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Abstract
Mouse fibroblast growth factor 15 (FGF15) and human ortholog FGF19 have been identified as
the bile acid-induced intestinal factors that mediate bile acid feedback inhibition of cholesterol 7α-
hydroxylase gene transcription in mouse liver. The mechanism underlying FGF15/FGF19
inhibition of bile acid synthesis in hepatocytes remains unclear. Chenodeoxycholic acid (CDCA)
and a farnesoid X receptor (FXR)-specific agonist GW4064 strongly induced FGF19 but inhibited
CYP7A1 mRNA levels in primary human hepatocytes. FGF19 strongly and rapidly repressed
CYP7A1 but not small heterodimer partner (SHP) mRNA levels. Kinase inhibition and
phosphorylation assays revealed that the MAPK/ERK1/2 pathway played a major role in
mediating FGF19 inhibition of CYP7A1. However, siRNA knockdown of SHP did not affect
FGF19 inhibition of CYP7A1. Interestingly, CDCA stimulated tyrosine phosphorylation of the
FGF receptor 4 (FGFR4) in hepatocytes. FGF19 antibody and siRNA specific to FGFR4
abrogated GW4064 inhibition of CYP7A1. These results suggest that bile acid-activated FXR is
able to induce FGF19 in hepatocytes to inhibit CYP7A1 by an autocrine/paracrine mechanism.
We conclude that the hepatic FGF19/FGFR4/ERK1/2 pathway may inhibit CYP7A1 independent
of SHP. In addition to inducing FGF19 in the intestine, bile acids in hepatocytes may activate the
liver FGF19/FGFR4 signaling pathway to inhibit bile acid synthesis and prevent accumulation of
toxic bile acid in human livers.
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Introduction
Hepatic bile acid synthesis is feedback inhibited by bile acids returning to the liver via
enterohepatic circulation (1). It has been known for more than fifty years that the rate of bile
acid synthesis is stimulated by bile fistula and inhibited by intraduodenal infusion of taurine-
conjugated bile acids (2,3). More recent in vivo studies have shown that bile acids exert their
negative feedback regulation at the first and rate-limiting enzyme of the pathway, CYP7A1
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(4,5). Intriguingly intraduodenal infusion, but not intravenous infusion of taurocholate
markedly reduced CYP7A1 expression in bile fistula rats (6). We suggest that a putative
intestinal factor, released or absorbed in the presence of bile acids in the intestine lumen,
may play a role in the regulation of bile acid synthesis (6).

Bile acid-activated receptor, farnesoid X receptor (FXR) is known to induce a negative
nuclear receptor, SHP, which interacts with liver receptor homolog-1 (LRH-1) and inhibits
CYP7A1 gene expression (7,8). Targeted deletion of the FXR gene in mice impaired bile
acid and lipid homeostasis supporting the critical role of FXR in bile acid and lipid
metabolism (9). However, ablation of the SHP gene in mice impaired but did not eliminate
bile acid negative feedback inhibition of bile acid synthesis suggesting SHP-independent
mechanisms exist (10,11). These include bile acid-induced inflammatory cytokines, FGF
receptor 4 (FGFR4) signaling, JNK/c-Jun, and pregnane X receptor (PXR) (10,12-14).

Several recent studies have shown that the bile acid-activated FXR binds to a response
element located in the second intron of the mouse FGF15, human FGF19 and rat FGF15
genes (15,16). Adenovirus-mediated overexpression of FGF15 inhibits CYP7A1 gene
expression (17). These investigators suggest that intestine FGF15 is transported to the liver
to activate FGFR4 signaling to inhibit CYP7A1 gene transcription. However, these
investigators were unable to identify FGF15 in the mouse sera and livers, and reported that
feeding a synthetic FXR agonist GW4064 or cholic acid did not induce FGF15 in the mouse
livers (17). Therefore, it is not clear as how the intestine FGF15 is transported to the liver to
activate the FGFR4 and how FGFR4 signal inhibits CYP7A1 gene transcription. The FGF
family of mitogenic cytokine consists of more than 20 small secreted-peptides involved in
cell growth, development and migration (18,19). FGF15 and FGF19 have been shown to
increase metabolic rate, reverse diet-induced diabetes and decrease adiposity (20). FGF19
binds and activates FGFR4 in human and mouse livers (18). FGFR4 receptor tyrosine kinase
activates several signaling pathways including JNK and ERK1/2 MAP kinases to exert its
biological effects (15,21,22). FGF15 inhibition of CYP7A1 is partially abolished in SHP-/-
mice suggesting that SHP-independent pathway may be involved in mediating FGFR
signaling (17). Furthermore, FGF15 does not induce SHP in mouse and human hepatocytes
and the expression of SHP is significantly decreased in FGFR4 transgenic mice expressing
the constitutively active human FGFR4 (15,22). Therefore the pathway that mediates FGF19
signaling in the liver remains to be identified. We studied bile acid induction of FGF19
mRNA and protein expression in primary human hepatocytes, and the role of FGF19 and
FGFR4 signaling in mediating bile acid repression of CYP7A1 in the liver.

Materials and methods
Cell culture

HepG2 cells were obtained from ATCC (Manassas, VA). Primary human hepatocytes were
isolated from human donors and were obtained from the Liver Tissue Procurement and
Distribution System of National Institute of Health (S. Strom, University of Pittsburgh, PA).
Cells were maintained as described previously (23).

Reagents
The reagents were obtained from the following sources: PD98059, SB203580 and SP600125
were from CalBiochem; U0126 was from Upstate Biotec (Lake Placid, NY). Recombinant
FGF19 was from R&D systems (Minneapolis, MN). GW4064 was a generous gift from Dr.
C. Kremoser (Phenex Pharma AG, Ludwigshafen, Germany).
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RNA isolation and Quantitative Real-time PCR (Q-PCR)
Total RNA was isolated using Tri-reagent (Sigma, St. Louis, MO) according to the
manufacturer's instruction. Reverse-transcription and Q-PCR were performed to detect
relative mRNA expression using Taqman probes (ABI) as described previously (23).

Immunoblotting analysis
Cell lysate preparation and Immunoblotting analysis were performed as described
previously (23). Anti-FGFR4 and anti-SHP antibodies were from Santa Cruz Biotechnology
(Santa Cruz, CA); anti-FGF19 antibody was from Upstate (Lake Placid, NY); antibodies
against ERK1/2, phospho-ERK1/2, JNK, phospho-JNK, p38, phospho-p38, and anti-
phosphotyrosine antibodies were from Cell Signaling Technology (Beverly, MA). The
Immunoblots were visualized by ECL chemiluminescence detection system (GE Healthcare,
UK).

Enzyme-linked immunosorbent assay (ELISA)
A sandwich ELISA kit was used for colorimetric detection of FGF19 in cell culture media
(FGF19 Quantikine ELISA kit, R&D Systems) following the manufacturer's instructions.
All cell culture media samples from three primary human hepatocytes were assayed in
duplicate, the coefficient of variation was 2%.

Small Interference RNA (siRNA) assays
The SMART pool siRNAs for human FGFR4 and SHP were purchased from Dharmacon
Research (Lafayette, Co) and transfected into HepG2 cells using LipofectAMINE 2000
reagent (Life Technologies, Inc., Gaithersburg, MD). Forty-eight hours after transfection,
cells were extracted and analyzed the mRNA levels of FGFR4 and CYP7A1 and SHP by Q-
PCR.

Statistical analyses
All experimental data are shown as the means ± SD. Multiple groups were tested by one-
way ANOVA followed by Dunnett's test to determine which groups are significantly
different from the control group. A p value < 0.05 was considered to be significant. *, p <
0.05; **, p < 0.001

Results
Activation of FXR strongly induces FGF19 in primary human hepatocytes

To study the role of FGF19 in the regulation of CYP7A1 in hepatocytes, we treated primary
human hepatocytes with CDCA (50 μM), a natural ligand of FXR or GW4064 (1 μM), an
efficacious and highly specific FXR agonist, and assayed the mRNA expression levels of
FGF19, CYP7A1, SHP, and hepatocyte nuclear factor 4α (HNF4α) by real time PCR. Basal
FGF19 mRNA levels in primary human hepatocytes were very low as indicated by high Ct
values of 30 ±2.0 (n=6). Both CDCA and GW4064 dramatically increased FGF19 mRNA
levels with time, reaching a maximum level of over 100-fold higher than the basal level in
24 h (Fig. 1A). CDCA and GW4064 rapidly and strongly repressed CYP7A1 mRNA
expression in 3 to 6 h (Fig. 1B). CDCA and GW4064 induced SHP mRNA expression
rapidly by about 5-fold within 1 h. However, SHP expression levels returned to low basal
levels after 24 h. (Fig. 1C). CDCA and GW4064 had little effect on HNF4α mRNA levels
(Fig. 1D). We also investigated the effect of cholic acid, a weaker endogenous FXR agonist
on FGF19 and CYP7A1 mRNA expression. Treatment of human primary hepatocytes with
50 μM cholic acid for 24 hrs only induced FGF19 mRNA expression by about 10-fold and
repressed CYP7A1 mRNA expression by 50% (data not shown). These effects are much
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weaker than CDCA (Fig. 1A and Fig. 1B). These results suggest that FGF19 is highly
induced by CDCA or GW4064-activated FXR in human hepatocytes. FGF19 expression
levels are inversely correlated to CYP7A1 mRNA expression.

To assay FGF19 protein expression, we performed immunoblot analysis with the FGF19-
specific antibody. CDCA (50 μM) induced FGF19 protein expression within 3 h of
treatment and gradually increasing in 24 to 48 h (Fig. 2A). Since FGFs contain a signal
sequence for secretion, an ELISA assay was used to measure FGF19 levels in cell culture
media. Without treatment, FGF19 was not detectable in cell culture media. CDCA (50 μM)
time-dependently induced FGF19 excretion to 1,300 pg/ml in cultured media at 48 h (Fig.
2B). Moreover, CDCA dose-dependently induced FGF19 excretion (Fig. 2C). At
physiological concentrations of CDCA (10 to 25 μM), CDCA strongly induced FGF19
secretion. These results suggest that FGF19 is highly induced by CDCA and GW4064 in
human hepatocytes.

FGF19 inhibits CYP7A1 mRNA expression in primary human hepatocytes
We then studied the effect of FGF19 on CYP7A1 mRNA expression in primary human
hepatocytes. Fig. 3A shows that FGF19 (40 ng/ml) rapidly inhibits CYP7A1 mRNA
expression in 3-6 h, persisting for at least 48 h. FGF19 dose-dependently inhibited CYP7A1
mRNA expression in primary human hepatocytes (Fig. 3B). To address whether FGF19
regulates SHP, we assayed SHP mRNA levels. In contrast to CDCA and GW4064, FGF19
did not have a significant effect on SHP mRNA expression in primary human hepatocytes
(Fig. 3C and 3D). These results suggested that FGF19 repression of CYP7A1 might not
require SHP induction.

Knockdown of SHP expression did not abolish FGF19 repression on CYP7A1
To further confirm the role of SHP in FGF19-mediated repression of CYP7A1 gene
expression, we examined the CYP7A1 mRNA expression levels in HepG2 cells after siRNA
knockdown of SHP expression. Immunoblot analysis showed that siRNA to SHP efficiently
knocked down SHP protein expression in HepG2 (Fig. 4A), and SHP mRNA expression by
50% with or without FGF19 (Fig. 4B). Knockdown of SHP mRNA by siRNA increased
CYP7A1 mRNA levels by 50% in the absence of FGF19, but failed to block FGF19
repression of CYP7A1 mRNA (Fig. 4C). These data support the hypothesis that SHP may
not be required for FGF19 inhibition of CYP7A1.

The ERK1/2 MAPK pathway s plays a major role in mediating FGF19 inhibition of CYP7A1
To identify signaling pathways that may mediate FGF19 inhibition of CYP7A1 gene
transcription in primary human hepatocytes, we used several specific inhibitors of MAP
kinases to study their effect on FGF19 inhibition of CYP7A1 mRNA expression. Fig. 5A
shows that U0126 (10 μM), an inhibitor of MEK in the ERK1/2 pathway, strongly
stimulates CYP7A1 mRNA expression by 7.5-fold in the absence of FGF19 (open bars).
This indicates that CYP7A1 is under the negative regulation by the ERK1/2 signaling
pathway in human hepatocytes. Furthermore, FGF19 reduced the stimulatory effect of
U1026 on CYP7A1 by 50% (closed bar). On the other hand, a JNK inhibitor, SP600125 (25
μM) stimulated basal levels of CYP7A1 mRNA expression by only 50% and FGF19
reduced SP600125 stimulatory effect by about 40%. Moreover, combination of U1026 and
SP600125 induced CYP7A1 mRNA by 12-fold and almost completely blocked FGF19
inhibition on CYP7A1. A p38 kinase inhibitor, SB203580 (25 μM) had no effect on basal or
FGF19 inhibition of CYP7A1 mRNA expression suggesting that the p38 kinase is not
involved in FGF19 inhibition of CYP7A1 (data not shown). These results suggest that
FGF19 inhibition of CYP7A1 in human hepatocytes is at least partially mediated through
activation of the ERK1/2MAPK pathway.
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We next investigated the effects of FGF19 on activation of MAP kinases by kinase
phosphorylation assays. Primary human hepatocytes were treated with 40 ng/ml FGF19 for
10, 30 and 60 min. Lysates were analyzed by mmunoblotting using specific antibodies to
each kinase and their phospho-specific antibodies. As shown in Fig. 5B, ERK was
phosphorylated without FGF19 treatment. This is consistent to the results from kinase
inhibition assays that ERK1/2 is active in inhibiting CYP7A1 and the ERK1/2 inhibitor
stimulated CYP7A1 mRNA expression in human hepatocytes (Fig. 5A). FGF19 (40 ng/ml)
time-dependently stimulated phosphorylation of ERK1/2 in primary human hepatocytes
(Fig. 5B). FGF19 did not activate p38 kinase. Surprisingly, FGF19 did not activate JNK in
this assay. This result does not support a key role of JNK in mediating FGF19 inhibition of
CYP7A1. To further confirm that FGF19 activates the ERK1/2 pathway, primary human
hepatocytes were pretreated with FGF19 and ERK1/2 inhibitors for 30 min, and ERK and
phospho-ERK in cell lysates were detected by immunoblot analysis. As shown in Fig. 5C,
pretreatment of an ERK1/2 inhibitor PD98059 or U0126 blocked FGF19 phosphorylation of
ERK1/2. As negative controls, SP600125 (JNK inhibitor) and SB203580 (p38 inhibitor) did
not affect FGF19 phosphorylation of ERK. Interestingly, CDCA (50 μM) strongly
phosphorylated ERK1/2 in 30 min and lasted for 24 h (Fig. 5D). We conclude that FGF19
may specifically activate the ERK1/2 pathway, which may play a major role in mediating
FGF19 inhibition of CYP7A1.

It is well established that FGF19 specifically activates a receptor tyrosine kinase FGFR4,
which is mainly expressed in the liver (24). To determine whether CDCA activates FGFR4
by phosphorylation, we treated human primary hepatocytes with CDCA and isolated cell
lysates for analysis of FGFR4 protein phosphorylation using an anti-phosphotyrosine
antibody. Fig. 5E shows that immunoprecipitation with anti-FGFR4 antibodies detected
abundant FGFR4 in non-treated primary human hepatocytes. CDCA treatment (50 μM) did
not alter total FGFR4 protein levels. However, an anti-phosphotyrosine antibody detected
increased expression of phosphorylated FGFR4 in primary human hepatocytes after CDCA
treatment for 24 h (Fig. 5E). Since CDCA is not an activator of FGFR4, this result suggests
that a FXR/FGF19/FGFR4 auto regulatory loop may exist in human hepatocytes.

Inhibition of FGF19 and FGFR4 abrogated FGF19 inhibition of CYP7A1 in primary human
hepatocytes

To study the involvement of FGF19/FGFR4 signaling in inhibition of CYP7A1, we used a
FGF19 neutralizing antibody and siRNA probes to FGFR4 to block FGF19/FGFR4
signaling. As shown in Fig. 6A (open bars), GW4064 treatment (2 μg/ml) strongly repressed
CYP7A1 mRNA levels in primary human hepatocytes. Anti-FGF19 antibody partially
abrogated the inhibitory effect of GW4064 on CYP7A1 mRNA expression (filled bars).
Consistently, siRNA knockdown of FGFR4 (siFGFR4) reduced FGFR4 protein and mRNA
expression in HepG2 cells (Fig. 6B and Fig. 6C), and resulted in 50% reduction of
GW4064-mediated repression of CYP7A1 mRNA expression compared to control siRNA
(Fig. 6D). Therefore, these results suggest that FXR-mediated induction of FGF19
contributes to the repression of CYP7A1 expression and the FGF19/FGFR4 an autocrine/
paracrine pathway may regulate CYP7A1 in human hepatocytes.

Discussion
Recent studies from Kliewer's laboratory have identified FGF15 as a bile acid/FXR induced
intestinal hormone that inhibits Cyp7A1 gene transcription in the liver (17). FGF15 also
stimulates gallbladder refilling in mice, thus serving as a feed forward signal for biliary bile
acid excretion and storage (25). These investigators suggest that FGF15 in the intestine is
secreted into circulation, transported to the liver to activate the FGFR4 signaling pathway
and inhibit CYP7A1. This endocrine regulation of hepatic CYP7A1 by intestinal FGF15 is
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based on the fact that FGF15 is exclusively expressed in mouse jejunum and ileum but not
in liver, while FGF15-specific receptor FGFR4 is highly expressed in mouse liver (17,18).
However, these investigators have not been able to detect FGF15 in mouse sera and livers
(17,26). A recent study of conditional liver- and intestine-FXR knockout mice has clearly
demonstrated that knockout of the liver FXR did not affect GW4064 inhibition of CYP7A1,
whereas knockout of the intestine FXR abrogated GW4064 inhibition of CYP7A1 (27). This
study provides the first direct and compelling evidence that intestinal FXR, but not liver
FXR is required for bile acid feedback inhibition of CYP7A1 and bile acid synthesis in the
liver. The bile acid-induced FGF15 appears to be the “intestine factor” we proposed in 1995
(6).

It has been shown that FGF19 inhibits CYP7A1 in primary human hepatocytes and HepG2
cells (15), and FGF19 is detected in human patient sera (28). Interestingly the serum FGF19
levels show diurnal variation similar to serum 7α-hydroxy-4-cholesten-3-one, a product of
CYP7A1 and a marker of the rate of bile acid synthesis and CYP7A1 activity in humans.
These investigators suggest that serum FGF19 is derived from the intestine and is
transported via blood circulation to hepatocytes to inhibit CYP7A1 in human liver. Here we
show that FGF19 mRNA and protein are expressed at very low levels in human hepatocytes.
An endogenous FXR ligand, CDCA and a specific FXR agonist, GW4064 strongly induced
FGF19 mRNA and protein expression by more than one hundred-fold to inhibit CYP7A1
mRNA expression in primary human hepatocytes. Moreover, neutralizing FGF19 by a
FGF19 antibody or siRNA knockdown of FGFR4 abrogated FGF19 inhibition of CYP7A1.
FGF19 is readily detectable after CDCA treatment in human hepatocytes indicating that the
human liver may contribute significant amounts of circulating FGF19 in humans. Our results
also suggest that FGF19 produced in the liver may be a paracrine factor that inhibits
CYP7A1 expression in hepatocytes by activating FGFR4 signaling in surrounding
hepatocytes or an autocrine factor that directly activates intracellular signaling pathways in
hepatocytes to inhibit CYP7A1 and bile acid synthesis in human livers. Thus bile acid-
activated FXR may induce the production and secretion of FGF19 in both intestine and liver
in humans. This is in contrast to the mouse that only the intestine produces and secretes
FGF15. We also show that cholic acid, a weaker FXR ligand is less effective in inducing
FGF19 and inhibiting CYP7A1. It should be mentioned that the bile acid pool in mice is
highly hydrophilic consisting mostly cholic acid and muricholic acids, which are
synthesized in mouse liver and are poor FXR ligands. This may explain lack of induction of
FGF15 in the mouse liver by bile acids. In humans, the bile acid pool is highly hydrophobic
consisting mostly cholic acid, chenodeoxycholic acid and deoxycholic acid, which are
potent FXR ligands in human livers. Our current findings suggest that the liver-produced
FGF19 may be a feed forward signal for biliary secretion and refilling of bile acids in the
gallbladder, and a feedback signal for bile acid inhibition of bile acid synthesis. Like bile
acid induction of inflammatory cytokines, bile acid activation of FGF19 signaling may be an
rapid response to cholestatic liver injury to protect the liver against bile acid toxicity (29).

Despite a plethora of studies of the nuclear receptor regulation of CYP7A1 in recent years,
the molecular mechanism of bile acid feedback inhibition of CYP7A1 gene transcription
remains unclear. It is generally recognized that the FXR/SHP cascade mechanism mediates
bile acid feedback inhibition of CYP7A1 in the liver (7,8). SHP is a negative factor that
interacts with many nuclear receptors including LRH-1. SHP inhibits the trans-activating
activity of LRH-1, which binds to the CYP7A1 gene. It has been proposed that LRH-1 is
required for CYP7A1 expression and is a competence factor of the liver orphan receptor α
(LXRα) that binds to and stimulates CYP7A1 gene in mice (8). However, the human
CYP7A1 gene does not bind LXRα (30) and LRH-1 may compete with HNF4α for binding
to the overlapping sequence and inhibits the human CYP7A1 gene (31,32). A recent study
of conditional liver LRH-1 knockout mice revealed that mRNA expression of sterol 12α-

Song et al. Page 6

Hepatology. Author manuscript; available in PMC 2010 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



hydroxylase (CYP8B1) involved in cholic acid synthesis was markedly suppressed, but
surprisingly CYP7A1 mRNA expression remained unchanged (33,34). These investigators
suggest that LRH-1 plays a key role in regulating CYP8B1 and bile acid composition but is
not required for bile acid inhibition of CYP7A1 gene transcription (33,34). Since LRH-1 is
the major target gene of SHP, the physiological significance of the cascade FXR/SHP/
LRH-1 pathway mediating bile acid feedback inhibition of CYP7A1 needs to be re-
evaluated.

It has been suggested that FGF19/FGFR4 signaling activates JNK/c-Jun, which cooperates
with SHP to inhibit CYP7A1 mRNA expression (15). However, study of human FGFR4
transgenic mice reveals that SHP mRNA expression levels are markedly decreased in
FGFR4 transgenic mouse livers, but not increased in FGFR4 null mice. These investigators
suggested that bile acid inhibition of bile acid synthesis and FGFR4 activation of c-Jun/JNK
pathway are independent of each other, and JNK- and SHP-independent pathways for bile
acid feedback inhibition may exist (22). It should be emphasized that induction of SHP
mRNA expression by CDCA or GW4064 is rapid and transient, in contrast to a sustained
induction of FGF19 and inhibition of CYP7A1 by CDCA and GW4064. This may be
because CDCA activates several signaling pathways in addition to activation of FXR (35).
Our current study reveals that FGF19 does not induce SHP expression in primary human
hepatocytes. Furthermore, FGF19 strongly inhibits CYP7A1 expression even when
expression of SHP was knock-downed. These results suggest that SHP may not be required
for FGF19 to inhibit CYP7A1 at least in human hepatocytes.

Several recent studies have confirmed that FGFR4 activity requires a co-receptor β-Klotho,
which is highly expressed in hepatocytes (24,36,37). β-Klotho induces ERK1/2
phosphorylation in response to FGF19 and is required for FGF19 binding to FGFR4 and
inhibition of CYP7A1 (24,36,37). Thus our results on kinase inhibition and activation assays
are consistent with the ERK1/2 pathway being a major MAP kinase involved in mediating
FGF19 inhibition of CYP7A1. This is also consistent to a recent report that activation of
FXR by CDCA or GW4064 increases ERK1/2 phosphorylation and knockout of the Fxr
gene in mice reduced ERK1/2 phosphorylation (38). It appears that the FXR is required for
ERK1/2 phosphorylation and FGF19 probably is the major factor mediating FXR activation
of the ERK1/2/MAPK pathway. The major downstream targets of ERK1/2 signaling are c-
Fos and early growth responsive-1 (EGR-1), the latter is highly induced by FGF19 in the
liver (37). In summary, our present study provides the direct evidence that in addition to
inducing FGF19 in the intestine, bile acids in hepatocytes may activate the liver FGF19/
FGFR4 signaling pathway to inhibit bile acid synthesis and prevent accumulation of toxic
bile acid in human livers.
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CYP8B1 sterol 12α-hydroxylase

FGF fibroblast growth factor

FGFR4 FGF receptor 4

FXR farnesoid X receptor

LRH liver receptor homolog

SHP small heterodimer partner
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Fig. 1.
CDCA and GW4064 increased FGF19 and repressed CYP7A1 mRNA expression in
primary human hepatocytes. Primary human hepatocytes were treated with CDCA (50 μM)
or GW4064 (1 μM) for a period of time indicated. Total RNA was isolated for real-time
quantitative PCR analysis of relative mRNA expression of FGF19 (A), CYP7A1 (B), SHP
(C) and HNF4α (D) in hepatocytes. Data represent the mean ± SD of at least three different
donor human primary hepatocytes.
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Fig. 2.
CDCA induced FGF19 protein expression and secretion in primary human hepatocytes. (A)
Western Blot analysis of FGF19 protein expression in primary human hepatocytes by
CDCA. Primary human hepatocytes were treated with CDCA (50 μM) for a period of time
indicated and whole cell extracts (50 μg/lane) were then analyzed by immunoblotting with
FGF19 and actin antibodies. Data are representative of two independently performed
experiments. An asterisk indicates non-specific binding. (B) Effects of CDCA on FGF19
secretion to culture media. Primary human hepatocytes were treated with CDCA for a period
of time indicated and collected for analysis by ELISA assay. (C) CDCA dose-responses on
FGF19 secretion. Primary human hepatocytes were treated with CDCA for 24 h in the
concentrations indicated. FGF19 expression was determined by ELISA assay.
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Fig. 3.
FGF19 repressed CYP7A1 mRNA expression in primary human hepatocytes. Primary
human hepatocytes were treated with FGF19 (40 ng/ml) for a period of time or treated for
24 h with different concentrations of FGF19. Total RNAs were isolated for real-time
quantitative PCR analysis of relative mRNA expression levels of CYP7A1 (A and B) and
SHP (C and D). Data represent the mean ± SD of at least three donors primary human
hepatocytes.

Song et al. Page 13

Hepatology. Author manuscript; available in PMC 2010 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 4.
siRNA knockdown of SHP did not abolish FGF19 repression of CYP7A1 expression. (A)
The effects of siRNA-SHP on the SHP protein expression were measured by Western blot
analysis Actin expression was used as a loading control. Data represent one of three separate
experiments. (B) HepG2 cells were transfected with the SMART Pool of siRNA-SHP (200
pmol) and control siRNA (cyclophilin B, 200 pmol) and treated with or without FGF19 (40
ng/ml) for 6 h. Total RNA was isolated for Q-PCR analysis of SHP ( A B) and CYP7A1 (C)
mRNA levels. Data show relative mRNA expression of siRNA-SHP (200 pmol) treated to
the control siRNA (200 pmol) treated samples. Data represent the mean ± SD of at least
three individual experiments.
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Fig. 5.
CDCA, FGF19, and MAP kinase inhibitors stimulate CYP7A1 mRNA expression and
activate MAP kinases in primary human hepatocytes. (A) Primary human hepatocytes were
treated with specific MAP kinase inhibitors: ERK1/2:U0126 (10 μM) and/or JNK:
SP600125 (SP, 25 μM) for 1 h, and then with FGF19 (40 ng/ml) for 6 h. Total RNAs were
isolated for real-time quantitative PCR analysis of relative mRNA expression levels of
CYP7A1 in primary human hepatocytes. Data represent the mean ± SD of at least three
donor hepatocytes independently performed. (B) Primary human hepatocytes were treated
with FGF19 (40 ng/ml) for a period of time indicated and whole cell extracts (50 μg/lane)
were then analyzed by immunoblotting with antibodies against ERK1/2, phospho-ERK1/2,
JNK, phospho-JNK, p38, or phospho-p38 as indicated. (C) Primary human hepatocytes were
treated with specific MAP kinase inhibitors: ERK1/2:U0126 (U, 10 μM), PD98059 (PD, 25
μM) and/or JNK: SP600125 (SP, 25 μM) for 1 h, and then with FGF19 (40 ng/ml) for 30
min. Whole cell extracts (50 μg/lane) were then analyzed by immunoblotting with ERK1/2
or phospho-ERK1/2 antibodies. Data are representative of two donor hepatocytes
independently performed. (D) Primary human hepatocytes were treated with CDCA (50 μM)
for a period of time indicated. Cell lysates were isolated for western blots using antibodies
against ERK or phospho-ERK. (E) Primary human hepatocytes were treated with CDCA (50
μM) for a period of time indicated and cell extracts were immunoprecipitated with anti-
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FGFR4 antibody. Western blot analysis was performed using anti-phosphor-tyrosine
antibody. Western blot analysis for FGFR4 using goat anti-FGFR4 antibody was performed
to confirm the equal amounts of FGFR4 precipitant.
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Fig. 6.
Inhibition of FGF19 and FGFR4 activity abrogates inhibition of CYP7A1 by FXR agonist
GW4064 in human hepatocytes. (A) Primary human hepatocytes were treated with anti-
FGF19 antibody (closed bar) with or without GW4064. Total RNAs were isolated for Q-
PCR analysis of relative CYP7A1 mRNA expression levels in hepatocytes. (B) Western blot
analysis of the effect of siRNA-FGFR4 on the FGFR4 protein expression. Actin expression
was used as a loading control. Data represent one of three separate experiments. (C) HepG2
cells were transfected with the SMART Pool of siRNA to FGFR4 (siFGFR4, 200 pmol,
closed bar) or control siRNA (siCon, 200 pmol, open bar) and treated with GW4064 for 24
h. Total RNAs were isolated for Q-PCR analysis of relative mRNA expression levels of
FGFR4. (D) mRNAs isolated in (C) were used to assay relative mRNA expression levels of
CYP7A1.
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