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Abstract
Fibroblast growth factor (FGF) 19 is an enterokine synthesized and released when bile acids are
taken up into the ileum. We show that FGF19 stimulates hepatic protein and glycogen synthesis
but does not induce lipogenesis. The effects of FGF19 are independent of the activity of either
insulin or the protein kinase Akt and, instead, are mediated through a mitogen-activated protein
kinase signaling pathway that activates components of the protein translation machinery and
stimulates glycogen synthase activity. Mice lacking FGF15 (the mouse FGF19 ortholog) fail to
properly maintain blood concentrations of glucose and normal postprandial amounts of liver
glycogen. FGF19 treatment restored the loss of glycogen in diabetic animals lacking insulin. Thus,
FGF19 activates a physiologically important, insulin-independent endocrine pathway that
regulates hepatic protein and glycogen metabolism.

Fibroblast growth factor 19 (FGF19, also called FGF15 in rodents) is a member of a
subfamily of fibroblast growth factors that govern nutrient metabolism (1). FGF19 is
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expressed in the distal small intestine, where its synthesis is regulated by the nuclear bile
acid receptor, FXR, after the postprandial uptake of bile acids (2,3). Thus, in response to
feeding, the concentration of circulating FGF19 increases (4). FGF19 binds to a receptor
complex composed of the FGF receptor 4 (FGFR4) and a coreceptor called β-Klotho, which
are both highly expressed in liver. Binding of FGF19 to the FGFR4–β-Klotho complex
results in activation of the small guanosine triphosphatase Ras and extracellular signal–
regulated protein kinase (ERK) signaling pathway (5,6).

FGF19 plays an important role in hepatic bile acid homeostasis by inhibiting expression of
CYP7A1, the first and rate-limiting enzyme in the major bile acid synthesis pathway (2,3).
FGF19 also promotes relaxation and refilling of the gall-bladder after a meal (7). In addition
to its roles in bile acid metabolism, FGF19 lowers serum glucose and triglycerides in
diabetic mice through an unclear mechanism (8).

To elucidate whether FGF19 may have other effects on metabolism, we investigated FGF19-
induced signaling in liver in normoglycemic wild-type animals (9). Because recombinant
mouse FGF15 is unstable and has variable bioactivity, we used human FGF19 for these
studies. FGF19 increased the phosphorylation of liver ERK1 and ERK2 of mice fasted
overnight (Fig. 1A and fig. S1). In contrast, insulin, but not FGF19, induced phosphorylation
of the protein kinase Akt (fig. S1), which demonstrated that FGF19 and insulin likely work
through independent kinase signaling pathways. However, both FGF19 and insulin
stimulated the phosphorylation of the eukaryotic initiation factors eIF4B on Ser422 and
eIF4E on Ser209 in liver (Fig. 1B and fig. S1). These proteins are components of the eIF4F
complex that mediates binding of mRNA to the ribosome, and their phosphorylation
promotes the initiation of translation (10). Treatment of animals with insulin or FGF19
produced similar increases in phosphorylation of Ser235 and Ser236 of ribosomal protein S6
(rpS6) (Fig. 1B and fig. S1). Phosphorylation of rpS6 improves the efficiency of global
protein synthesis by inducing cap-dependent translation (11).

We investigated the kinases that might mediate phosphorylation of eIF4 or rpS6 in response
to FGF19. Ser209 of eIF4E is a target for the protein kinase Mnk1, which can be activated by
phosphorylation at Thr197 and Thr202 by ERK (12). FGF19 induced phosphorylation of
Mnk1, which implicated FGF19 as the upstream stimulus of a Ras-ERK-Mnk1 signaling
cascade that activates eIF4E (Fig. 1C). rpS6 and eIF4B are well-known targets of p70
ribosomal S6 kinase (p70S6K), which is activated by insulin (fig. S1). However, FGF19
treatment did not induce the phosphorylation of p70S6K or Akt, which is known to activate
mammalian target of rapamycin (mTOR) to stimulate p70S6K (Fig. 1, A and C, and fig. S1).
Instead, FGF19 induced the phosphorylation of p90 ribosomal S6 kinase (p90RSK), which
also is known to phosphorylate rpS6 and eIF4B (13,14).

Because p90RSK is a downstream target of ERK, our results indicate that FGF19 utilizes a
Ras-ERK-p90RSK pathway to induce phosphorylation of rpS6 and eIF4B. In human
hepatocarcinoma HepG2 and rat hepatoma HII4E cells that express FGFR4 and β-Klotho,
FGF19 induced the phosphorylation of fibroblast growth factor substrate 2α (FRS2α), ERK,
and p90RSK in a dose-dependent manner (fig. S2A). Likewise, FGF19 treatment increased
the phosphorylation of rpS6 and eIF4B in HepG2 cells (Fig. 1D). However, this effect was
not inhibited by wortmannin, a potent phosphoinositide 3-kinase (PI3K) inhibitor, or
rapamycin, an mTOR inhibitor, which suggested that FGF19 does not act through the Akt-
mTOR-S6K pathway (Fig. 1D and fig. S2, B and C). Indeed, FGF19 treatment failed to
induce the phosphorylation of Akt or p70S6K (Fig. 1E and fig. S2B). In contrast, the ERK
pathway inhibitor U0126 and p90RSK inhibitor BI-D1870 (15) completely inhibited
FGF19-induced phosphorylation of ERK and p90RSK (Fig. 1E), and both inhibitors blocked
basal and FGF19-dependent phosphorylation of rpS6 and eIF4B (Fig. 1D).
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The above findings link FGF19 to stimulation of protein synthesis in liver. We analyzed
protein synthesis in mouse liver using 2H2O labeling (16,17). When injected into
animals, 2H2O equilibrates with body water within 90 min, and 2H incorporates into amino
acids. To determine the normal rate of protein synthesis after fasting and refeeding, mice
were fasted overnight and then refed or continually fasted for another 6 hours. Refeeding
caused a 25% increase in the rate of liver protein synthesis (Fig. 2A) (18). In comparison,
injection of FGF19 significantly increased total protein synthesis by 18% (Fig. 2B). The de
novo synthesis rate of albumin, the major protein product of liver, was increased 40% by
FGF19 (Fig. 2C). Moreover, continuous treatment with FGF19 significantly increased
plasma albumin levels by 10% (Fig. 2D). Thus, FGF19 is a positive regulator of hepatic
protein synthesis.

The effects of FGF19 on protein synthesis prompted us to investigate glycogen synthesis,
another target of insulin action. Glycogen synthesis in liver is negatively regulated by
glycogen synthase kinase (GSK) 3α and GSK3β, which phosphorylate and inhibit the
enzyme glycogen synthase (GS). Phosphorylation also inactivates GSK3 kinases, which
prevents inhibition of GS and thus increases glycogen synthesis (19). In animals fasted
overnight, FGF19 induced phosphorylation of both GSK3α (Ser21) and GSK3β (Ser9),
which correlated with decreased phosphorylation of Ser641 and Ser645 on GS (Fig. 3A) and
increased GS activity (Fig. 3B). Concomitantly, there was a 30% increase in liver glycogen
content that led to a small but significant increase in liver weight in FGF19-treated mice
compared with that of control animals (Fig. 3C). FGF19 treatment had no effect on liver
cholesterol or triglycerides (fig. S3, A and B), nor did it change plasma insulin or glucagon
concentrations, which strengthens the idea that it acts directly on liver (fig. S3, C and D).
We also analyzed hepatic glycogen concentration in mice lacking Fgf15 (the mouse ortholog
of FGF19). Fed Fgf15−/− mice had >50% less hepatic glycogen than did wild-type animals
(Fig. 3D), which demonstrated the physiologic requirement for FGF15 in maintaining
normal glycogen metabolism. Moreover, Fgf15−/− mice showed impaired glucose uptake
from the circulation. FGF19 administration completely rescued this phenotype (Fig. 3E).

Akt and p90RSK phosphorylate the same residues of GSK3α and β (19–22). To test whether
p90RSK might mediate phosphorylation of GSK3 kinases for FGF19, we treated HepG2
cells with FGF19 and either the PI3K or p90RSK inhibitor. FGF19-induced phosphorylation
of GSK3 kinases in HepG2 cells was compromised when cells were treated with BI-D1870,
but not when treated with wortmannin (Fig. 4A). These data further support the idea that
FGF19 acts through an insulin-independent Ras-ERK-p90RSK pathway to regulate
glycogen synthesis.

Streptozotocin (STZ)–treated mice are severely diabetic and have almost no detectable
insulin in the blood (Fig. 4B). STZ treatment reduced liver glycogen content to 50% of that
of control animals. FGF19 treatment restored hepatic glycogen amounts and had a
significant effect on glucose disposal (Fig. 4C and fig. S4). Insulin-independent effects of
FGF19 on the rate of net hepatic glycogen synthesis were also investigated in rats fasted
overnight. A hyperglycemic clamp was used in combination with somatostatin to inhibit
endogenous insulin and glucagon secretion. Under matched conditions of plasma glucose,
insulin, and glucagon concentrations (fig. S5), FGF19 increased net hepatic glycogen
synthesis by 70% compared with that in control rats (Fig. 4D).

Taken together, these studies suggest that FGF19 acts in parallel to and independent from
insulin to govern postprandial metabolism in liver. Like insulin, pharmacologic
administration of FGF19 can induce protein and glycogen synthesis, whereas loss of the
physiologic hormone in Fgf15−/− mice results in glucose intolerance and reduced hepatic
glycogen. However, whereas insulin reaches its maximum serum concentration within 1
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hour of a meal in humans, peak FGF19 levels are achieved ~3 hours after a meal (4) just
before glycogen accumulation peaks in the liver (23,24). Thus, we propose insulin and
FGF19 work in a coordinated temporal fashion to facilitate the proper postprandial storage
of nutrients. Of the anabolic enterokines (e.g., the incretins, GLP-1 and GIP), FGF19 is
unusual in that it mimics insulin action rather than stimulating its release.

The different signaling pathways used by FGF19 and insulin permit overlapping but distinct
biological effects for the two hormones (Fig. 4E). For example, unlike insulin, FGF19 did
not increase hepatic triglycerides (fig. S3B) or induce sterol regulatory element–binding
protein, isoform 1c (SREBP-1c)–dependent lipogenic gene expression (fig. S6), which
requires the PI3K-Akt-mTOR signaling pathway (25,26). Indeed, FGF19 appears to be
unique in its ability to differentially govern glycogen synthesis and lipogenesis. FGF15 (or
FGF19) is required to maintain normal glycogen levels in fed mice, and it uses the
alternative Ras-ERK-p90RSK pathway; taken together, these findings may explain the
puzzling observation that liver-specific loss of insulin signaling in IRS1-IRS2 null mice
does not fully block glycogen storage in response to feeding (27,28). These results may also
help explain the glucose- and insulin-lowering actions of FGF19 in diabetic rodents (8).
Thus, pharmacologically targeting the FGF19 pathway might be an attractive alternative to
using insulin to increase glycogen storage without affecting lipogenesis.
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Fig. 1.
Stimulation by FGF19 of signaling pathways that regulate protein synthesis in liver. (A to
C) Mice fasted overnight were injected intravenously (i.v.) with vehicle or 1 mg of FGF19
protein per kg of body weight. This concentration is based on the optimal systemic dose to
observe the physiologic effects of FGF19 on bile acid metabolism. The animals were killed
1 hour after the injections. Proteins from liver homogenates were separated by SDS–
polyacrylamide gel electrophoresis (SDS-PAGE) and identified by Western blotting with the
indicated antibodies. Results represent triplicate experiments. (D and E) Overnight serum-
starved HepG2 cells were starved for amino acids in Hank’s buffered salt solution medium
for 1 hour. Vehicle, wortmannin (200 nM), rapamycin (20 nM), U0126 (10 μM), or BI-
D1870 (10 μM) was added for a further 1-hour treatment. The cells were treated with
vehicle or 250 ng/ml FGF19 and harvested after 30 min. Proteins were identified by Western
blotting with the indicated antibodies. BI-D1870 treatment blocks the negative-feedback
effect of p90RSK on ERK, which results in increased basal phosporylation of ERK and
p90RSK. Numbers below blots represent fold-change relative to the vehicle group. Asterisk
(*) marks nonspecific band (C).
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Fig. 2.
Increased rates of global protein synthesis and albumin synthesis in mouse liver treated with
FGF19. (A) Mice fasted overnight received 0.5 ml 2H2O intraperitoneally (i.p.); 90 min
later, the animals were refed or kept fasted for 6 hours and killed (n = 10). Protein samples
were hydrolyzed, and 2H labeling of alanine was determined by mass spectrometry. (B and
C) Mice fed ad libitum received 0.5 ml 2H2O; 90 min later (at 6 p.m.), vehicle or 1 mg/kg
FGF19 was injected subcutaneously. The next morning (8 a.m.), animals were injected again
with the same dose and, 6 hours later, were killed (n = 10). Protein samples were
hydrolyzed, and 2H labeling of alanine was determined by mass spectrometry. For albumin
synthesis, 2H incorporation into plasma albumin was measured in the same way. (D) Over a
3-day period, mice (n = 6) received vehicle or 1 mg/kg FGF19 subcutaneously 3 times at 6
p.m. and once on the day they were killed at 8 a.m. Then, 6 hours after the last injection, the
livers were harvested. Plasma albumin levels were determined with a Vitros 250 instrument.
Values are means ± SEM. Statistics by two-tailed t test. *P < 0.05, **P < 0.005.
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Fig. 3.
FGF19 inhibits GSK3 signaling to increase liver glycogen in mice. (A) Mice fasted
overnight were treated i.v. with vehicle or 1 mg/kg FGF19 and killed 10 min later. Proteins
from liver homogenates were separated by SDS-PAGE and identified by Western blotting
with the indicated antibodies. Results represent triplicate experiments. (B) The ability of
glycogen synthase in the homogenates of the same livers to incorporate radiolabeled uridine
5′-diphosphate–glucose into glycogen in the absence and presence of glucose-6-phosphate
was measured, and the ratio was shown as glycogen synthase activity (n = 3). (C) Mice fed
ad libitum were injected subcutaneously with vehicle or 1 mg/kg FGF19 at 6 p.m. and the
next morning at 8 a.m. Then, 6 hours after the last injection, the animals were killed, and
liver weight and glycogen content were determined (n = 6). (D) Liver glycogen content was
determined in wild-type and Fgf15−/− mice fed ad libitum (n = 5). (E) Oral glucose
tolerance test in wild-type and Fgf15−/− mice (n = 6). Values are means ± SEM. Asterisks
(*) refer to differences between wild-type and Fgf15−/− groups; number signs (#) refer to
differences between Fgf15−/− and Fgf15−/− plus FGF19 groups. Statistics by two-tailed t
test. *P < 0.05, **P < 0.005, #P < 0.05, ##P < 0.005.
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Fig. 4.
FGF19-induced glycogen synthesis is independent of insulin. (A) Overnight serum-starved
HepG2 cells were pretreated with vehicle, wortmannin (200 nM), or BI-D1870 (10 μM) for
1 hour. The cells were lysed 30 min after vehicle or FGF19 (250 ng/ml) treatment. Proteins
were identified by Western blotting with the indicated antibodies. Numbers below blots
represent fold-change relative to the vehicle group. (B and C) Mice were treated i.p. with
STZ (175 mg/kg). Eight days later, diabetic animals were chosen and treated with vehicle or
1 mg/kg FGF19 i.p. at 6 p.m. for seven consecutive days, and killed 6 hours after the last
injection at 8 a.m.(n = 5 to 9). Liver glycogen content and plasma insulin levels were
determined. *P < 0.05 is between control and STZ-vehicle groups; #P < 0.05 is between
STZ-vehicle and STZ-FGF19 groups. (D) Three-hour hyperglycemic clamp study was
performed on rats fasted overnight (n = 5 to 7). Animals were continuously infused with
insulin and somatostatin to maintain low levels of insulin and glucagon and variably infused
with glucose to maintain hyperglycemia. Net glycogen synthesis was determined by
assessing the glycogen content in the clamped animals subtracted by the glycogen content of
unclamped animals that were killed after the same duration of fasting. (E) Insulin and
FGF19 act through different signaling pathways to coordinate overlapping but distinct
postprandial responses in liver. (B, C, and D) Values are means ± SEM. Statistics by two-
tailed t test. *P < 0.05, ***P < 0.0005.
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