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Previous studies have shown that administration of fibroblast
growth factor-19 (FGF-19) reverses diabetes, hepatic steatosis,
hyperlipidemia, and adipose accretion in animal models of obe-
sity. To investigate the mechanism for this effect, we determined
whether FGF-19 modulated hepatic fatty acid synthesis, a key
process controlling glucose tolerance and triacylglycerol accu-
mulation in liver, blood, and adipose tissue. Incubating primary
hepatocyte cultures with recombinant FGF-19 suppressed the
ability of insulin to stimulate fatty acid synthesis. This effect
was associated with a reduction in the expression of lipogenic
enzymes. FGF-19 also suppressed the insulin-induced expres-
sion of sterol regulatory element-binding protein-1c (SREBP-
1c), a key transcriptional activator of lipogenic genes. FGF-19
inhibition of lipogenic enzyme expression was not mediated by
alterations in the activity of the insulin signal transduction path-
way or changes in the activity of ERK, p38 MAPK, and AMP-
activated protein kinase (AMPK). In contrast, FGF-19 increased
the activity of STAT3, an inhibitor of SREBP-1c expression and
decreased the expression of peroxisome proliferator-activated
receptor-vy coactivator-1f3 (PGC-1p), an activator of SREBP-1c
activity. FGF-19 also increased the expression of small het-
erodimer partner (SHP), a transcriptional repressor that inhib-
its lipogenic enzyme expression via a SREBP-1c-independent
mechanism. Inhibition of SREBP-1c activity by changes in
STAT3 and PGC-1f activity and inhibition of gene transcrip-
tion by an elevation in SHP expression can explain the inhibition
of lipogenesis caused by FGF-19. In summary, the inhibitory
effect of FGF-19 on insulin activation of hepatic fatty acid syn-
thesis constitutes a mechanism that would explain the beneficial
effect of FGF-19 on metabolic syndrome.

Metabolic syndrome is a state of metabolic dysregulation
that is characterized by obesity, hepatic steatosis, hyperlipi-
demia, atherosclerosis, and glucose intolerance (1). A key
mechanism contributing to the development of metabolic syn-
drome is an elevation in the rate of hepatic fatty acid synthesis
(2, 3). Hepatic fatty acid synthesis drives the synthesis of tria-
cylglycerols that accumulate in the liver, blood, and adipose
tissue. An elevation in hepatic fatty acid synthesis also pro-
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motes glucose intolerance, as accumulation of fatty acid metab-
olites in the liver suppresses the ability of insulin activate gly-
cogen synthesis and inhibit gluconeogenesis (3). Accordingly,
one approach to treating metabolic syndrome has been to
manipulate the activity of signal transduction pathways that
modulate hepatic fatty acid synthesis. For example, the benefi-
cial effect of metformin on glucose tolerance in diabetic animals
is mediated by a decrease in the rate of hepatic fatty acid syn-
thesis (4). Metformin suppresses fatty acid synthesis by inhib-
iting the activity of acetyl-CoA carboxylase-a (ACCa)* and
decreasing the expression of sterol regulatory element-binding
protein-1c (SREBP-1c), a key transcriptional activator of lipo-
genic genes. Metformin also increases the rate of hepatic fatty
acid oxidation, an effect that contributes to the improvement in
glucose tolerance. Metformin-induced changes in hepatic fatty
acid synthesis and fatty acid oxidation are mediated by an acti-
vation of AMP-activated protein kinase (AMPK). As met-
formin administration causes undesirable side effects, the iden-
tification of new signaling pathways that modulate hepatic fatty
acid metabolism may lead to the development of more effective
therapies for treating metabolic syndrome.

Fibroblast growth factor-19 (FGEF-19) was originally identi-
fied as a signal promoting the development of the inner ear in
chick embryos (5). Subsequent studies have shown that FGF-19
and its mouse ortholog, FGF-15, also function in adult animals.
For example, FGF-19/FGF-15 expressed in the small intestine
acts as an enterohepatic hormone, mediating the inhibitory
effects of intestinal bile acids on expression of hepatic choles-
terol 7a-hydroxylase (CYP7A1), a key regulatory step in the bile
acid synthesis pathway (6, 7). FGF-19 also regulates carbohy-
drate and lipid metabolism in adult animals. Administration of
recombinant human FGF-19 or transgenic expression of the
human FGF-19 gene in obese/diabetic mice causes an increase
in energy expenditure and a decrease in adipose tissue stores (8,
9). Treatment of obese/diabetic mice with FGF-19 also reduces
serum and liver triacylglycerol levels and enhances glucose tol-

2 The abbreviations used are: ACC, acetyl-CoA carboxylase; ABCA1, ATP-bind-
ing cassette transporter A1; AMPK, AMP-activated protein kinase; ATP-CL,
ATP-citrate lyase; CYP7AT1, cholesterol 7a-hydroxylase; ERK, extracellular
signal-regulated kinase; FAS, fatty-acid synthase; FGF, fibroblast growth
factor; G6PD, glucose-6-phosphate dehydrogenase; GK, glucokinase; GSK,
glycogen synthase kinase; IRS, insulin receptor substrate; L-PK, L-pyruvate
kinase; LXR, liver X receptor; ME, malic enzyme; MAPK, mitogen-activated
protein kinase; PGC, peroxisome proliferator-activated receptor-y coacti-
vator; PKA, protein kinase A; PKC, protein kinase C; S14, spot 14; SCD1,
stearoyl-CoA desaturase-1; SHP, small heterodimer partner; Sp1, specificity
protein 1; SREBP-1c, sterol regulatory element-binding protein-ic;
mMSREBP-1c, mature SREBP-1c; STAT3, signal transducer and activator of
transcription 3; T3, 3,5,3'-triiodothyronine.
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erance. These observations indicate that activation of FGF-19
signaling is a potential approach to the treatment of metabolic
syndrome. Currently, there is no information on how FGF-19
enhances glucose tolerance and inhibits triacylglycerol accu-
mulation in the liver, adipose tissue, and blood. In the present
study, we show that FGF-19 suppresses the ability of insulin to
stimulate the rate of fatty acid synthesis and the expression of
lipogenic enzymes in primary cultures of hepatocytes. We pro-
pose that alterations in hepatic fatty acid synthesis play a role in
mediating the beneficial effects of FGF-19 on diseases associ-
ated with metabolic syndrome.

EXPERIMENTAL PROCEDURES

Cell Culture and Analytical Procedures—Hepatocytes were
isolated from male Sprague-Dawley rats (~200 g) starved for
24 h as described by Stabile et al. (10). Cells (3 X 10°) were
plated on 60-mm collagen-coated dishes containing Way-
mouth’s medium MD752/1 supplemented with 20 mm HEPES,
pH 7.4, 0.5 mwm serine, 0.5 mM alanine, penicillin (100 pug/ml),
streptomycin (100 wg/ml), gentamicin (50 mg/ml), and 5%
newborn calf serum. After 4 h of incubation, the medium was
replaced with one of the same composition lacking newborn
calf serum. A Matrigel overlay (0.3 mg/ml) was added at this
time. After an additional 16 h of incubation, the medium was
replaced with serum-free medium containing the treatments
indicated in the figure legends 1-7. In experiments to examine
the effects of FGF-19 on glucose regulation of gene expression,
hepatocytes were incubated in serum-free RPMI medium con-
taining 5 mM glucose or 25 mm glucose. Hepatocyte cultures
were maintained in a humidified chamber at 37 °C in 5% CO,,
95% air.

Human HepG2 hepatoma cells were plated on 60-mm
dishes containing Waymouth’s medium MD752/1 supple-
mented with penicillin (100 pg/ml), streptomycin (100
pg/ml), and 10% fetal bovine serum. After the cells reached
80% confluence, the medium was changed to one of the same
composition lacking fetal bovine serum. After 24 h of incu-
bation, the medium was replaced with serum-free medium
containing the treatments indicated in the figure legend 3.
Recombinant human FGF-19 was obtained from R&D Sys-
tems. Bovine insulin was a gift from Lilly. T0-901317 was
purchased from Cayman Chemical. 3,5,3"-Triiodothyronine
(T3) was obtained from Sigma. cAMP levels in acid-soluble
total cell extracts were measured using the cyclic AMP
enzyme immunoassay kit from Cayman Chemical.

Measurement of Fatty Acid Synthesis—The rate of de novo
fatty acid synthesis was measured in hepatocyte cultures using
the tritiated water method (11). Cells were incubated with 0.2
mCi/ml *H,O during the last 3 h of a 24-h treatment period,
with or without insulin, in the absence or presence of FGF-19.
After removal of the incubation medium, the cells were har-
vested in 8 N KOH and transferred to screw-cap tubes. An equal
volume of ethanol was added, and the tubes were heated in a
boiling water bath for 2 h. Nonsaponifiable lipids were
extracted three times with petroleum ether and then discarded.
The aqueous phase was acidified with an 0.5 volume of 12 N
HCI, and saponifiable lipids were extracted three times with
petroleum ether. The pooled petroleum extracts were washed
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once with 0.5% acetic acid and dried under a stream of N,. *H
radioactivity was determined by scintillation counting. Fatty
acid synthesis rates were calculated as described previously
(11).

Isolation of RNA and Quantitation of mRNA Levels—Me-
dium was removed and total RNA extracted from hepatocytes
by the guanidinium thiocyanate/phenol/chloroform method
(12). The abundance of mRNA encoding glucokinase (GK), fat-
ty-acid synthase (FAS), L-pyruvate kinase (L-PK), ATP-citrate
lyase (ATP-CL), ACCea, ACCP, stearoyl-CoA desaturase-1
(SCD1), spot 14 (S14), glucose-6-phosphate dehydrogenase
(G6PD), malic enzyme (ME), ATP-binding cassette transporter
Al (ABCA1), SREBP-1c, CYP7A1, small heterodimer partner
(SHP), liver X receptor-a (LXRa), peroxisome proliferator-ac-
tivated receptor-y coactivator-la (PGC-1le), PGC-13, and
FGEF-19 was measured by quantitative real-time PCR analysis
using the Qiagen Quantitect SYBR Green reverse transcrip-
tion-PCR system. Samples of DNase I-treated RNA (100 ng)
were analyzed in triplicate according to the manufacturer’s
instructions. PCR was performed in 96-well plates using a Bio-
Rad iCycler iQ. The relative amount of mRNA was calculated
using the comparative C, method. Rat cyclophilin and human
glyceraldehyde-3-phosphate dehydrogenase were used as
reference genes. Amplification of specific transcripts was
confirmed by analyzing the melting curve profile performed
at the end of each run and determining the size of the PCR
products using agarose electrophoresis and ethidium bro-
mide staining. The primer set for each gene is shown in sup-
plemental Table S1.

Western Analysis—For analysis of SREBP-1 and SHP, total
cell extracts were prepared from hepatocytes as described by
Hansmannel et al. (13). Equal amounts of denatured protein (20
pg/lane) were subjected to electrophoresis in 10% SDS-polyac-
rylamide gels and then transferred to polyvinylidene difluoride
membranes (Immobilon-FL, Millipore) using an electro-
blotting apparatus (Bio-Rad). The blots were blocked in TBST
(10 mM Tris-HCI, pH 8.0, 150 mMm NaCl, and 0.1% Tween) con-
taining 5% nonfat dry milk for 1 h at room temperature and
then incubated with mouse monoclonal antibody against
SREBP-1 (IgG-2A4, American Type Culture Collection)
diluted 1:2000 in TBST containing 5% bovine serum albumin.
After incubation with primary antibody for 12 h at 4 °C, the
blots were washed in TBST. Next, the blots were incubated with
secondary antibody conjugated to horseradish peroxidase
(Jackson ImmunoResearch) diluted 1:5000 in TBST, 5% nonfat
dry milk for 1 h at room temperature. After washing with TBST,
antibody/protein complexes on blots were detected using
enhanced chemiluminescence (Amersham Biosciences). Fluo-
rescence on the blots was visualized using a Typhoon 9410
imager, and signals were quantified using ImageQuant soft-
ware. For analysis of ACCq, FAS, ABCAL1, extracellular signal-
regulated kinases 1 and 2 (ERK1/2), p38 mitogen-activated pro-
tein kinase (p38 MAPK), AMPK, protein kinase B (Akt), FoxO1,
glycogen synthase kinase 3 (GSK-3), protein kinase C ¢/A (PKC
{/)\), and STATS3, total cell extracts were prepared as described
above for SREBP-1 except that the lysis buffer contained 20 mm
Tris-HCL, pH 7.5, 150 mMm NaCl, 1 mm EDTA, 1 mm EGTA, 1%
Triton X-100, 200 mMm NaF, 1 mm NazVO,, 1 mm B-glycero-
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phosphate, 2.5 mMm sodium pyrophosphate, 1 mm phenyl-
methylsulfonyl fluoride, and a mixture of protease inhibitors
(Complete, Roche Applied Science). Antibodies against
phosphorylated p38 MAPK (Thr'#°/Tyr'®?), phosphorylated
ERK1/2 (Thr®**Tyr*°*), phosphorylated Akt (Ser*”?), phos-
phorylated FoxO1 (Ser**®), phosphorylated GSK-3a/B
(Ser?'’?), phosphorylated AMPKa (Thr'”?), phosphorylated
PKC ¢/A (Thr*!°/93), phosphorylated STAT3 (Tyr”°®), phos-
phorylated STAT3 (Ser”?”), total p38 MAPK, total ERK1/2,
total Akt, total FoxO1, total GSK-3, total AMPK, total
STAT3, and ACCa were obtained from Cell Signaling Tech-
nology. The antibodies against PKC ¢{/A and SHP were
obtained from Santa Cruz Biotechnology. The antibody
against ABCA1 was obtained from Novus.

Immunoprecipitation Analysis—Total cell extracts (1 mg
protein) were precleared with prewashed protein A-agarose
beads and then incubated with 4 and 10 g of antibody against
insulin receptor substrate-1 (IRS-1) (Millipore, 06-248) for 16 h
at 4 °C. Protein A-agarose beads were then added to the reac-
tions, and the incubation was continued for an additional 1 h at
4 °C. After centrifugation, supernatants were removed, and the
beads were washed three times in lysis buffer. Electrophoresis
sample loading buffer (80 wl) was then added to the beads, and
the samples were boiled for 5 min. Samples of the supernatant
were subjected to Western analysis using antibodies against
phosphotyrosine (Millipore, 4G10 Platinum) and IRS-1.

Measurement of Protein Kinase Activity—PKC {/\ was meas-
ured as described by Standaert et al. (14). Briefly, total cell
extracts were prepared in a lysis buffer containing 20 mm Tris-
HCI, pH 7.5, 0.25 M sucrose, 2 mm EDTA, 2 mm EGTA, 2 mm
Na,;VO,, 2 mm NaF, 2 mm Na,P,0,, 1 mM phenylmethylsulfo-
nyl fluoride, and a mixture of protease inhibitors (Complete,
Roche Applied Science). PKC ¢/A was immunoprecipitated
from cell extracts (0.5 mg of protein) using 1 ug of a rabbit
polyclonal antibody against PKC {/A (sc-216, Santa Cruz Bio-
technology). Immunoprecipitates were collected on protein
A/G-agarose and incubated for 8 min at 30 °Cin 100 ul of buffer
containing 50 mm Tris-HCI, pH 7.5, 5 mm MgCl,, 0.1 mMm
Na;VO,, 1 mm NaF, 0.1 mm Na,P,0,, 0.1 mm phenylmethyl-
sulfonyl fluoride, 4 ug phosphatidylserine, 50 um [y->*P]ATP,
and 40 um PKCe peptide. Reactions were stopped by the addi-
tion of 10 ul of 5% acetic acid. Aliquots of reaction mixtures
were spotted on P-81 filter papers, washed in 5% acetic acid, and
counted for **P radioactivity.

Statistical Methods—Data were subjected to analysis of
variance, and statistical comparisons were made by using
Dunnett’s or Student’s ¢ test. Statistical significance was
defined as p < 0.05.

RESULTS

Effect of FGF-19 on the Rate of Fatty Acid Synthesis and the
Expression of Enzymes Involved in Fatty Acid Synthesis and
Fatty Acid Oxidation—Previous studies have shown that
administration of recombinant human FGF-19 to obese/dia-
betic mice decreases adipose accretion and triacylglycerol lev-
els in the liver and blood (8, 9). As hepatic fatty acid synthesis
plays an important role in controlling triacylglycerol accumu-
lation in adipose tissue, liver, and blood, we determined the
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FIGURE 1. FGF-19 suppresses the stimulatory effect of insulin on fatty
acid synthesis. Primary hepatocyte cultures were prepared, and rates of fatty
acid synthesis were measured as described under “Experimental Procedures.”
Fatty acid synthesis measurements were made during the last 3 h of a 24-h
treatment period with insulin (50 nm) in the absence and presence of FGF-19
(50 ng/ml). Values are means = S.E. of three experiments. The asterisk indi-
cates that the mean is significantly (p = 0.05) lower than that of cells incu-
bated with insulin in the absence of FGF-19.

effects of recombinant human FGF-19 on fatty acid synthesis in
primary cultures of rat hepatocytes incubated in the absence
and presence of insulin. The rate of fatty acid synthesis was
5.3-fold higher in hepatocytes incubated with insulin relative to
hepatocytes incubated without insulin (Fig. 1). The addition of
FGF-19 (50 ng/ml) suppressed the insulin-induced increase in
fatty acid synthesis by 23% but had no effect on fatty acid syn-
thesis in the absence of insulin. These data suggest that alter-
ations in hepatic fatty acid synthesis play a role in mediating the
inhibitory effect of FGF-19 on triacylglycerol levels in intact
animals and that FGF-19 inhibits hepatic fatty acid synthesis by
suppressing the action of a key hormone that mediates the acti-
vation of lipogenesis in response to dietary carbohydrate.

The stimulatory effect of insulin on fatty acid synthesis is
mediated in part by an increase in the expression of enzymes
comprising the fatty acid synthesis pathway (15). This led us to
investigate whether FGF-19 modulates the expression of lipo-
genic enzymes in hepatocytes incubated with or without insu-
lin. The addition of FGF-19 to the culture medium suppressed
the ability of insulin to increase the abundance of mRNA
encoding GK, L-PK, ATP-CL, ACCq, FAS, SCD1, and S14 by
38-55% (Fig. 2A). Further analyses demonstrated that FGF-19
inhibited GK mRNA abundance in a dose-dependent manner
with a maximal effect observed at 5 ng/ml (Fig. 2B). This con-
centration of FGF-19 is similar to that required for maximal
inhibition CYP7A1 expression in human hepatocytes (7). The
inhibitory effect of FGF-19 on ACCa and FAS mRNA abun-
dance was associated with a decrease in ACCa and FAS protein
concentration (Fig. 2C). In contrast to the data for GK, 1-PK,
ATP-CL, ACCq, FAS, SCD1, and S14, FGF-19 had no effect on
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FIGURE 2. FGF-19 suppresses the stimulatory effect of insulin on the
expression of lipogenic enzymes. A, primary hepatocyte cultures were pre-
pared and incubated in Waymouth’s medium. At 20 h of incubation, the
medium was replaced with one of the same composition supplemented with
or without FGF-19 (50 ng/ml), insulin (50 nm), or insulin plus FGF-19. After 24 h
of treatment, total RNA was isolated, and the abundance of the indicated
mRNAs was measured by quantitative real-time PCR. The level of mRNA in
cells incubated with no additions (NA) was set at 1, and the other values were
adjusted proportionately. Values are means * five experiments. The asterisk
indicates that the mean is significantly (p = 0.05) lower than that of cells
incubated with insulin in the absence of FGF-19. B, effect of different concen-
trations of FGF-19 (0 to 50 ng/ml) on the abundance of GK mRNA in hepato-
cytes incubated in the presence of insulin. The level of GK mRNA in cells
incubated with insulin in the absence of FGF-19 was set at 100, and the other
values were adjusted proportionately. C, the effect of FGF-19 on the concen-
tration of ACCq, FAS, and ABCA1.Total cell extracts were prepared from hepa-
tocytes incubated with or without FGF-19, insulin, or insulin plus FGF-19 for
48 h. The abundance of ACCa protein, FAS protein, and ABCA1 protein in cell
extracts was measured by Western analysis. The data are representative of
three independent experiments. D, effect of FGF-19 on the ability of glucose
to stimulate L-PK expression. Hepatocytes were incubated in RPMI containing
low (5 mm) or high (25 mm) glucose with or without FGF-19. After 24 h of
treatment, total RNA was isolated, and the abundance of L-PK mRNA and GK
mRNA was measured by quantitative real-time PCR. The level of mRNA in cells
incubated with 5 mm glucose in the absence of FGF-19 was set at 1, and the
other values were adjusted proportionately. Values are means = S.E. of four
experiments.
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the ability of insulin to increase the abundance of mRNA
encoding G6PD and ME, enzymes that supply reducing equiv-
alents for fatty acid synthesis (Fig. 24). FGF-19 had no effect on
the expression GK, L-PK, ATP-CL, ACCq, FAS, SCD1, S14,
G6PD, and ME in the absence of insulin. These data indicate
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that FGF-19 suppresses insulin-induced fatty acid synthesis, at
least in part, by decreasing the expression of enzymes compris-
ing this metabolic pathway.

ACCB is a mitochondrial ACC isoform that regulates fatty
acid oxidation by modulating the allosteric inhibition of carni-
tine palmitoylacyltransferase-1 by malonyl-CoA (16). As ob-
served with ACCa, treatment with FGF-19 inhibited the ability
of insulin to increase the abundance of ACC mRNA in hepa-
tocytes in culture (Fig. 2A4). Such an effect would promote an
elevation in carnitine palmitoylacyltransferase-1 activity and
fatty acid oxidation. Thus, in addition to changes in fatty acid
synthesis, alterations in fatty acid oxidation may contribute to
the reduction in triacylglycerol levels in animals treated with
FGF-19.

Another pathway that signals changes in carbohydrate con-
sumption to lipogenic genes is activated by an elevation in glu-
cose metabolism (17). A metabolite(s) derived from glucose
metabolism enhances the activity of carbohydrate response ele-
ment-binding protein, a transcription factor that increases the
transcription of the genes encoding L-PK, ACCq, FAS, and S14.
To find out whether FGF-19 modulates the stimulatory effect of
glucose on lipogenic enzyme expression, we determined the
effect of FGF-19 on the expression of L.-PK in hepatocytes incu-
bated in RPMI lacking insulin and containing low glucose (5
mu) or high glucose (25 mm). Increasing the concentration of
the medium from 5 to 25 mm glucose stimulated a 4.7-fold
increase in the abundance of L-PK mRNA (Fig. 2D). Treatment
with FGF-19 did not alter the ability of glucose to stimulate
L-PK expression. As a negative control, neither glucose nor
FGF-19 modulated the expression of GK mRNA. These results
indicate that FGF-19 does not directly regulate the activity of
the glucose-signaling pathway. This conclusion is supported by
data demonstrating that FGF-19 has no effect on the expression
of L-PK, ACCq, FAS, and S14 in hepatocytes incubated in Way-
mouth’s medium lacking insulin and containing a high glu-
cose (27.5 mm) (Fig. 2A). Previous studies have shown that
the stimulatory effect of insulin on L-PK gene transcription is
mediated by an increase in glucose signaling activity arising
from the insulin activation of GK expression (18, 19). Thus,
the inhibitory effect of FGF-19 on insulin-induced L-PK
expression is likely mediated by an indirect effect on glucose
signaling activity.

A third signaling pathway that controls lipogenic enzyme
expression is activated by agonists of the liver X receptor (20,
21). LXR is bound and activated by naturally occurring oxys-
terols. Ligand-bound LXR enhances lipogenic gene transcrip-
tion by interacting with LXR response elements on target
promoters (22, 23). Tobin et al. (24) have shown that the insu-
lin-induced increase in the hepatic expression of GK, ACCaq,
FAS, and SCD1 is dependent on the presence of LXR. The
observation that FGF-19 inhibits insulin regulation of GK,
ACCa, FAS, and SCD1 (Fig. 2) prompted us to investigate
whether FGF-19 modulated LXR signaling activity. Incubating
hepatocytes with FGF-19 suppressed the ability of a synthetic
LXR agonist (T0-901317) to increase the abundance of mRNA
encoding GK and ACCa but had no effect on the ability of
T0-901317 to increase the abundance of mRNA encoding L-PK,
ATP-CL, FAS, SCD1, S14, G6PD, and ME (Fig. 34). FGF-19
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FIGURE 3. FGF-19 suppresses the stimulatory effect of the LXR agonist
T0-901317 on the expression of GK, ACCa, and CYP7A1. Primary rat hepa-
tocytes (A) and human HepG2 cells (B) were incubated in serum-free Way-
mouth’s medium supplemented with or without FGF-19 (50 ng/ml),
T0-901317 (6 um), or T0-901317 plus FGF-19. After 24 h of treatment, total
RNA was isolated, and the abundance of the indicated mRNAs was measured
by gquantitative real-time PCR. The level of mRNA in cells incubated with no
additions (NA) was set at 1, and the other values were adjusted proportion-
ately. Values are means = five experiments. The asterisk indicates that the
mean is significantly (p =< 0.05) lower than that of cells incubated with
T0-901317 in the absence of FGF-19.

also had no effect on T0-901317-induced expression of ACCf3
mRNA and ABCA1 mRNA. The inability of FGF-19 to modu-
late T0-901317 regulation of several previously characterized
LXR target genes (i.e. FAS, SCD1, ABCA1) suggests that alter-
ations in LXR activity per se are not involved in mediating the
inhibitory effects of FGF-19 on insulin action. FGF-19 may
inhibit T0-901317-induced expression of GK and ACCa by
modulating the activity of a coregulatory protein(s) that inter-
acts with LXR in a gene-specific manner.

To investigate whether FGF-19 was effective in modulating
lipogenic enzyme expression in human cells, we determined the
effect of FGF-19 on the abundance of ACCa mRNA and FAS
mRNA in human hepatoma cells (HepG2) incubated in the
absence and presence of T0-901317. Treatment of HepG2 cells
with FGF-19 suppressed the ability of T0-901317 to increase
ACCa mRNA levels but had no effect on the ability of
T0-901317 to increase FAS mRNA levels (Fig. 3B). These data
indicate that the gene-specific effect of FGF-19 on LXR activity
is conserved in humans.

We next determined the ability of FGF-19 to modulate the
activity of other nuclear receptor pathways. Previous studies
have shown that T3 activates the transcription of GK, S14, and
ME by interacting with nuclear T3 receptors bound to these
genes (25—27). In Fig. 4, we show that FGF-19 treatment sup-
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FIGURE 4. FGF-19 suppresses the stimulatory effect of T3 on the expres-
sion of GK, S14, and CYP7A1. Primary hepatocyte cultures were prepared
and incubated in Waymouth’s medium. At 20 h of incubation, the medium
was replaced with one of the same composition supplemented with or with-
out T3 (100 nm) or T3 plus FGF-19. After 24 h of treatment, total RNA was
isolated, and the abundance of the indicated mRNAs was measured by quan-
titative real-time PCR. The level of mRNA in cells incubated with no additions
(NA) was set at 1, and the other values were adjusted proportionately. Values
are means * four experiments. The asterisk indicates that the mean is signif-
icantly (p = 0.05) lower than that of cells incubated with T3 in the absence of
FGF-19.

presses the ability of T3 to increase the abundance of mRNA
encoding GK but has no effect on the ability of T3 to increase
the abundance of mRNA encoding S14 and ME. Thus, as with
the LXR pathway, FGF-19 inhibits the T3 pathway in a gene-
specific manner.

Effect of FGF-19 on the Ability of Insulin and T0-901317 to
Increase the Abundance of Mature SREBP-1c—Previous studies
have demonstrated that SREBP-1c plays a key role in mediating
the effect of insulin on lipogenic enzyme gene transcription
(28). SREBP-1c is the most abundant SREBP-1 isoform
expressed in liver. It is synthesized as a 125-kDa precursor pro-
tein that is anchored to the endoplasmic reticulum. To become
transcriptionally active, precursor SREBP-1c is translocated to
the Golgi where it is cleaved by two proteases, resulting in the
release of the N-terminal segment of SREBP-1c, referred to as
mature SREBP-1c (mSREBP-1c). mSREBP-1c is transported
into the nucleus where it interacts with the promoter/regula-
tory region of several lipogenic genes including FAS, ATP-CL,
SCD1, and S14. Insulin activates lipogenic enzyme gene tran-
scription in part by increasing the concentration of mSREBP-1c
(28). To investigate the mechanism by which FGF-19 inhibits
insulin-induced expression of lipogenic enzymes, time course
experiments were performed to determine the effect of FGF-19
on the concentration of mSREBP-1. In hepatocytes previously
incubated with insulin for 36 h, the addition of FGF-19 caused a
30-38% decrease in the concentration of mSREBP-1c after 6
and 12 h of treatment (Fig. 54). FGF-19 caused a similar reduc-
tion in the concentration of SREBP-1c mRNA after 6 and 12 h
of treatment, suggesting that FGF-19 acted at a pretranslational
step to decrease mSREBP-1c concentration. The effect of
FGF-19 on the abundance of ACCa mRNA and FAS mRNA
followed a time course similar to that of mSREBP-1c (Fig. 5A4).
These results suggest that alterations in mSREBP-1c concen-
tration play a role in mediating the effect of FGF-19 on the
insulin-induced expression of ACCa and FAS. In contrast to
the effect of FGF-19 on the abundance of ACCa mRNA and
FAS mRNA, FGF-19 decreased the abundance of GK mRNA at
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FIGURE 5. Time course of the effect of FGF-19 on the expression of SREBP-1¢, GK, FAS, and ACCq. Primary
hepatocyte cultures were prepared and incubated in Waymouth’s medium containing insulin (A) or T0-901317
(B). At 36 h of incubation, FGF-19 (50 ng/ml) was added to the culture medium, and the incubation was
continued for 0, 2, 6, and 12 h. Cells were harvested, and total cell extracts were prepared as described under
“Experimental Procedures.” mSREBP-1 was measured by Western analysis. Top panels, Western analysis of
mMSREBP-1 from a representative experiment. Bottom panels, signals for mSREBP-1 were quantitated. In another
set of plates treated in a similar manner, total RNA was isolated and the abundance of the mRNAs encoding
SREBP-1¢, GK, FAS, and ACCa was measured by quantitative real-time PCR. The level of mSREBP-1 protein and
mRNA in cells treated with insulin for 36 h and FGF-19 for 0 h was set at 1, and the other values were adjusted
proportionately. Values are means = five experiments. An asterisk indicates that the mean is significantly (p =
0.05) different compared with that of cells treated with insulin for the same time period.

a time (2 h) that preceded changes in mSREBP-1c concentra-
tion. This observation indicates that FGF-19 also inhibits insu-
lin action by a mechanism that is independent of changes in
mSREBP-1c concentration. This conclusion is congruent with
that of previous work demonstrating that insulin induction of
GK gene transcription is not dependent on alterations in
mSREBP-1c expression (13, 29, 30).

LXR agonists also increase lipogenic enzyme expression by
increasing the concentration of mSREBP-1c (31, 32). These
observations led us to investigate whether alterations in
mSREBP-1c concentration play a role in mediating the inhibi-
tory effect of FGF-19 on T0-901317-induced expression of GK
and ACCa. In hepatocytes previously incubated with
T0-901317 for 36 h, the addition of FGF-19 had no effect on the
concentration of mSREBP-1c protein and SREBP-1c mRNA
after 2, 6, and 12 h of treatment (Fig. 5B). In contrast, FGF-19
caused a 50 -55% decrease in the abundance of GK mRNA after
6 and 12 h of treatment. In other experiments, FGF-19 also had
no effect on the abundance of mSREBP-1c protein and
SREBP-1c mRNA when it was added at the beginning of a 24-h
incubation with T0-901317 (data not shown). These findings
indicate that FGF-19 inhibits T0-901317-induced expression of
GK and ACCa via a mechanism that is independent of alter-
ations in mSREBP-1c concentration.

Effect of FGF-19 on the Activity of the Signaling Pathway
Mediating the Stimulatory Effect of Insulin on Lipogenic Enzyme
Expression—We next investigated the mechanism by which
FGF-19 suppressed the stimulatory effect of insulin on the
expression of SREBP-1c and lipogenic enzymes. Previous stud-
ies have shown that insulin increases SREBP-1c expression by
binding to the insulin receptor and triggering a signaling cas-
cade resulting in the recruitment of phosphoinositide 3-kinase
to the plasma membrane and the conversion of phosphatidyl-
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lates the activity of Akt and PKC A/¢
in rat hepatocyte cultures. Results
from Western analyses demon-
strated that FGF-19 had no effect on
the ability of insulin to increase the
phosphorylation of Akt (Ser*”?) and
the phosphorylation of Akt down-
stream targets (FoxO1 (Ser®*®) and
GSK-3 (Ser*'?)) (39, 40) that regu-
late the expression of SREBP-1c and
lipogenic enzymes (Fig. 6A). Treat-
ment with FGF-19 also had no effect on the ability of insulin to
stimulate PKC A/{ phosphorylation (Thr*'?/4°%) (Fig. 64) and
PKC A/{ activity (Fig. 6B). These data indicate that alterations
in Akt and PKC A/{ signaling activity are not involved in medi-
ating the effects of FGF-19 on hepatic insulin action.

The insulin-induced recruitment of phosphoinositide 3-ki-
nase to the plasma membrane is mediated by adaptor proteins
that are phosphorylated by the insulin receptor tyrosine kinase.
These adaptors are referred to as insulin receptor substrates
(33). To investigate whether FGF-19 modulates insulin signal-
ing activity upstream of Akt and PKC A/{, we determined the
effect of FGF-19 on the tyrosine phosphorylation of IRS-1, the
principal IRS isoform mediating the insulin regulation of lipo-
genic enzyme expression (41, 42). Treatment with FGF-19 had
no effect on the ability of insulin to stimulate the tyrosine phos-
phorylation of IRS-1 (Fig. 6C). This finding provides further
evidence that FGF-19 has no effect on the insulin-signaling
pathway controlling the expression of SREBP-1c and lipogenic
enzymes.

Effect of FGF-19 on the Activity of Signaling Pathways That
Inhibit Lipogenic Enzyme Expression—The observation that
FGEF-19 had no effect on the activity of the insulin-signaling
cascade led us to investigate the role of other signaling path-
ways in mediating FGF-19 regulation of lipogenic enzyme
expression. Previous studies have shown that the inhibitory
effect of glucagon and polyunsaturated fatty acids on insulin-
induced SREBP-1c expression is dependent on the activation of
protein kinase A (PKA) and ERK1/2, respectively (43—45).
Other studies have shown that activation of p38 MAPK and
AMPK decreases the expression of ACCq, FAS, and SREBP-1c¢
in hepatocytes (46 —48). These observations prompted us to
determine the effect of FGF-19 on the activity of p38 MAPK,
AMPK, and ERK and the concentration of cAMP, the second
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FIGURE 6. Effect of FGF-19 on the activity of the signaling cascade medi-
ating the stimulatory effect of insulin on the expression of lipogenic
genes. Primary hepatocyte cultures were prepared and incubated in Way-
mouth’s medium containing insulin. At 36 h of incubation, FGF-19 (50 ng/ml)
was added to the culture medium, and the incubation was continued for 10
min, 1 h, 6 h, and 12 h. Cells were harvested, and total cell extracts were
prepared as described under “Experimental Procedures.” A, Western analyses
were performed using antibodies against phosphorylated Akt (Ser*”?), phos-
phorylated FoxO1 (Ser?*®), GSK-3a/f (Ser'’®), and PKC A/ (Thr#1%/4%%) and
total AKT, FoxO1, GSK-3a/3, and PKC A/{. The data are representative of four
independent experiments. B, PKC A/{ activity was measured as described
under “Experimental Procedures.” PKC A/{ activity in cells incubated in the
absence of insulin and FGF-19 for 36 h was set at 1, and the other values were
adjusted proportionately. Values are means = three experiments. An asterisk
indicates that the mean is significantly (p = 0.05) different compared with
that of cells incubated in the absence of insulin and FGF-19 for the same time
period. C, cell extracts were incubated with an antibody against IRS-1,and the
resulting immunoprecipitates (/P) were subjected to Western blot analysis
(WB) using antibodies against phosphotyrosine and IRS-1. The data are rep-
resentative of three independent experiments.

messenger that activates PKA. Treatment of hepatocytes with
FGF-19 in the presence of insulin had no effect on the abun-
dance of the active phosphorylated form of p38 MAPK (Thr'#°/
Tyr'®?) and AMPK (Thr'”?) (supplemental Fig. S14) and the
concentration of cAMP (supplemental Table S2). In contrast,
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FGF-19 treatment caused a rapid (=10 min) and sustained
(=12 h) increase in the abundance of the active phosphorylated
form of ERK1/2 (Thr*°?/Tyr***) (supplemental Fig. S14). Thus,
FGF-19 enhances the activity of ERK1/2 but has no effect on the
activity of p38 MAPK, AMPK, and PKA. We next determined
the effect of a cell-permeable inhibitor of MAPK/ERK kinase
1/2 (U0126) on the regulation of GK and SREBP-1c by FGF-19.
Treatment of hepatocytes with U0126 inhibited the ability of
FGF-19 to increase ERK phosphorylation but had no effect on
the ability of FGF-19 to inhibit insulin-induced expression of
GK mRNA and SREBP-1c¢ mRNA (supplemental Fig. S1, B and
C). Similar results were obtained with the MAPK/ERK kinase
1/2 inhibitor, PD98059. These observations indicate that
FGEF-19 regulation of SREBP-1c and lipogenic enzyme expres-
sion is not mediated by alterations in the activity of p38 MAPK,
AMPK, PKA, and ERK.

The Effect of FGF-19 on Lipogenic Enzyme Expression Is Asso-
ciated with Changes in the Expression of PGC-183, SHP, and
Phosphorylated STAT3—Another possible mechanism by
which FGF-19 could inhibit the insulin-induced expression of
lipogenic enzymes is by modulating the activity of nuclear pro-
teins that regulate the activity/expression of SREBP-1c and/or
other factors controlling lipogenic enzyme gene transcription.
One such factor is PGC-1p, a coactivator that enhances the
ability of SREBP-1c to activate FAS and SCD1 gene transcrip-
tion (49). Previous studies have shown that the expression of
PGC-18 is regulated by hormonal and nutritional status and
that alterations in PGC-1f expression play a role in mediating
the induction of lipogenic enzyme expression by high-fat feed-
ing (49, 50). This led us to investigate whether FGF-19 modu-
lates PGC-1p expression. In hepatocytes previously incubated
with insulin for 36 h, the addition of FGF-19 caused a rapid (<2
h) and sustained (>12 h) decrease in the abundance of PGC-13
mRNA (Fig. 7A). The magnitude of the effect was 37% after 12 h
of FGF-19 treatment. FGF-19 also decreased PGC-1f expres-
sion when it was added at the beginning of incubation with
insulin (Fig. 7B). In contrast to the results for PGC-1p, treat-
ment with FGF-19 had no effect on the abundance of mRNA
encoding PGC-1a, a PGC-1 isoform that lacks the ability to
coactivate SREBP-1c (49). These findings provide support for a
role of PGC-1f in mediating the inhibitory effect of FGF-19 on
insulin-induced expression of lipogenic enzymes.

A second factor that modulates lipogenic enzyme expression
is SHP, an atypical nuclear hormone receptor that represses
gene transcription by inhibiting the recruitment of coactivators
and/or enhancing the recruitment of corepressors to target
promoters (51). Previous studies have shown that ablation of
the SHP gene increases the expression of GK, L-PK, ACCq, and
FAS in hepatocytes (52—54). To assess the role of SHP in
FGEF-19 regulation of lipogenic genes, we determined the effect
of FGF-19 on SHP expression. In hepatocytes previously incu-
bated with insulin for 36 h, the addition of FGF-19 stimulated a
rapid (<2 h) and sustained (>12 h) increase in the abundance
of SHP mRNA (Fig. 7A). The magnitude of this effect was 4.2-
fold after 12 h of FGF-19 treatment. FGF-19 also increased SHP
mRNA abundance when it was added at the beginning of incu-
bation with insulin (Fig. 7B). Interestingly, FGF-19 treatment
had no effect on SHP mRNA levels in hepatocytes incubated in
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FIGURE 7. Effect of FGF-19 on the expression of PGC-13, PGC-1«, SHP,
LXRe, and phosphorylated STAT3. A, primary hepatocyte cultures were
prepared and incubated in Waymouth’s medium containing insulin. At 36 h
of incubation, FGF-19 (50 ng/ml) was added to the culture medium, and incu-
bation was continued for 0, 2, 6, and 12 h. Cells were harvested, total RNA was
isolated, and the abundance of the mRNAs encoding PGC-13, PGC-1¢, SHP,
and LXRa was measured by quantitative real-time PCR. The level of mRNA in
cells treated with insulin for 36 h and FGF-19 for 0 h was set at 1, and the other
values were adjusted proportionately. Values are means * four experiments.
An asterisk indicates that the mean is significantly (p = 0.05) different com-
pared with that of cells treated with insulin for the same time period. B, pri-
mary hepatocyte cultures were prepared and incubated in Waymouth's
medium. At 20 h of incubation, the medium was replaced with one of the
same composition supplemented with or without FGF-19, insulin, or insulin
plus FGF-19. After 24 h of treatment, total RNA was isolated, and the abun-
dance of PGC-18 mRNA and SHP mRNA was measured by quantitative real-
time PCR. The level of mRNA in cells incubated with no additions (NA) was set
at 1, and the other values were adjusted proportionately. Values are means *+
four experiments. An asterisk indicates that the mean is significantly (p =<
0.05) higher than that of any other treatment. Total cell extracts were pre-
pared from hepatocytes treated as described in A. SHP protein (C) and phos-
phorylated STAT3 (Tyr’°® and Ser”%’) (D) were measured by Western analysis.
The data are representative of four independent experiments.

the absence of insulin (Fig. 7B). Under these conditions, FGF-19
also had no effect on expression of lipogenic enzymes (Fig. 24).
The results from Western analysis indicated that FGF-19 treat-
ment also increased the concentration of SHP protein in hepa-
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tocytes (Fig. 7C). The magnitude of this effect was 3.2-fold after
12 h of FGF-19 treatment. Thus, the effect of FGF-19 on lipo-
genic enzyme expression is correlated with alterations in SHP
expression. These finding provides support for a role of SHP in
mediating the reduction in lipogenic enzyme expression caused
by FGEF-19.

Another nuclear factor that controls SREBP-1c activity is
STAT3. Previous studies have shown that ablation of the
STATS3 gene stimulates the expression of SREBP-1c and FAS,
whereas expression of a constitutively active form of STAT3
has the opposite effect (55, 56). Other work has shown that the
transcriptional activity of STAT?3 is activated by tyrosine phos-
phorylation (Tyr’®®) and serine phosphorylation (Ser’*”) of
STATS3 (57). This prompted us to determine whether FGF-19
modulates the level of phosphorylation at these sites. In hepa-
tocytes previously incubated with insulin for 36 h, addition of
FGF-19 increased the phosphorylation of Ser”*” (Fig. 7D). The
phosphorylation of Tyr”® and the concentration of total
STAT3 were not affected by FGF-19 treatment. These findings
are consistent with a role of STAT3 in mediating the inhibitory
action of FGF-19 on lipogenic enzyme expression.

DISCUSSION

The results of the present study describe a mechanism by
which FGF-19 administration reverses obesity, hypertriglyceri-
demia, hepatic steatosis, and glucose intolerance in rodent
models of metabolic syndrome. FGF-19 suppresses the ability
of insulin to stimulate hepatic fatty acid synthesis. This effect is
mediated by a reduction in the insulin-induced expression of
enzymes comprising the fatty acid synthesis pathway including
GK, 1-PK, ATP-CL, ACCaq, FAS, and SCD1. FGF-19 also sup-
presses the stimulatory effect of T0-901317 on expression of
GKand ACCa and the stimulatory effect of T3 on expression of
GK. Thus, the beneficial effects of FGF-19 on metabolic syn-
drome may also be mediated by an inhibition of the oxysterol-
and T3-signaling pathways controlling lipogenic enzyme
expression.

The present study also provides evidence that FGF-19 atten-
uates the inhibitory effect of insulin on hepatic fatty acid oxida-
tion. FGF-19 suppresses the ability of insulin to stimulate the
expression of ACCJ3, a key regulator of mitochondrial fatty acid
oxidation (16). This observation is consistent with previous
studies demonstrating that FGF-19 overexpression in mice
causes a reduction in respiratory quotient (8). FGF-19-induced
changes in ACCp expression and hepatic fatty oxidation may
also play a role in reversing metabolic syndrome, as ablation of
the ACCp gene decreases triacylglycerol accumulation in the
liver and adipose tissue and increases energy expenditure and
glucose tolerance (58).

How does FGF-19 suppress the stimulatory effect of insulin
on the expression of lipogenic enzymes? The results of the pres-
ent study indicate that at least two distinct mechanisms medi-
ate this phenomenon. One mechanism involves changes in the
concentration of mSREBP-1c¢, a transcriptional activator of the
genes encoding FAS, ATP-CL, SCD1, and S14 (28). FGF-19
inhibits the ability of insulin to increase the concentration of
mSREBP-1c, an effect that is closely associated with a reduction
in FAS, ATP-CL, SCD1, and S14 expression. A second mecha-
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nism is not dependent on changes in mSREBP-1c concentra-
tion: FGF-19 inhibits the ability of insulin to stimulate the
expression of GK, a gene that is not regulated by mSREBP-1c in
hepatocytes (13, 29, 30).

The inhibitory effect of FGF-19 on insulin induction of
mSREBP-1c concentration was accompanied by a reduction in
SREBP-1c mRNA concentration, indicating that FGF-19 acted
at a pretranslational step to control mSREBP-1c concentration
(Fig. 5A). Previous studies have shown that insulin increases
SREBP-1c gene transcription and that this effect is triggered by
an increase in the activity of LXR bound to the SREBP-1c pro-
moter (31, 32). Several lines of evidence indicate that the inhib-
itory effect of FGF-19 on insulin-induced SREBP-1c mRNA
abundance is not mediated by changes in LXR activity. First,
FGEF-19 is not effective in suppressing the stimulatory effect of
T0-901317 on the expression of SREBP-1c and lipogenic genes
regulated by SREBP-1c (i.e. ATP-CL, FAS, SCD1, and S14)
(Figs. 3 and 5B). This finding indicates that FGF-19 does not
modulate the transcriptional activity of ligand-bound LXR on
the SREBP-1c promoter. Second, FGF-19 is not effective in
suppressing the insulin-induced expression of ABCA1, a
well-defined LXR target gene (Fig. 2A). This observation
indicates that FGF-19 does not regulate the concentration of
an endogenous LXR agonist. Third, FGF-19 has no effect on
the expression of mRNA encoding LXRe, the principal LXR
isoform expressed in liver (Fig. 7A). This finding indicates
that FGF-19 does not modulate the maximal capacity of LXR
to stimulate gene transcription.

Elam and colleagues (59) have recently shown that the induc-
tion of SREBP-1c gene transcription is also triggered by an
increase in the activity of specificity protein 1 (Sp1) bound on
the SREBP-1c promoter. Sp1 enhances SREBP-1c transcription
through a functional interaction with LXR bound at an adjacent
site. The lack of effect of FGF-19 on LXR activity indicates that
FGE-19 is also not effective in suppressing the stimulatory
effect of insulin on Sp1 activity. The inability of FGF-19 to mod-
ulate insulin activation of LXR and Sp1 on the SREBP-1c pro-
moter is supported by the observation that FGF-19 has no effect
on the activity of the proximal portion of the signal transduc-
tion pathway mediating the stimulatory effect of insulin on
SREBP-1c expression (Fig. 6).

In screening for mechanisms that explain the inhibitory
effect of FGF-19 on insulin-induced SREBP-1c expression,
we observed that the FGF-19 regulation of SREBP-1c expres-
sion was associated with an increase in the expression of the
phosphorylated, active form of STAT3 and a decrease in the
expression of PGC-18 (Figs. 2, 5, and 7). Previous studies
have shown that STAT3 and PGC-1p have opposing actions
on SREBP-1c activity. STAT3 is an inhibitor of SREBP-1c
gene transcription, whereas PGC-1f is a coactivator that
enhances the ability of SREBP-1c to stimulate gene tran-
scription. Other studies have shown that the SREBP-1c binds
to its own promoter and participates in mediating the
increase in SREBP-1c gene transcription caused by insulin
(31, 32). Thus, alterations in the expression of phosphoryla-
ted STAT3 and PGC-1p constitute a mechanism explaining
the inhibitory effect of FGF-19 on insulin-induced SREBP-1c
gene expression.
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Other agents that inhibit the stimulatory effect of insulin on
SREBP-1c expression include glucagon and polyunsaturated
fatty acids (43, 44). The effect of glucagon on SREBP-1c expres-
sion is mediated by a decrease in the activity of LXR bound to
the SREBP-1c promoter (45). Glucagon inhibits LXR activity by
enhancing the PKA-mediated phosphorylation of LXR. The
effect of polyunsaturated fatty acids on SREBP-1c expression is
mediated by a mechanism that is dependent on the presence of
ERK (43). In contrast to the mechanism of action of glucagon
and polyunsaturated fatty acids, our findings indicate that
FGE-19 inhibits insulin-induced SREBP-1c expression by a
mechanism that is not dependent on changes in the activity of
LXR, PKA, and ERK (Figs. 2 and 3, supplemental Fig. S1, sup-
plemental Table S2). Thus, mechanism by which FGF-19 inhib-
its SREBP-1c expression appears to be distinct from that of
glucagon and polyunsaturated fatty acids.

We also observed that FGF-19 treatment increased the
expression of the transcriptional repressor, SHP, and that this
effect preceded or paralleled the reduction in insulin-induced
lipogenic enzyme expression (Figs. 2, 5 and 7). Previous studies
have shown that SHP represses the expression of GK, L-PK,
ACCaq, and FAS (52-54) and that the mechanism mediating the
inhibitory effect of SHP on FAS gene transcription involves a
direct interaction of SHP with liver receptor homologue-1 on
the FAS promoter (53). This direct action of SHP on FAS pro-
moter activity constitutes a SREBP-1c-independent mecha-
nism mediating the inhibitory effect of FGF-19 on insulin-in-
duced gene transcription. Such a mechanism may also play a
role in mediating the FGF-19 regulation of GK expression, as
the GK gene is not regulated by SREBP-1c (13, 29, 30). Previous
studies have shown that insulin induction of GK gene transcrip-
tion is mediated, at least in part, by the activation of hepatocyte
nuclear factor-4 (HNF-4) bound on the GK promoter (60, 61).
Other studies have shown that SHP interacts with HNF-4 and
inhibits its ability to activate transcription (62). The role of
SHP-HNF-4 interactions in mediating the inhibitory effect of
FGEF-19 on GK gene transcription will require further study.

Although FGF-19 has a broad effect on the insulin regulation
of enzymes comprising the fatty synthesis pathway, it has no
effect on the insulin regulation of ME and G6PD, enzymes sup-
plying reducing equivalents for fatty acid synthesis (Fig. 2). The
inability of FGF-19 to modulate the insulin regulation of ME
and G6PD may be attributed to the fact that the mechanisms
mediating the insulin activation of these enzymes are substan-
tially different than those of other lipogenic enzymes. The stim-
ulatory effect of insulin on malic enzyme gene transcription is
mediated by an activator protein 1 (AP-1) motif and an early
growth response 1 (Egr-1) binding site in the malic enzyme
promoter (63). The stimulatory effect of insulin on G6PD
expression is mediated by an increase in the rate of G6PD
pre-mRNA processing (64). There is no evidence that AP-1, Egr-1,
and pre-mRNA processing play a role in mediating the insulin
regulation of other lipogenic enzymes. The lack of effect of FGF-19
on ME and G6PD expression may also be explained by the possi-
bility that ME and G6PD are not targets of regulatory proteins that
mediate FGF-19 action (i.e. PGC-18, STAT3, and SHP).

In summary, we show that FGF-19 suppresses the stimula-
tory effect of insulin on the rate of fatty acid synthesis and the
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expression of lipogenic enzymes in hepatocytes. These obser-
vations provide a mechanism by which FGF-19 reverses adi-
pose accretion, hepatic steatosis, hyperlipidemia, and type 2
diabetes in obese mice. Another member of the fibroblast
growth factor family that is structurally related to FGF-19 is
FGF-21. FGF-21 administration also reverses obesity, hepatic
steatosis, and type 2 diabetes (65, 66). We postulate that FGF-19
and FGF-21 act via similar mechanisms to reverse diseases
associated with metabolic syndrome.
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