus fed mice a high fat, high cholesterol Western diet
(WD) to study whether DKO mice would develop hepatic inflammation and fibrosis and
dyslipidemia. Cohorts of male wild type, £xr”~, Tgr5”~ and DKO mice were fed WD (42%
kcal from fat and 0.2% cholesterol) for 16 weeks. DKO mice gained significantly less
weight than WT mice throughout the duration of the feeding experiment (Fig. 6A, left),
while £xr7~ mice exhibited reduced body weight at the end of the experiment, and 7gr5~~
mice gained weight equally compared to wild type mice (Suppl. Fig. 9A-B, left). At the end
of the experiment, DKO mice were significantly leaner than £xr~~ or Tgr5”~ mice (Fig.
6A, middle) and had significantly lower WAT weight (Fig. 6A, right). Liver cholesterol was
mildly but not significantly elevated in DKO mice (Fig. 6B), while liver triglycerides were
significantly lower in DKO mice, and liver free fatty acids were elevated only in WT mice.
Serum cholesterol was elevated in £x77~ mice, while serum triglycerides were elevated in
Fxr”~and DKO mice. Serum free fatty acids and fecal lipids did not differ by genotype
(Fig. 6D). Like chow-fed mice, glucose tolerance did not differ between WD-fed WT and
DKO mice (Fig. 6E), though DKO mice were more insulin tolerant (Fig. 6F). Glucose
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tolerance did not differ between WT and Fxr”~or Tgr5~~ mice, though glucose levels
during insulin tolerance testing were mildly increased (Suppl. Fig. 9A-B). DKO mice fed
WD had significantly increased RER, indicating an increased proportion of fuel usage
compared to fat usage (Suppl. Fig. 9A). Oxygen consumption, carbon dioxide production,
and food intake were significantly increased in DKO mice (Suppl. Fig. 9B-D), while
locomotor activity and heat production did not differ between genotypes (Suppl. Fig. 9E-F).
These data suggest that DKO mice were resistant to WD-induced hepatic steatosis, obesity
and insulin intolerance mainly due to increased fuel usage and fat storage.

Bile acid synthesis gene expression remained significantly elevated in DKO mice fed
Western diet (Fig. 7A). In the ileum, Fgf15expression was significantly suppressed and Shp
expression was reduced in £xr”~and DKO mice (Fig. 7B). Osta/b mRNA expression was
also reduced in DKO mice compared to WT mice, while Asbt mMRNA expression was
reduced in single knockouts. CYP7A1 protein expression was significantly induced in DKO
mice compared to WT mice fed WD (Fig. 7C), as was CYP7A1 enzyme specific activity
(Fig. 7D). Bile acid content did not differ in gallbladder, intestine or liver between groups
(Fig. 7E), nor did serum bile acids, though fecal bile acids were significantly increased in
Tgr5~~ mice (Fig. 7F). These results suggest that WD feeding impaired bile acid feedback
regulation but maintained bile acid homeostasis, likely by increasing bile acid secretion in
FXR and TGRS5 single and double deficient mice.

Western diet increased hepatic collagen and fibrosis in DKO mice

WD feeding significantly reduced serum ALT but not AST in DKO mice compared to WT
and single knockout mice (Suppl. Fig. 10A). Liver alkaline phosphatase activity was not
altered; however, serum ALP was significantly higher in £xr~~ mice (Suppl. Fig. 10B) and
liver superoxide dismutase activity was unchanged (Suppl. Fig.10C). WD feeding
significantly increased 7impZ2, MmpZ2, and aSMA in DKO mice, while Collal/1a2 mRNA
expression levels were significantly increased in £xr~mice (Fig. 8A). H&E and Oil Red O
staining depict lower hepatic lipids in DKO mice (Suppl Fig. 10D and E). Further, a-SMA
(Suppl Fig. 10F), and Sirius Red and Trichrome (Fig. 8B) staining indicate WD feeding
increased hepatic collagen and fibrosis in DKO mice compared to WT, Fxr”~and Tgr57~
mice. WD feeding significantly increased hydroxyproline (Fig. 8C), -y-glutamy! transferase
activity (Fig. 8D), and oxidative stress indicated by thiobarbituric acid reactive substances
(TBARS) assay (Fig. 8E) in DKO mice. These results suggest a novel mechanism by which
cholesterol-containing WD aggravated hepatic fibrosis without further increasing steatosis or
inflammation in mice lacking both FXR and TGR5.

Discussion

FXR and TGRS are key bile acid-activated receptors involved in the regulation of bile acid,
glucose and lipid metabolism, and anti-inflammation and cholestasis. Here, we present the
first characterization of £xr/~/ Tgr5-'~ double deficient mice. DKO mice have increased
Cyp7al and Cyp8b1 resulting in increased bile acid synthesis and an enlarged bile acid pool
containing more TCA and less T-MCAs. This bile acid metabolism phenotype is similar to
that of Fxr~~ mice. Cholic acid feeding suppresses Cyp7al activity but surprisingly induced
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Cyp7al expression in DKO mice, while cholestyramine, a bile acid binding resin, further
induced Cyp7al and Cyp8b1 expression. These results indicate that bile acid feedback
regulation is impaired in DKO mice due to the absence of FXR and TGR5. The increased
bile acid pool is accompanied by marked reduction of Fgfi5and Shp, indicating that an
FXR-independent mechanism may exist to regulate bile acid synthesis in DKO mice.
Increased TCA in DKO mice may be due to increased Cyp8b1, which is negatively regulated
by MAFG, an FXR-induced transcriptional repressor 18). TCA is known to activate SIPR2
signaling in hepatocytes and cholangiocytes to stimulate AKT and insulin signaling (9. 20),
A previous study reports that conjugated bile acids activate SIPR2/ERK1/2 and AKT
pathways in hepatocytes leading to activation of nuclear sphingosine kinase 2 to produce
sphingosine-1-phosphate, which inhibits histone deacetylase 1/2 and induces hepatic gene
transcription (?1), It is possible that TCA activation of S1IPR2 signaling may induce Cyp7al
via an epigenetic mechanism in DKO mice.

Analysis of the liver transcriptome of £x7/~, Tgr5~'~ and DKO mice compared to WT mice
identified differentially expressed unique genes in these mice. In DKO mice, many
cholesterol synthesis, inflammation and fibrosis genes are increased. Pathway analysis
identified top regulated pathways are involved in cholesterol and steroid metabolism and are
linked to connective tissue disease and liver cirrhosis. Cholesterol synthesis genes are
regulated by oxysterols via steroid regulatory element binding protein (SREBP) maturation.
Increased conversion of cholesterol to bile acids may reduce hepatic free cholesterol and
oxysterols, thus inducing SREBP-regulated cholesterogenic gene expression in DKO mice.
Genome-wide tissue-specific FXR binding site analysis by ChlP-seq of liver and intestine of
mice treated with an FXR agonist identified FXR target genes in multiple metabolic
pathways (22). Our current RNA-seq analysis of the liver transcriptome identified unique
genes and pathways regulated by FXR. In £x7/~ knockout mice, the differentially expressed
unique genes and pathways were involved in cell cycle control, apoptosis, and DNA
replication. This is consistent with the reports that £x7~/~ mice develop NAFLD on high fat
diet (19) and spontaneous hepatocellular carcinoma (23). Interestingly, differentially
expressed unique genes in the liver transcriptome of 7gr5~ mice are involved in amino
acid, fatty acid, triglyceride and ketone body metabolism, which are linked to metabolic and
neurodegenerative diseases. Tgr5 is expressed in the brain and has been shown to function as
a neurosteroid receptor (24). We have recently reported that 7gr5~~ mice are resistant to
fasting-induced hepatic steatosis and have altered expression of the male-predominant
Cyp7b1 gene via growth hormone/STATS signaling 6). The role of TGR5 in liver
metabolism and neurodegenerative disease remains to be studied.

Several high fat diets have been used to induce hepatic steatosis, inflammation, fibrosis,
obesity and insulin resistance in animal models of NASH. This current study shows that WD
feeding did not cause insulin resistance or hepatic steatosis but exacerbated hepatic fibrosis
and oxidative stress in DKO mice. Free cholesterol in hepatocytes is known to increase
mitochondrial superoxide dismutase activity and oxidative stress to cause mitochondrial
injury. We reported previously that overexpression of Cyp7al in mice (Cyp7al-tg) increased
conversion of cholesterol to bile acids to reduce hepatic free cholesterol and oxidative stress
(25.26) Cyp7al-tg mice have an enlarged bile acid pool but lack TCA and are protected
against diet-induced steatosis and obesity. On the other hand, Cyp7a1~~ mice have a smaller
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bile acid pool with reduced TCA and are insulin sensitive, but methionine/choline-deficient
diet increased hepatic free cholesterol and aggravated oxidative stress and liver fibrosis
(27.28) Qverexpression of Cyp7al effectively reduced hepatic free cholesterol and oxidative
stress and reversed hepatic inflammation and fibrosis in methionine/choline-deficient diet
fed Cyp7a1™~ mice. Cholic acid is known to increase dietary cholesterol absorption, causing
hyperlipidemia and cholesterol gallstone disease, and has been shown to increase abundance
of pathobionts in gut bacteria that cause colitis in /207~ mice 29, The DKO mouse model
developed here has increased bile acid synthesis with increased TCA, which may facilitate
dietary cholesterol absorption and cause hepatic oxidative stress and accelerate hepatic
fibrosis. Interestingly, a recent study reports that deficiency of FXR and TGRS in LDL
receptor knockout mice exacerbates atherosclerosis in mice (9. FXR and TGRS interaction
plays a critical role in lipid metabolism and in protection against inflammatory diseases
including NAFLD, diabetes and atherosclerosis. It appears that the bile acid and
inflammatory phenotypes seen in DKO mice may be mainly due to the £x7/~ background
(Figs. 1D-E, 2A-B, D), while some lipid phenotypes may be due to the 7gr5~~ background
(Suppl. Fig. 2B, Suppl. Fig. 6C). Increased S1pr2 expression in DKO mice may be
compensatory to loss of two bile acid receptors. The WD-induced liver fibrosis in DKO mice
may be mainly from 7gr5 deficiency and exacerbated by Fxrdeficiency (Fig. 8B). In
conclusion, FXR and TGR5 signaling play a critical role in protection against liver
inflammation and fibrosis. This FXR and TGR5 double deficient mouse model we
developed may be a novel animal model for the study of liver fibrosis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.

Metabolic phenotyping of male wild type, Axr/=, Tgr57~, and Fxr'~I Tgr5~ (DKO) mice,
n=6-9. A. Glucose tolerance test (GTT). B. Insulin tolerance test (ITT). C. Immunoblotting

analysis of phosphorylated AKT and total AKT protein expression. D. Serum aspartate

aminotransferase (AST, left) and alanine aminotransferase (ALT, right). E. Quantitative real-

time PCR (QPCR) analysis of liver fibrosis (left) and inflammation (right) mRNA gene
expression F. QPCR analysis of white adipose tissue browning factor mRNA expression.
WT, wild type mice; Fxr—/—, FXR single knockout mice; Tgr5-/-, Tgr5 single knockout
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mice; DKO, Fxr'~/ Tgr5-'~ double knockout mice. An “*” indicates statistically significant
difference (0<0.05) determined by one-way ANOVA (D-E) or Student’s #test (A-C, E-F).
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Gene expression profile and bile acid analysis of male wild type, Fx7/~, Tgr57/~, and DKO
mice, n=6-9. A. QPCR analysis of bile acid synthesis gene expression and FXR-regulated
bile acid transporter gene expression in the liver (left) and FXR-induced genes and bile acid
transporters in the ileum (right). B. Immunoblotting analysis of liver bile acid synthesis
enzyme protein expression. Liver microsomes were isolated to assay CYP7A1 protein and
CALNEXIN was used as an internal control. CYP8B1, CYP7B1 and CYP27A1 were
assayed in total liver protein and GAPDH was used as an internal control. C. Liver
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microsomal CYP7A1 enzyme specific activity. D. Total bile acid pool and bile acid
concentrations in gallbladder (GB), intestine (Int) and liver (left), serum bile acids (middle)
and fecal bile acids (right). E. Conjugated (left) and unconjugated (right) gallbladder bile
acid concentrations. WT, wild type mice; £xr”~, FXR single knockout mice; Tgr5”~, Tgr5
single knockout mice; DKO, £xr~/ Tgr57~ double knockout mice. An “*” indicates
statistically significant difference (p<0.05) determined by one-way ANOVA (A, D) or
Student’s #test (B-C, E).
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Figure 3.

RNA-sequencing analysis of liver transcriptomes in male wild type, Fxr/=, Tgr57/~, and

DKO mice. A. Principal component analysis (PCA) of differentially expressed genes

(DEGsS) in liver of wild type, £xr”~, Tgr57~ and DKO mice (n=6). Each dot represents data
from individual mice. B. Venn diagram depicting overlapping and unique genes in Fxr™",
7gr57~and DKO mice vs. wild type mice. C. Selective representation of significantly up
regulated pathways and diseases in DKO mice by pathway analysis and p-values. Detailed
RNA-seq and analysis methods are described in Supplemental Materials.
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Figure 4.
Effect of cholic acid feeding on bile acid metabolism in DKO mice. Male wild type mice

(WT-CA) and Fxr'=/ Tgr57~ mice (DKO-CA) were fed a chow diet supplemented with
cholic acid (0.5%) for 2 weeks, n=8. A. Liver mRNA expression of genes involved in bile
acid synthesis and regulation in chow-fed and cholic acid-fed male mice. B. lleum mRNA
expression of genes involved in bile acid regulation. C. Bile acid content in gallbladder
(GB), intestine (Int) and liver, and total bile acid pool size. D. Serum bile acid content. E.
Liver microsomal CYP7A1 protein expression. An “*” indicates statistically significant
difference (p<0.05) determined by one-way ANOVA (A-B) or Student’s #test (C-E).
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Figure5.
Effect of cholestyramine feeding on bile acid metabolism in DKO mice. Male wild type

mice (WT-Chm) and £xr'~/ Tgr5'~ mice (DKO-Chm) were fed a chow diet supplemented
with cholestyramine (2%) for 2 weeks, n=8. A. Liver mRNA expression of Cyp7al (left)
and genes involved in bile acid synthesis and regulation (right) in chow-fed and
cholestyramine-fed mice. B. lleum mRNA expression of FXR-regulated genes involved in
bile acid regulation. C. Total bile acid pool and bile acid content in gallbladder (GB),
intestine (Int) and liver. D. Serum bile acid content. E. Liver microsomal CYP7A1 protein.
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An “*” indicates statistically significant difference (p<0.05) determined by one-way
ANOVA (A-B) or Student’s #test (C-E).
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Figure 6.
Effect of Western diet feeding on metabolic phenotype in male wild type, Fxr™~, Tgr5™",

and DKO mice fed a high fat, high cholesterol Western diet for 16 weeks, n=5-8. A. Body
weight (left), body composition (middle), and liver and white adipose tissue weight (right).
B. Liver cholesterol (left), triglycerides (middle) and free fatty acids (right). C. Serum
cholesterol (left), triglycerides (middle) and free fatty acids (right). D. Fecal cholesterol
(left), triglycerides (middle) and free fatty acids (right). E. Glucose tolerance test. F. Insulin
tolerance test. WT-WD, wild type mice fed Western diet; Fxr-WD, Fxr~ mice fed Western
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diet; Tgr5-WD, 7gr5”~ mice fed Western diet; DKO-WD, Fx7~/=/ Tgr57~ double knockout
mice fed Western diet; * indicates p<0.05. An “*” indicates statistically significant
difference (p<0.05) determined by one-way ANOVA (A-D) or Student’s £test (E-F).
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Figure 7.

Effect of Western diet feeding on gene expression profile and bile acid metabolism in male
wild type, Fxr”~, Tgr5”~, and DKO mice fed a high fat, high cholesterol Western diet for
16 weeks, n=5-8. A. Liver mRNA expression of genes involved in bile acid synthesis and
regulation in chow-fed and Western diet-fed male mice. B. lleum mRNA expression of
genes involved in bile acid regulation. C. CYP7A1 protein expression in liver microsomes.
D. CYP7AL1 specific activity. E. Bile acid content in gallbladder (GB), intestine (Int) and
liver, and total bile acid pool size. F. Serum (left) and fecal (right) bile acid content. WT-
WD, wild type mice fed Western diet; Fxr-WD, Fxr~”~ mice fed Western diet; Tgr5-WD,
T9r5~~ mice fed Western diet; DKO-WD, £xr/~/ Tgr57'~ double knockout mice fed
Western diet; * indicates p<0.05. An “*” indicates statistically significant difference
(0<0.05) determined by one-way ANOVA (A-B, E-F) or Student’s #test (C-D).
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Effect of Western diet feeding on gene expression profile, liver steatosis and fibrosis in male
wild type, Fxr”~, Tgr57~, and DKO mice fed a high fat, high cholesterol Western diet for
16 weeks, n=5-8. A. Liver fibrotic and inflammatory mRNA expression. B. Sirius Red
staining (10x), and Trichrome staining (20x) of mouse liver (representative images from 4
mice in each group). C. Liver hydroxyproline content. D. Liver -y-glutamyl transferase
activity. E. Liver malondialdehyde, indicative of thiobarbituric acid reactive substances
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(TBARS). An “*” indicates statistically significant difference (p<0.05) determined by one-
way ANOVA (A, C-E).
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