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Endocrine fibroblast growth factor (FGF) 19 has been shown to be capable of maintaining
bile acid (BA) homeostasis and thus hold promise to be a potential therapeutic agent for
cholestasis liver disease. However, whether paracrine FGFs possess this BA regulatory
activity remains to be determined. In our study, we identified that paracrine fibroblast
growth factor 1 (FGF1) was selectively downregulated in the liver of alpha
naphthylisothiocyanate (ANIT)-induced intrahepatic cholestasis mice, suggesting a
pathological relevance of this paracrine FGF with abnormal BA metabolism. Therefore,
we evaluated the effects of engineered FGF1 mutant - FGF14™8S on the metabolism of
hepatic BA and found that this protein showed a more potent inhibitory effect of BA
biosynthesis than FGF19 without any hepatic mitogenic activity. Moreover, the chronic
administration of FGF12"8S protected liver against ANIT-induced injury by reducing
hepatic BA accumulation. Taken together, these data suggest that FGF147ES may
function as a potent therapeutic agent for intrahepatic cholestasis liver disease.

Keywords: fibroblast growth factor 1, bile acid, cholestatic liver disease, alpha naphthylisothiocyanate, negative
regulator, intrahepatic cholestasis

INTRODUCTION

As synthesized from cholesterol in the liver, bile acids (BAs) are normally stored in the gallbladder.
After meal, it is released into the small intestine to facilitate the digestion and absorption of dietary
lipids (de Aguiar Vallim et al., 2013). However, the disturbance of this physiological homeostasis
will threaten human health, due to the inherent detergent properties of BAs that are potentially
cytotoxic to tissues (Kaplan and Gershwin, 2005).

Cholestasis is one of the most life-threatening liver diseases that is characterized with impaired
bile flow and intrahepatic retention of toxic BAs. The occurrence and development of this disease
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frequently leads to liver fibrosis, cirrhosis and even liver failure
(Luo et al,, 2014). To date, the main prescribed drugs to treat
cholestasis are ursodeoxycholic acid (UDCA) and obelicholic
acid (OCA). However, up to 40% of patients’ response poorly to
UDCA therapy (Lindor, 2007; Hirschfield et al., 2018). For
patients with late-stage cholestasis, the only available option is
liver transplantation (Lindor, 2007). Thus, there is still an unmet
need for more effective therapeutic agents to relief cholestatic
liver disease.

There are accumulating evidences demonstrating that
endocrine fibroblast growth factor 15 (FGF15)/FGF19 signals
from the intestine to the liver to suppress the expression of
cholesterol 7o-hydroxylase (Cyp7Al) (the first rate-limiting
enzyme in the classical BA synthetic pathway) as a negative
feedback loop on BA synthesis (Inagaki et al., 2005; Goetz et al.,
2007; Degirolamo et al., 2016). The discovery of these gut-liver
hormonal axes raises the prospect that modulating BA
metabolism by FGF1 (Nicholes et al., 2002) may be a novel
approach for treating cholestasis. However, the development of a
FGF19-based therapy is challenged with regard to its unwanted
mitogenic activity and tumorgenicity (Nicholes et al., 2002; Wu
et al., 2010). It has been attempted by several groups to uncouple
the BA regulatory capacity and tumorigenic activity of FGF19 by
engineering a M70 mutant (a FGF19 variant) that retains BA
regulatory activity without causing hepatocellular carcinoma
(HCC) (Zhou et al., 2014). This nontumorigenic FGF19
variant is shown to reduce hepatic BA accumulation and
protect mice from liver injury caused by either intrahepatic or
extrahepatic cholestasis, which suggests that it is an applicable
approach for the treatment of cholestatic liver disease (Luo et al.,
2014; Zhou et al., 2016).

More recently, serum level of FGF21 (another member of
FGF endocrine subfamily besides FGF19) is found to be highly
upregulated in patients with biliary atresia, suggesting a
compensatory response may be initiated (Li et al., 2016).
However, the therapeutic effect of this endocrine hormone on
cholestasis is still controversial; both its positive and negative
regulations on BA synthesis have been reported (Zhang et al.,
2017; Chen et al., 2018).

The mammalian FGFs are grouped into five paracrine
subfamilies and one endocrine subfamily (Beenken and
Mohammadi, 2009; Degirolamo et al., 2016). These FGFs
trigger a few common sets of downstream signaling pathways,
including PLCY/PKC, FRS20/RAS-MAPK, Gabl/PI3 kinase/
Akt, and CrkL/Cdc42-Rac (Kouhara et al., 1997; Larsson et al.,
1999; Dailey et al., 2005; Eswarakumar et al., 2005; Seo et al.,
2009; Chau et al., 2010), via activations of FGF receptors
(FGFRs) in either an HS-dependent (in the case of paracrine
FGFs) or a Klotho coreceptor dependent (in the case of
endocrine FGFs) manner (Yayon et al., 1991; Kurosu et al,
2007; Goetz and Mohammadi, 2013). Due to the fact that both
endocrine FGF19 and FGF21 are capable of controlling BA
metabolism (Inagaki et al., 2005; Zhang et al, 2017; Chen
et al.,, 2018), it is logical to postulate that paracrine FGFs may
also possess this ability. Thus, we systematically screened
expressions of all paracrine FGFs in alpha

naphthylisothiocyanate (ANIT)-induced cholestasis mice and
found that only FGF1 was downregulated compared to others,
indicating that this paracrine FGF may be associated with the
pathogenesis of BA disorders. We further confirmed that FGF1
could suppress BA synthesis both in vitro and in vivo. Moreover,
the chronic administration of FGF1°"® protected liver against
ANIT-induced injury by reducing hepatic BA accumulation.
Taken together, all the data suggest that FGF1-based therapy
may be an effective way to treat cholestatic liver disease.

MATERIALS AND METHODS

Materials

Full-length wide type recombinant human FGF19 (FGF19"'")
and the FGF1 variant (FGF1"®%) carrying triple mutations
(Lys127Asp, Lys128Gln, and Lys133Val) were expressed in
E.coli (BL21) and purified as described in the previous studies
(Goetz et al., 2007; Huang et al., 2017). Mouse Total BA Assay
Kit was purchased from Crystal Chem INC. Alpha-
naphthylisothiocyanate (ANIT) was purchased from Sigma
Aldrich (St. Louis, MO, USA). Alanine transaminase (ALT)
and aspartate transaminase (AST) Assay Kits were purchased
from Sigma Aldrich (St. Louis, MO, USA) and performed in
accordance with the protocols provided with manufacturers. All
other reagents were of analytical grade.

Identification of Differential Paracrine
FGFs Between ANIT-Induced Cholestasis
Model and Vehicle Group
Male C57BL/6] mice (20-25 g) were acquired from the Chinese
Academy of Science-Shanghai Laboratory Animal Center. All
animals were maintained on a 12-h light/dark cycle and a
temperature of 25°C * 2°C. Animal care and all animal
experiments conformed to the Guide for the Care and Use of
Laboratory Animals provided by U.S. National Institutes of
Health and were approved by the Animal Care and Use
Committee of Wenzhou Medical University, China.
ANIT-induced intrahepatic cholestasis was established
according to previous reports (Dai et al., 2017). Briefly, mice
were randomized into two groups based on body weight. One
group was orally administered with a single dose of ANIT (75
mg/kg, dissolved in olive oil), termed as ANIT-induced
cholestasis model group; another group was treated with the
same volume of olive oil, serving as the vehicle group. Mice were
euthanized 48 h after administration. Blood of mice was collected
to determine serum levels of liver enzymes (ALT and AST). Liver
tissues of both groups were collected and total RNA was isolated
using Trizol reagent (Invitrogen) according to the
manufacturer’s instructions. The differential mRNA levels of
all paracrine FGFs between ANIT-induced cholestasis model
and the vehicle group were determined by RT-PCR and relative
mRNA levels were calculated by comparative threshold cycle
method using -actin as the internal standard. The primers of all
paracrine FGFs were listed in the (Table S1).
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Primary Hepatocyte Experiments

Primary mouse hepatocytes were isolated and cultured according
to the methods described previously (Zhou et al., 2017). Primary
mouse hepatocytes were plated on rat tail collagen-coated dishes
at a density of 1.5x10° cells/cm® and were allowed to attach for
24 h in a 37°C incubator with 5% CO,. Culture medium was
consisted of 2% fetal bovine serum Williams” E medium
supplemented with 10 nM dexamethasone, 1% penicillin/
streptomycin, L-glutamine. Twenty-four hours after isolation,
cells were treated with the indicated concentration of FGF14M5%
or FGF19W7" (0.2, 2.0, or 20 nM) for 6 h. Total RNA was isolated
using Trizol reagent (Invitrogen) according to the
manufacturer’s instructions. The relative mRNA levels of
Cyp7Al, Cyp8Bl1, Cyp27A1, and Cyp7B1 were determined by
real-time polymerase chain reaction (RT-PCR).

For knockdown of FGF receptor 4 (FGFR4) expression by
siRNA, cells were seeded in 6-well plates for 24 h. Transient
transfections were performed using Lipofectamine RNAIMAX
(Thermo Fisher Scientific, Waltham, MA) according to
manufacturer’s protocol. After transfection with either siRNA
(control or FGFR4 siRNA) (all from Santa Cruz Biotechnology,
Dallas, Texas, USA) for 24 h, cells were treated with FGF12H5S
(20 nM) for 6 h. Then, cells were extracted and analyzed the
Cyp7A1 mRNA levels by RT-PCR.

Acute Effects of FGF1°"®° on the Genes
That Involved in the BA Metabolism

To directly and comprehensively evaluate the effects of
FGF1°"8 on BA metabolism, 6-8 weeks’ C57BL/6] mice were
administered with a single intraperitoneal injection of PBS,
FGF1°"8S or FGF19W™T at increasing doses (0.01, 0.1, and 1.0
mg/kg) respectively. After 4 h of administration, liver tissues
were collected and snap-frozen in liquid nitrogen for analysis of
the key genes involved in BA metabolism including BA
biosynthesis and transport.

Effects of Subchronic Administration of
FGF1“H®S on the BA Homeostasis

A 6-day subchronic study was performed in 6-8-week-old
C57BL/6] mice. Male mice were administered with vehicle,
FGF1*"8% (0.1 and 1.0 mg/kg, once daily) or FGF19"" (0.1
and 1.0 mg/kg, twice daily BID), PBS and FGF19""-treated mice
served as negative and positive control respectively. On the sixth
day, the mice received the last dose and were placed in a new cage
without food. Tissue samples including liver, gallbladder, and
small intestine were collected 4 h after the last administration for
genes and BA content analysis. Collect the small intestine and
retain the complete contents.

Total BAs of liver, gallbladder, and small intestine were
determined using Mouse Total BA Assay Kit (Crystal Chem
INC). The extraction method from tissues was according to
methods described previously (Chen et al., 2018). Briefly, the
froze liver, gallbladder, and small intestine from subchronic
treated mice were individually homogenized with 75% ethanol
and total BAs were extracted by incubating the tissue
homogenate in a 50°C shaker for 2 h. Supernatants from the

extraction were collected after centrifugation and diluted in PBS
for analysis. The dilution factors for each tissue extract were
estimated to ensure that BA measurements fell in the linear range
of the standard curve using mouse BA kit. The BA pool size was
determined as sum of the amount of total BAs in the liver,
gallbladder, and small intestine and its contents.

Real-Time Polymerase Chain

Reaction (RT-PCR)

Total RNA was isolated from treated primary hepatocytes or
frozen tissues, such as the liver, intestine, and gallbladder using
TransZol Up Kit (TransGen Biotech). The total RNA was
reverse-transcribed into complementary DNA with One-Step
gDNA Removal Kit (TransGen Biotech). Quantitative real-time
polymerase chain reaction (RT-PCR) was done using ChamQ
Universal SYBR qPCR Master Mix (Vazyme) with specific
primers (listed in the Table S1) on a Step One Plus Real-Time
PCR system (Applied Biosystems® Quant Studio® 3). B-actin
was used as an endogenous control to normalize for differences
in the amount of total RNA added to each reaction. For mRNAs
levels of paracrine FGFs with the cycle threshold (CT) value
equal to or greater than 35 are considered undetectable.

Western Blot Analysis of Protein
Expression

Liver tissues were then homogenized in protein extraction buffer
(Sigma-Aldrich, St. Louis, MO) with protease and phosphatase
inhibitors, and collected by centrifuging. The protein
concentration was determined using a bicinchoninic acid
(BCA) Protein Assay Kit (Thermo Scientific, Waltham, MA),
and equal amounts of samples were mixed with loading buffer,
subjected to SDS-polyacrylamide gels at 110 V for 100 min, and
then the protein was transferred onto polyvinylidine fluoride
membranes (PVDF) (Millipore-Billerica, MA, USA). After
blocking with 5% nonfat milk for 2 h at room temperature, the
PVDF membranes were washed three times with Tris-buffered
saline (pH 7.6) containing 0.1% Tween-20 (TBST) and then
incubated at 4°C overnight with primary antibody to mouse
FGF1 (1:1000) or glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (1:2000), all the antibodies were obtained from
Abcam (Cambridge, MA). The membranes were washed and
later incubated with HRP-conjugated secondary antibody.
Immuno-reactive protein bands were visualized using the
ChemiDocTM XRS with Imaging LabTM Software (Bio-Rad,
Hercules, CA) and quantified by optical densitometry using
Image ] software (National Institutes of Health, Bethesda,
MD, USA).

Therapeutic Effects of FGF12"BS on the

ANIT-Induced Interhepatic Cholestasis

Male C57BL/6] mice (6-8 weeks old; n = 10 mice per group)
were injected intraperitoneally with PBS, FGF14"® (0.1 mg/kg)
or FGF1*"™ (1.0 mg/kg) once daily for 6 days. On the fourth
day, a single dose of ANIT (75 mg/kg, dissolved in olive oil) was
administered via oral gavage. Mice were euthanized on the sixth
day, 4 h after the final dosage. Serum, liver, gallbladder, and
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intestine samples were collected for analysis. Perform the
analysis of serum liver function index (ALT and AST). Detect
the BA content in serum, liver, gallbladder, and small intestine.

Histological Analysis

Hematoxylin and Eosin (H&E) staining was performed to detect
the protection of FGF1°™®* for liver injury in the ANIT-induced
intrahepatic cholestasis. Briefly, liver tissues of each group were
collected and kept in 4% paraformaldehyde for a post-fix
overnight, and the paraffin-embedded liver tissues were then
sectioned into 5 wm thickness sections by LEICA RM2235
(LEICA, Germany). The sections were dried at 40°C,
deparaffinized, and then rehydrated using a series of ethanol
solutions. The rehydrated sections were subjected to H&E
solution based on the manufacture’s protocol. After the slides
were gently washed with tap water and subsequently rinsed in
distilled water, the slides were mounted with mounting medium.
Finally, the sections were observed and imaged using a Nikon
ECLIPSE NI fluorescence microscope (Nikon, Japan).

Statistical Analysis

All results are expressed as means = SEM. One-way ANOVA
followed by Dunnett’s posttest was used to compare data from
multiple groups (GraphPad Prism). When indicated, Student’s t
test or Mann-Whitney test was used to compare two treatment
groups. A P-value of 0.05 or less was considered
statistically significant.

RESULTS

FGF1 Is Selectively Downregulated in the
Liver of ANIT-Induced Intrahepatic
Cholestasis Mice

To explore the pathological relevance of paracrine FGFs with
cholestatic liver disease, C57BL/6] mice were orally challenged
with a single dose of anaphthylisothiocyanate (ANIT - a
xenobiotic compound) (75 mg/kg of body weight) for 48 h to
induce intrahepatic cholestasis with olive oil as (Yu et al., 2017).
We found that serum levels of ALT, AST, and total BA were
markedly upregulated with concomitant increases of hepatic BAs
in these mice (Figures 1A, D). To our surprise, we found that
only mRNA level of FGF1 in the liver was selectively
downregulated (51% reduction relative to vehicle group)
compared to other paracrine FGFs (Figure 1E; Table S2). This
was further confirmed by the fact that the protein expression of
hepatic FGF1 was also significantly abrogated (Figure 1F).
Taken together, these results suggest that FGF1 may be
involved in the control of BA metabolism.

FGF12"BS Suppresses Biosynthesis
Pathways of BA in Primary Mouse
Hepatocyte

Considering the potential safety of wild type FGF1 (FGF1"'™), we
used an FGFI1 variant (FGF1*"™) in the following study. As
reported in our previous study, this mutant exhibits a markedly

reduced proliferative potential while preserving the full
metabolic activity of FGF1"V" (Huang et al., 2017).

The synthesis of BAs in the liver are tightly controlled by two
pathways to match the physiological needs, which are comprised
of one classic pathway catalyzed by Cyp7Al and an alternative
pathway regulated by two key enzymes (Cyp27A1 and Cyp7B1)
(Russell, 2009).

To assess the capability of FGF1°P®S to regulate the
biosynthesis of BA, primary mouse hepatocytes were
stimulated with increasing concentrations of FGF1*"®® with
vehicle and FGF19W" as controls. Consistent with previous
reports (Holt et al., 2003; Luo et al., 2014), FGF19 selectively
inhibited the mRNA levels of Cyp7Al (52% reduction verse
vehicle group) in the primary mouse hepatocytes without
affecting those of Cyp8B1, Cyp27Al, and Cyp7B1 (Figures
2A-D). Notably, FGF1*"®® could inhibited the mRNA levels
of Cyp7A1, Cyp8B1, Cyp27A1, and Cyp7B1, showing a greater
potency on the inhibition of Cyp7A1 mRNA levels compared to
that FGF19"V" (Figures 2E-H) and these inhibitory effects were
compromised by the knockdown of FGF receptor 4 (FGFR4)
expression by siRNA transfection (Figures 2I-L). Taken
together, these data indicate that FGF1*"®® directly
downregulates BA biosynthesis by FGFR4-mediated inhibiting
of the classical and alternative pathways.

FGF12HBS Acutely Inhibits BA Synthesis
Pathways In Vivo
To evaluate the inhibitory effect of FGF1 on hepatic BA
synthesis in vivo, C57BL/6] mice were received with a single
intraperitoneal (i.p.) injection of FGF1°"®® at the dose of 0.01,
0.1 or 1.0 mg/kg of body weight. As previous reported (Luo et al.,
2014), FGF19"" remarkedly suppressed the expression of
Cyp7Al mRNA levels 4 h after injection (1.0 mg/kg, 39%
reduction relative to vehicle group) (Figure 3A). In the case of
FGF1"P5  its acute administration dose-dependently inhibited
hepatic mRNA expressions of Cyp7Al, Cyp8B1, Cyp27A1, and
Cyp7B1 (Figures 3B-E), suggesting that FGF1*""™ might reduce
BA biosynthesis through both the classic and alternative
pathways, which was consistent with the in vitro data. Notably,
FGF1*"®® more potently inhibited the mRNA level of Cyp7Al
than FGF19"T (99% reduction relative to vehicle group at 1.0
mg/kg dose), probably due to that FGFR4-binding affinity of
FGF1288S is much higher than that of FGF19W" (Figure 4B).
In addition to BA synthesis, the maintenance of BA
homeostasis relies on various hepatic membrane transporters
(Zollner et al., 2006; Halilbasic et al., 2013). In the liver, the
uptake of BA from hepatic portal vein is mainly mediated by
basolateral uptake transporters (Ntcp, Oatpl, and Oatp2), while
its excretion through microbilliary ducts is regulated by BA
canalicular efflux transporters (canalicular bile salt export
pump Bsep, Mrp2, and Mdr2) (Zollner et al., 2006; Halilbasic
et al, 2013). To comprehensively investigate the effects of
FGF1%"55 on BA intracellular and extracellular transports,
mRNA levels of both basolateral uptake transporters and BA
canalicular efflux transporters in the liver were determined. As
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FIGURE 1 | The mRNA and protein levels of FGF1 in liver were downregulated in the ANIT-induced intrahepatic cholestasis mouse model. Eight-week-old C57BL/
6J mice were orally administrated with olive ail (control group) or 75 mg/kg ANIT (cholestasis mouse model) for once and then liver tissues were collected and
analyzed after 48 h. (A, B) Evaluation of liver function as determined by serum levels of ALT and AST. (C, D) Serum BA concentrations (C) and hepatic BA pool (D)
of each group were measured. (E) The levels of hepatic FGF1 gene expression of each group were examined by real-time polymerase chain reaction (RT-PCR);
(F) Representative western blot analysis (up panel) and densitometric quantification (down panel) of FGF1 protein expression in liver tissues from ANIT-induce
intrahepatic cholestasis mouse model and control group; data are normalized to GAPDH. Data are presented as mean + SEM; ***p < 0.0001 versus control group;
n = 8-12. ANIT-model, ANIT-induced intrahepatic cholestasis mouse model; Ctrl, control group; FGF1, fibroblast growth factor 1; GAPDH, glyceraldehyde-3-
phosphate dehydrogenase.

shown in Figures 3F-H, expressions of Bsep and Mrp2 were  (Figure 3L). Taken together, these data suggest that FGF1°7% is
only modestly suppressed by FGF1*"®° treatment without  a more potent inhibitor on BA biosynthesis than FGF19 in vivo
affecting that of Mdr2. For basolateral uptake transporters,  and prevent the uptake of BA from hepatic portal vein.
FGF1°"®® significantly reduced mRNA levels of Ntcp, Oatpl,

Oacp2, and especially Ntcp (89% reduction verse vehicle group), Chronic Administration of FGF1 AHBS

indicating that FGF1*"®® may prevent the uptake of BA from  Inhibits Biosynthesis of BA Without

hepatic portal vein (Figures 31-K). Moreover, the measurement |nducing Hepatic Proliferation

of hepatic BA pool showed that there was no remarkable A 6-day study was conducted to evaluate the long-term effect of
difference between FGF1*"PS_treated mice with control group FGF129BS 5h BA biosynthesis. The dosage and frequency used
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FIGURE 2 | The bile acid (BA) regulatory activity of FGF1 in primary mouse hepatocytes. (A-H) Primary mouse hepatocytes were stimulated by different
concentrations of FGF19"T (A-D) or FGF12"8S (E-H), relative mRNA levels of Cyp7A1, Cyp8B1, Cyp27A1, and Cyp7B1 were determined by real-time polymerase
chain reaction (RT-PCR) (n = 6) and normalized to actin mRNA levels. (I-L) Primary mouse hepatocytes with and without knockdown FGFR4 were stimulated by
PBS or 20 nM FGF14"88  relative mRNA levels of Cyp7A1, Cyp8B1, Cyp27A1, and Cyp7B1 were determined by RT-PCR and normalized to actin mRNA levels.
Data are expressed as fold change relative to control group (PBS-treated primary mouse hepatocytes). Data are presented as mean + SEM; ***p < 0.0001 versus
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was according to previous report (Chen et al., 2018), mice were
i.p. administered with FGF19WT (twice daily) or FGF12HBS (once
daily) at 0.1 or 1.0 mg/kg of body weight (Figure 4A). Consistent
with its acute effects, FGF1*"P® at 1.0 mg/kg significantly
inhibited hepatic expressions of Cyp7Al, Cyp8B1, Cyp27Al,
and Cyp7B1 (Figures 4B-E) with a remarkable reduction of BA
content in the liver and gallbladder (Figures 4F-H). Besides,
total BA pool was also largely reduced (Figure 4I). These data
further demonstrate that FGF1*"® can inhibit BA biosynthesis
and reduce BA pool by downregulating BA synthetic pathways.
Thus, we speculate that FGF1™® may be a potential therapeutic
agent for treating cholestasis.

In addition, we evaluated the safety of chronic FGF14H?®
treatment. Serum levels of ALT and AST were not altered by
FGF1°"% suggesting that liver was not injured (Figures 5A, B).
We further assessed the mitogenic activity of FGF1*"® and
FGF19"" in the 6-day study by determining the hepatic mRNA
levels of proliferation markers including Ki67, alpha fetaprotein
(AFP), and proliferating cell nuclear antigen (PCNA). Consistent
with previous studies (Wu et al,, 2010), FGF19"" significantly

upregulates these proliferating signals in the liver (Figures 5C-
E). However, mice treated with FGF1°"® did not exhibit any
hepatic proliferation activity (Figures 5C-E). Moreover, signs of
hyperplasia by immune-histochemical staining using PCNA
showed that FGF19™" caused a clear increase in the number
of hyperproliferating cells in the liver of mice. As expected, there
was no increase in the number of hyperproliferating cells in the
livers of FGF1*"™-treated mice over that of the PBS-treated
control (Figure 5F). This consistence with our previous study
further confirms the safety of chronic FGF1™® treatment.

FGF14"®° Ameliorates ANIT-Induced
Intrahepatic Cholestasis

We further assessed the potential therapeutic efficacy of
FGF1%"®% on ANIT-induced intrahepatic cholestasis.
Consistent with previous studies, increased intrahepatic BA
content and reduced the intestine BA pool were observed in
the mice treated by ANIT, compared with that of the vehicle
group, confirming the establishment of intrahepatic cholestasis
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after dosing and the hepatic genes involved in BA biosynthesis and transporter were evaluated by real-time polymerase chain reaction (RT-PCR). (A) Effect of
FGF19"T on Cyp7A1 mRNA; (B-E) Hepatic mRNA levels of Cyp7A1 (B), Cyp8B1 (C), Cyp27A1 (D), and Cyp7B1 (E) were determined by RT-PCR. (F-H) RT-PCR
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Data are presented as mean + SEM; *P < 0.05; **P < 0.01; ***P < 0.001; *** p < 0.0001 versus control group; n = 8.

model (Figures 6A-D). Notably, we observed that FGF14M5S
(1.0 mg/kg of body weight) treatment significantly reduced BA
contents in the liver, gallbladder, and small intestine and thus
lowered the total BA pool (Figures 6A-D).

The elevated hepatic BA accumulation in ANIT-induced
intrahepatic cholestasis mice induced a remarkable liver
damage as revealed by increasing serum levels of ALT and
AST (Figures 6E-G). We found that the chronic treatment of
FGF1°"®® (1.0 mg/kg of body weight) significantly lowered
serum levels of total BA, ALT, and AST, indicating a protective
effect of FGF1*"®® on ANIT-induced liver damage. The
histological analysis suggested that FGF1*"® treatment
reduced cholestasis associated necrotic lesions in the liver,
compared to the vehicle treatment (Figure 6H). Taken
together, all the data demonstrate that FGF1°"® protects
against liver damage in ANIT-induced intrahepatic cholestasis
by reducing hepatic BA accumulation through the inhibition of
both the classic and alternative pathways.

DISCUSSION

The homeostasis of BA metabolism is tightly regulated by
numerous enzymes, transporters, and nuclear receptors
(Halilbasic et al., 2013). Previous studies have shown that both
FGF19 and FGF21 are capable of controlling its metabolism
(Schaap et al., 2009; Luo et al., 2014; Wunsch et al,, 2015; Zhang
et al,, 2017; Chen et al,, 2018). Here, we firstly identified that
paracrine FGF1 was selectively downregulated in the liver of
ANIT-induced intrahepatic cholestasis mice (Figures 1E-G).
Then, we confirmed that the engineered FGF1*"®S could
suppress BA biosynthesis by downregulating both of the
classical and alternative pathway in vitro and in vivo (Figures
2 and 3). We further demonstrate that exogenous administration
of FGF1 could protect ANIT-induced cholestasis liver injury by
inhibiting biosynthesis of BA (Figures 2-4).

FGF1 is a prototype of FGF family that has been implicated in
various physiological processes including wound healing,
neuroprotection and adipogenesis (Beenken and Mohammadi,
2009). Recently, Johan W. Jonker et al. identified that PPARY-
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FGF1 axis is critical for maintaining metabolic homeostasis and
insulin sensitization (Jonker et al., 2012). Although known as a
mitogenic factor, exogenous administration of FGF1 results in
potent and insulin-dependent glucose lowering effect in insulin
resistance mice. This discovery uncovers an unexpected,
neomorphic insulin-sensitizing effect of FGF1 to treat type 2
diabetes (Suh et al., 2014) and expands the functions of this
classically known mitogen. In our study, we firstly show another
novel function of FGF1 to protect cholestasis liver disease by
regulating BA biosynthesis.

The signaling and functions of FGFs are tightly regulated by
spatial and temporal expressions of FGFs, FGFRs, and
coreceptors (heparin sulfate and klotho) and most importantly
by binding specificity of FGF-FGFRs (Beenken and
Mohammadi, 2009). As a unique member of FGFs, FGF1 is
termed as “the universal FGFR ligand” because it overrides the
barrier of FGF-FGFRs binding specificity (Beenken et al., 2012),

which makes it binding with liver-enriched FGFR4 and forming
the structural basis for BA regulatory activity (Figure 2).
Notably, the engineered FGF1 partial agonist (FGF14""®)
carrying triple mutations located on the heparin sulfate
binding regions, which diminishes the ability of FGF1°"®® to
induce heparin sulfate-assisted FGFR dimerization (Huang et al.,
2017) but did not affect its binding specificity with FGFRs. This
may be the reason that FGF1°"53 still exhibits BA regulatory
activity (Figures 2 and 3).

One plausible explanation for FGF not inducing hepatic
proliferation may rely on the “threshold model” published in our
previous study; as the dimerization strength of FGFR decreases,
the mitogenic potential of FGF1 is dissipated much earlier before
the decrease of its glucose-regulatory activity. Thus, the
mitogenic and glucose-lowering activity of FGF1 could be
uncoupled by dampening FGF-FGFR dimerization through
triple mutations that diminish FGFI-heparin binding affinity

IAHBS
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FIGURE 5 | Safety evaluation of chronic FGF1 administration. (A, B) Evidence of liver injury as determined by serum activities of liver enzymes Alanine transaminase
and aspartate transaminase (ALT and AST). (C-E) Real-time polymerase chain reaction (RT-PCR) analysis of hepatic mRNA levels of the proliferation markers
including Ki-67, AFP, and PCNA in C57BL/6J mice after chronic treatment, data was normalized to actin mRNA levels and expressed as fold change relative to
control group (PBS-treated mice) (F) immune-histochemical staining using PCNA. Data are presented as mean + SEM; *P < 0.05; ***P < 0.001; versus control

(Huang et al., 2017). In the study, we found that FGF1*"®® could
regulate BA metabolism without exhibiting any hepatic
proliferation activity, suggesting that the BA regulatory activity
and mitogenic activity of FGF1 could be also separated in
this condition.

Interestingly, acute administration of FGFI not only
reduced the BA biosynthesis by downregulating Cyp7A1l
expression, but also suppressed the uptake of BA from hepatic
portal vein by reducing the expression of basolateral uptake
transporters (Ntcp, Oatpl, and Oatp2) (Figure 3). These dual

AHBS

effects can limit the accumulation of BA in the liver and facilitate
the protective effects of FGF1 on ANIT-induced cholestasis. To
further determine whether the changes of these genes are due to
the direct effect of drug stimulation or the negative feedback
upon changes in BA content, we measured the content of total
BA in mouse liver after single injection. The results showed that
synthesis of BA genes was inhibited whereas the hepatic BA
content did not change, suggesting that changed expressions of
these enzyme and transporters may be directly associated with
drug stimulation but not negative feedback.
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0.01; *P < 0.001; ***P < 0.0001.

Although the results presented in the study demonstrate that
FGF1*"55 suppresses hepatic BA accumulation and protect liver
against ANIT-induced injury, several limitations need to be
addressed. Firstly, the promiscuity of FGF1 with all FGFRs and
its mitogenic activity representing safety concerns hurdles the
development of FGF1-based therapy. Although no significant
proliferation activity and tumorgenicity in the liver were
observed after chronic treatment of FGF1*"®, further
investigations are needed to comprehensively assess of safety of
long-term administration of FGF1*"®® or engineer FGF1
variants specifically binding with FGFR4. Secondly, the ANIT-
induced intrahepatic cholestaisis mouse model used in the
present study only depicts certain aspects of cholestatic liver
disease, extra experimental models are also required to evaluate
the potentially therapeutic value of FGF1 mutants.

CONCLUSION

In conclusion, our study uncovers the association of paracrine
FGF1 with BA metabolism and demonstrated that FGF1
functions as a negative regulator of BA synthesis through
FGFR4-mediated inhibition of the classical and alternative

pathway. Thus, FGF1 can function as a protector against
ANIT-induced liver injury under cholestasis. Moreover, the
study from engineered FGF1°"™® holds a promise of FGF1 to
be a therapeutic candidate for cholestatic liver disease or other
BA metabolism syndromes.

DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the article/
Supplementary Material.

ETHICS STATEMENT

The animal study was reviewed and approved by the Animal
Care and Use Committee of Wenzhou Medical University.

AUTHOR CONTRIBUTIONS

HL, CZ, YH, QL, GQ, YW, ZH, and JN researched the data. ZH
and JN contributed to the initial discussion and design of the

Frontiers in Pharmacology | www.frontiersin.org

December 2019 | Volume 10 | Article 1515


https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

Lin et al.

Bile Acid Regulatory Activity of FGF1

project. HL and JN wrote the manuscript. JN is the guarantor of
this work and, as such, had full access to all the data in the study
and takes responsibility for the integrity of the data and the
accuracy of the data analysis.

FUNDING

This work was supported by grants from the Natural Science
Foundation of China (81803415, to JN) and the Natural Science

REFERENCES

Beenken, A., and Mohammadi, M. (2009). The FGF family: biology,
pathophysiology and therapy. Nat. Rev. Drug Discovery 8 (3), 235-253. doi:
10.1038/nrd2792

Beenken, A., Eliseenkova, A. V., Ibrahimi, O. A., Olsen, S. K., and Mohammadi, M.
(2012). Plasticity in interactions of fibroblast growth factor 1 (FGF1) N
terminus with FGF receptors underlies promiscuity of FGF1. J. Biol. Chem.
287 (5), 3067-3078. doi: 10.1074/jbc.M111.275891

Chau, M. D., Gao, J., Yang, Q., Wu, Z., and Gromada, J. (2010). Fibroblast growth
factor 21 regulates energy metabolism by activating the AMPK-SIRT1-PGC-
lalpha pathway. Proc. Natl. Acad. Sci. U.S.A. 107 (28), 12553-12558. doi:
10.1073/pnas.1006962107

Chen, M. M., Hale, C,, Stanislaus, S., Xu, J., and Veniant, M. M. (2018). FGF21 acts
as a negative regulator of bile acid synthesis. J. Endocrinol. 237 (2), 139-152.
doi: 10.1530/JOE-17-0727

Dai, M., Yang, J., Xie, M., Lin, J., Luo, M., Hua, H., et al. (2017). Inhibition of JNK
signalling mediates PPARalpha-dependent protection against intrahepatic
cholestasis by fenofibrate. Br. J. Pharmacol. 174 (18), 3000-3017. doi:
10.1111/bph.13928

Dailey, L., Ambrosetti, D., Mansukhani, A., and Basilico, C. (2005). Mechanisms
underlying differential responses to FGF signaling. Cytokine Growth F R 16 (2),
233-247. doi: 10.1016/j.cytogfr.2005.01.007

de Aguiar Vallim, T. Q, Tarling, E. J., and Edwards, P. A. (2013). Pleiotropic roles of bile
acids in metabolism. Cell Metab. 17 (5), 657-669. doi: 10.1016/j.cmet.2013.03.013

Degirolamo, C., Sabba, C., and Moschetta, A. (2016). Therapeutic potential of the
endocrine fibroblast growth factors FGF19, FGF21 and FGF23. Nat. Rev. Drug
Discovery 15 (1), 51-69. doi: 10.1038/nrd.2015.9

Eswarakumar, V. P.,, Lax, I, and Schlessinger, J. (2005). Cellular signaling by
fibroblast growth factor receptors. Cytokine Growth F R 16 (2), 139-149. doi:
10.1016/j.cytogfr.2005.01.001

Goetz, R., and Mohammadi, M. (2013). Exploring mechanisms of FGF signalling
through the lens of structural biology. Nat. Rev. Mol. Cell Bio 14 (3), 166-180.
doi: 10.1038/nrm3528

Goetz, R., Beenken, A., Ibrahimi, O. A., Kalinina, J., Olsen, S. K., Eliseenkova, A.
V., etal. (2007). Molecular insights into the klotho-dependent, endocrine mode
of action of fibroblast growth factor 19 subfamily members. Mol. Cell Biol. 27
(9), 3417-3428. doi: 10.1128/MCB.02249-06

Halilbasic, E., Claudel, T., and Trauner, M. (2013). Bile acid transporters and
regulatory nuclear receptors in the liver and beyond. J. Hepatol 58 (1), 155-168.
doi: 10.1016/j.jhep.2012.08.002

Hirschfield, G. M., Dyson, J. K., Alexander, G. J. M., Chapman, M. H., Collier, J.,
Hiibscher, S., et al. (2018). The British Society of Gastroenterology/UK-PBC
primary biliary cholangitis treatment and management guidelines. Gut 67 (9),
1568-1594. doi: 10.1136/gutjnl-2017-315259

Holt, J. A, Luo, G., Billin, A. N, Bisi, J., McNeill, Y. Y., Kozarsky, K. F,, et al. (2003).
Definition of a novel growth factor-dependent signal cascade for the suppression of
bile acid biosynthesis. Genes Dev. 17 (13), 1581-1591. doi: 10.1101/gad.1083503

Huang, Z., Tan, Y., Gu, J,, Liu, Y., Song, L., Niu, J., et al. (2017). Uncoupling the
mitogenic and metabolic functions of FGF1 by tuning FGF1-FGF receptor
dimer stability. Cell Rep. 20 (7), 1717-1728. doi: 10.1016/j.celrep.2017.06.063

Inagaki, T., Choi, M., Moschetta, A., Peng, L., Cummins, C. L., McDonald, J. G, et al.
(2005). Fibroblast growth factor 15 functions as an enterohepatic signal to regulate
bile acid homeostasis. Cell Metab. 2 (4), 217-225. doi: 10.1038/nature10998

Foundation of Zhejiang (LY18H070002 and LQ19H300002, to
YW and JW), and the Science and Technology Project of
Wenzhou (Y20180176, to JW).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fphar.
2019.01515/full#supplementary-material

Jonker, J. W., Suh, J. M., Atkins, A. R,, Ahmadian, M., Li, P., Whyte, J., et al.
(2012). A PPARgamma-FGF1 axis is required for adaptive adipose remodelling
and metabolic homeostasis. Nature 485 (7398), 391-394. doi: 10.1038/
naturel10998

Kaplan, M. M., and Gershwin, M. E. (2005). Primary biliary cirrhosis. N Engl. J.
Med. 353 (12), 1261-1273. doi: 10.1056/NEJMra043898

Kouhara, H., Hadari, Y. R,, Spivak-Kroizman, T., Schilling, J., Bar-Sagi, D, Lax, L,
et al. (1997). A lipid-anchored Grb2-binding protein that links FGF-receptor
activation to the Ras/MAPK signaling pathway. Cell 89 (5), 693-702. doi:
10.1016/S0092-8674(00)80252-4

Kurosu, H., Choi, M., Ogawa, Y., Dickson, A. S., Goetz, R., Eliseenkova, A. V., et al.
(2007). Tissue-specific expression of betaKlotho and fibroblast growth factor
(FGF) receptor isoforms determines metabolic activity of FGF19 and FGF21. J.
Biol. Chem. 282 (37), 26687-26695. doi: 10.1074/jbc.M704165200

Larsson, H., Klint, P., Landgren, E., and Claesson-Welsh, L. (1999). Fibroblast
growth factor receptor-1-mediated endothelial cell proliferation is dependent
on the Src homology (SH) 2/SH3 domain-containing adaptor protein Crk. J.
Biol. Chem. 274 (36), 25726-25734. doi: 10.1074/jbc.274.36.25726

Li, D, Lu, T., Shen, C,, Shen, C,, Liu, Y., Zhang, J., et al. (2016). Expression of
fibroblast growth factor 21 in patients with biliary atresia. Cytokine 83, 13-18.
doi: 10.1016/j.cyt0.2016.03.003

Lindor, K. (2007). Ursodeoxycholic acid for the treatment of primary biliary
cirrhosis. N Engl. J. Med. 357 (15), 1524-1529. doi: 10.1056/NEJMct074694

Luo, J., Ko, B,, Elliott, M., Zhou, M., Lindhout, D. A., Phung, V., et al. (2014). A
nontumorigenic variant of FGF19 treats cholestatic liver diseases. Sci. Transl.
Med. 6 (247), 247ra100. doi: 10.1126/scitranslmed.3009098

Nicholes, K., Guillet, S., Tomlinson, E., Hilan, K., Wright, B., and Frantz, G. D.
(2002). A mouse model of hepatocellular carcinoma: ectopic expression of
fibroblast growth factor 19 in skeletal muscle of transgenic mice. Am. J. Pathol.
160 (6), 2295-2307. doi: 10.1016/S0002-9440(10)61177-7

Russell, D. W. (2009). Fifty years of advances in bile acid synthesis and
metabolism. J. Lipid Res. 50, S120-S125. doi: 10.1194/jlr.R800026-JLR200

Schaap, F. G., van der Gaag, N. A., Gouma, D. J,, and Jansen, P. L. (2009). High
expression of the bile salt-homeostatic hormone fibroblast growth factor 19 in
the liver of patients with extrahepatic cholestasis. Hepatology 49 (4), 1228-
1235. doi: 10.1002/hep.22771

Seo, J. H., Suenaga, A., Hatakeyama, M., Taiji, M., and Imamoto, A. (2009).
Structural and functional basis of a role for CRKL in a fibroblast growth factor
8-induced feed-forward loop. Mol. Cell Biol. 29 (11), 3076-3087. doi: 10.1128/
MCB.01686-08

Suh, J. M,, Jonker, J. W., Ahmadian, M., Goetz, R., Lackey, D., Osborn, O., et al.
(2014). Endocrinization of FGF1 produces a neomorphic and potent insulin
sensitizer. Nature 513 (7518), 436-439. doi: 10.1038/nature13540

Wu, X,, Ge, H., Lemon, B., Vonderfecht, S., Weiszmann, J., Hecht, R., et al. (2010).
FGF19-induced hepatocyte proliferation is mediated through FGFR4
activation. J. Biol. Chem. 285 (8), 5165-5170. doi: 10.1074/jbc.M109.068783

Wunsch, E., Milkiewicz, M., Wasik, U., Trottier, J., Kempiniska-Podhorodecka, A.,
Elias, E., et al. (2015). Expression of hepatic Fibroblast Growth Factor 19 is
enhanced in Primary Biliary Cirrhosis and correlates with severity of the
disease. Sci. Rep. 5, 13462. doi: 10.1038/srep13462

Yayon, A., Klagsbrun, M., Esko, J. D., Leder, P., and Ornitz, D. M. (1991). Cell
surface, heparin-like molecules are required for binding of basic fibroblast
growth factor to its high affinity receptor. Cell 64 (4), 841-848. doi: 10.1016/
0092-8674(91)90512-W

Frontiers in Pharmacology | www.frontiersin.org

December 2019 | Volume 10 | Article 1515


https://www.frontiersin.org/articles/10.3389/fphar.2019.01515/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2019.01515/full#supplementary-material
https://doi.org/10.1038/nrd2792
https://doi.org/10.1074/jbc.M111.275891
https://doi.org/10.1073/pnas.1006962107
https://doi.org/10.1530/JOE-17-0727
https://doi.org/10.1111/bph.13928
https://doi.org/10.1016/j.cytogfr.2005.01.007
https://doi.org/10.1016/j.cmet.2013.03.013
https://doi.org/10.1038/nrd.2015.9
https://doi.org/10.1016/j.cytogfr.2005.01.001
https://doi.org/10.1038/nrm3528
https://doi.org/10.1128/MCB.02249-06
https://doi.org/10.1016/j.jhep.2012.08.002
https://doi.org/10.1136/gutjnl-2017-315259
https://doi.org/10.1101/gad.1083503
https://doi.org/10.1016/j.celrep.2017.06.063
https://doi.org/10.1038/nature10998
https://doi.org/10.1038/nature10998
https://doi.org/10.1038/nature10998
https://doi.org/10.1056/NEJMra043898
https://doi.org/10.1016/S0092-8674(00)80252-4
https://doi.org/10.1074/jbc.M704165200
https://doi.org/10.1074/jbc.274.36.25726
https://doi.org/10.1016/j.cyto.2016.03.003
https://doi.org/10.1056/NEJMct074694
https://doi.org/10.1126/scitranslmed.3009098
https://doi.org/10.1016/S0002-9440(10)61177-7
https://doi.org/10.1194/jlr.R800026-JLR200
https://doi.org/10.1002/hep.22771
https://doi.org/10.1128/MCB.01686-08
https://doi.org/10.1128/MCB.01686-08
https://doi.org/10.1038/nature13540
https://doi.org/10.1074/jbc.M109.068783
https://doi.org/10.1038/srep13462
https://doi.org/10.1016/0092-8674(91)90512-W
https://doi.org/10.1016/0092-8674(91)90512-W
https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

Lin et al.

Bile Acid Regulatory Activity of FGF1

Yu, L, Liu, X, Yuan, Z,, Yi, X,, Yang, H,, Yuan, Z,, et al. (2017). SRT1720 Alleviates
ANIT-induced cholestasis in a mouse model. Front. Pharmacol. 8, 256. doi:
10.3389/fphar.2017.00256

Zhang, J., Gupte, J., Gong, Y., Weiszmann, J., Zhang, Y., Lee, K. J., et al. (2017).
Chronic over-expression of fibroblast growth factor 21 increases bile acid
biosynthesis by opposing FGF15/19 action. EBioMedicine 15, 173-183. doi:
10.1016/j.ebiom.2016.12.016

Zhou, M., Wang, X,, Phung, V., Lindhout, D. A, Mondal, K., Hsu, J. A,, et al. (2014).
Separating tumorigenicity from bile acid regulatory activity for endocrine hormone
FGF19. Cancer Res. 74 (12), 3306-3316. doi: 10.1158/0008-5472.CAN-14-0208

Zhou, M., Learned, R. M., Rossi, S. J., DePaoli, A. M,, Tian, H,, and Ling, L. (2016).
Engineered fibroblast growth factor 19 reduces liver injury and resolves sclerosing
cholangitis in Mdr2-deficient mice. Hepatology 63 (3), 914-929. doi: 10.1002/hep.28257

Zhou, M., Yang, H., Learned, R. M., Tian, H., and Ling, L. (2017). Non-cell-
autonomous activation of IL-6/STAT3 signaling mediates FGF19-driven
hepatocarcinogenesis. Nat. Commun. 8, 15433. doi: 10.1038/ncomms15433

Zollner, G., Marschall, H. U., Wagner, M., and Trauner, M. (2006). Role of nuclear
receptors in the adaptive response to bile acids and cholestasis: pathogenetic
and therapeutic considerations. Mol. Pharm. 3 (3), 231-251. doi: 10.1021/
mp060010s

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2019 Lin, Zhou, Hou, Li, Qiao, Wang, Huang and Niu. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Pharmacology | www.frontiersin.org

December 2019 | Volume 10 | Article 1515


https://doi.org/10.3389/fphar.2017.00256
https://doi.org/10.1016/j.ebiom.2016.12.016
https://doi.org/10.1158/0008-5472.CAN-14-0208
https://doi.org/10.1002/hep.28257
https://doi.org/10.1038/ncomms15433
https://doi.org/10.1021/mp060010s
https://doi.org/10.1021/mp060010s
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

	Paracrine Fibroblast Growth Factor 1 Functions as Potent Therapeutic Agent for Intrahepatic Cholestasis by Downregulating Synthesis of Bile Acid
	Introduction
	Materials and Methods
	Materials
	Identification of Differential Paracrine FGFs Between ANIT-Induced Cholestasis Model and Vehicle Group
	Primary Hepatocyte Experiments
	Acute Effects of FGF1ΔHBS on the Genes That Involved in the BA Metabolism
	Effects of Subchronic Administration of FGF1ΔHBS on the BA Homeostasis
	Real-Time Polymerase Chain Reaction (RT-PCR)
	Western Blot Analysis of Protein Expression
	Therapeutic Effects of FGF1ΔHBS on the ANIT-Induced Interhepatic Cholestasis
	Histological Analysis
	Statistical Analysis

	Results
	FGF1 Is Selectively Downregulated in the Liver of ANIT-Induced Intrahepatic Cholestasis Mice
	FGF1ΔHBS Suppresses Biosynthesis Pathways of BA in Primary Mouse Hepatocyte
	FGF1ΔHBS Acutely Inhibits BA Synthesis Pathways In Vivo
	Chronic Administration of FGF1ΔHBS Inhibits Biosynthesis of BA Without Inducing Hepatic Proliferation
	FGF1ΔHBS Ameliorates ANIT-Induced Intrahepatic Cholestasis

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


