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Fibroblast growth factor (FGF21) plays an important role in regulating hepatic oxidation of
fatty acids and gluconeogenesis in response to fasting and during consumption of a ketogenic
diet. However, the metabolic pathways through which FGF21 regulates hepatic function are
not well defined. To identify the effects of FGF21 on the liver in vivo, we administered FGF21 to
mice and analyzed acute effects on signaling and gene expression. We found that FGF21 acts
directly on the liver to stimulate phosphorylation of fibroblast growth factor receptor substrate 2
and ERK1/2. Acute FGF21 treatment induced hepatic expression of key regulators of gluconeo-
genesis, lipid metabolism, and ketogenesis including glucose-6-phosphatase, phosphoenol pyru-
vate carboxykinase, 3-hydroxybutyrate dehydrogenase type 1, and carnitine palmitoyltransferase
1a. In addition, injection of FGF21 was associated with decreased circulating insulin and free fatty
acid levels. FGF21 treatment induced mRNA and protein expression of peroxisome proliferator-
activated receptor-vy coactivator (PGC-1a), suggesting that PGC-1a may play a role in regulating
FGF21 action. However, studies using mice with liver-specificablation of PGC-1« revealed the same
regulation of gluconeogenic gene expression by FGF21 as seen in wild-type mice, indicating that
PGC-1a is not necessary for the effect of FGF21 on glucose metabolism. These data demonstrate
that FGF21 acts directly on the liver to modulate hepatic metabolism. The direct effects we exam-
ined are not dependent on PGC-1a. In addition, FGF21 treatment is associated with decreased
serum insulin levels that my affect hepatic function. (Endocrinology 152: 2996-3004, 2011)

atty acid oxidation is an essential component of fast-
Fing. During fasting hepatic glycogen stores are depleted
and free fatty acids, which are released by the breakdown
of triglycerides in white adipose tissue (WAT), become the
primary energy source. The end products of fatty acid
oxidation are ketone bodies, which are released into the
circulation to serve as an energy source for the brain and
peripheral tissues. Similarly high rates of fatty acid oxi-
dation and increased circulating ketones are seen when
animals consume very low-carbohydrate, high-fat diets.
We previously reported that such ketogenic diets, when
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fed to rodents, result in weight loss and improved glucose
tolerance along with dramatic changes in hepatic gene
expression (1). These studies led to the identification of
FGF21 as a key mediator of the metabolic effects of the
ketogenic diet and demonstrate that FGF21 plays a key
role in regulating fatty acid oxidation, triglyceride clear-
ance, and ketogenesis in the liver (2).

Previous studies showed that chronic treatment of
obese rodents and nonhuman primates with FGF21 leads
to beneficial metabolic outcomes including weight loss,
reduced serum triglycerides, and improved glucose toler-

Abbreviations: BAT, Brown adipose tissue; CPT, carnitine palmitoyltransferase; G6Pase,
glucose-6-phosphatase; FGF, fibroblast growth factor; FGFR, FGF receptor; FRS2, fibroblast
growth factor receptor substrate 2; IGFBP, IGF-binding protein; IRS, insulin receptor sub-
strate; IVC, inferior vena cava; KO, knockout; LKO, liver-specific knockout; NEFA, nones-
terified free fatty acids; PEPCK, phosphoenol pyruvate carboxykinase; PGC, PPARy coacti-
vator; PPAR, peroxisome proliferator-activated receptor; WAT, white adipose tissue.
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ance (3-5). FGF21 signaling increases insulin-indepen-
dent glucose uptake in 3T3-L1 adipocytes via elevation of
glucose transporter 1 expression (3), suggesting that the
beneficial effects of FGF21 in vivo may result in part from
its direct effects on adipose tissue. Furthermore, acute
FGF21 infusion in mice reverses hepatic insulin resistance
(6), whereas acute knockdown of FGF21 in the liver of
mice on a ketogenic diet leads to profound changes in
hepatic metabolism. Mice lacking FGF21 through genetic
deletion of the peptide have an atypical response to keto-
genic diets, gaining rather than losing weight and accu-
mulating excess hepatic triglycerides (2). In aggregate,
these data suggest that the liver is a major target of FGF21
action. Recently we demonstrated that exogenous FGF21
administration induces MAPK-signaling pathways in the
liver and alters hepatic expression of immediate early genes
in mice (7). In contrast other reports have failed to find direct
effects of FGF21 on downstream signaling targets [ERK1/2
and fibroblast growth factor receptor substrate 2 (FRS2)] in
the liver (8, 9). To date, the action of FGF21 on the liver and
its role in regulating hepatic metabolism remain controver-
sial. In an effort to clarify this, we have assessed the acute
effects of FGF21 on hepatic signaling, gene expression, and
transcriptional regulation in vivo.
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In this study we established the liver as a target of FGF21
action and confirmed a critical role of B-Klotho as a cofactor
in mediating FGF21 action in vivo (10). Furthermore, we
found that FGF21 treatment led to an increase in the hepatic
expression of peroxisome proliferator-activated receptor-y
coactivator (PGC-1a), a critical mediator of energy metab-
olism in the liver. Surprisingly, studies using mice with spe-
cific hepatic deletion of PGC-1a revealed that this coactiva-
tor was not required for the transcriptional effects of FGF21
on a variety of gene targets.

Materials and Methods

Animals

All studies were carried out using male C57Bl/6 mice obtained
from The Jackson Laboratory (Bar Harbor, ME) and maintained at
24 Cona 12-h light, 12-h dark cycle. PGC-1a liver-specific knock-
out (LKO) mice were generated as previously described (11).
Briefly, female mice homozygous for the floxed allele were
crossed with homozygous floxed male mice carrying a transgene
expressing cre-recombinase under control of the albumin pro-
moter. Animals were allowed ad libitum access to food unless
otherwise stated. Mice were acclimated to handling for at least
10 d before experimentation. All studies were approved by the
Beth Israel Deaconess Medical center IACUC.
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FIG. 1. FGF21 initiates FGF signaling pathways in the liver in vivo. C57BI6 mice were injected
via the IVC with indicated quantities of FGF21. Tissue lysates were immunoblotted for total
and phospho-FRS2 and ERK1/2. A, Robust increases in FRS2 and ERK1/2 phosphorylation in
the liver in response to FGF21 at doses as low as 70 ng/g. B, Perigonadal WAT used as a
positive control showing phosphorylation of FRS2 and ERK1/2 at similar doses to the liver. C,
Time course. FGF21 (350 ng/g) was injected IVC and liver harvested at indicated time points.
Blot shows increases in phosphorylation at time points as short as 5 min after IVC injection,

muscles were dissected, flash frozen and
stored at —80 C. Protein was extracted using
radioimmune precipitation assay buffer and
assessed using a Western blotting technique.
After transfer, blots were probed using anti-
bodies against ERK1/2 (Cell Signaling Tech-
nology, Danvers, MA), FRS2« (Cell Signaling).

with a maximal response occurring after 10 min. D, Immunoblots are shown of multiple

tissues from mice injected IVC with either 350 ng/g FGF21 or saline. Depicted above is the
mMRNA expression of B-Klotho in these tissues as assessed by quantitative PCR. These data

highlights the fact that FGF21 appears to activate FGF signaling only in tissues that express
relatively high levels of B-Klotho. E, FGFR expression in peripheral tissues. Quantitative PCR
data are shown normalized to 36B4 expression and given as mean = Sem.

Immediate early gene response
Toassess acute and immediate early gene

response, 10-wk-old mice were injected ip

with either saline (n = 5) or recombinant
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FGF21 (n = 5) (Eli Lilly, Indianapolis, IN) (700 ng/g) in a total
volume of 200 ul. Mice were then placed back in their home cage
without access to food for the remainder of the experiment. After
2,4, and 6 h mice were euthanized. Tissues were snap frozen in
liquid nitrogen before storage at —80 C. Blood was collected by
cardiac puncture fractionated via centrifugation at 10,000 rpm
for 10 min. Serum was separated and stored at —20 C. Immediate
early gene expression was assessed using quantitative RT-PCR.

Isolation of murine hepatocytes

Hepatocytes were isolated from 8- to 10-wk-old male
C57BL/6 mice via portal cannulation. The liver was digested by
perfusion with type IV collagenase (Worthington Biochemical
Corp., Freehold, NJ) in Krebs-Ringer buffer (Sigma Chemical
Co., St. Louis, MO). Dissociated cells were plated at 5 X 10° cells
per well inrat tail type 1 collagen (BD Biosciences, Palo Alto, CA)
coated plates and allowed to adhere for 4 h in Williams’ E me-
dium containing 10% fetal bovine serum (Invitrogen, Carlsbad,
CA). Immediately after this, cells were washed and treated with
either FGF21 (Lilly Pharmaceuticals) or PBS in Williams’ E con-
taining 0.1% BSA for 2 h.

Quantitative RT-PCR

RNA, from flash-frozen tissue, was extracted using an
RNAeasy lipid tissue kit (QIAGEN, Chatsworth, CA) according
to instructions. A Dnase (QIAGEN) digestion step was included

A D
<s 27
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to prevent contamination of genomic DNA. cDNA was gener-
ated from 1 pg of RNA, using oligo(dt) primers and Moloney
murine leukemia virus reverse transcriptase (advantage RT for
PCR; CLONTECH Laboratories, Inc., Palo Alto, CA), and di-
luted 10-fold to 1 ml. Quantitative PCR was performed using the
MX3000 thermal cycler and SYBR Green master mix (Applied
Biosystems, Foster City, CA). Expression of each target gene
was quantified by transformation against a standard curve
and normalized to cyclophilin expression unless otherwise
stated. Each reaction was normalized against cyclophillin.
Primers were designed using Primer3 online software (27) and
obtained from Invitrogen, as detailed in Supplemental Table
1 published on The Endocrine society’s Journals Online web
site at http://endo.endojournals.org.

Serum analysis

Bloods were collected at the time of euthanasia and serum stored
at —80 C. Serum glucose, B-hydroxybutyrate, and triglyceride were
analyzed in duplicate using a standard colormetric assay (Stanbio,
Boerne, TX). Nonesterified fatty acids (NEFA) were also assessed in
the same manner (Wako Chemicals, Richmond, VA). Insulin levels
were determined by an ultrasensitive mouse-ELISA (Crystal Chem,
Downers Grove, IL).

Immunoblotting

In brief, tissues were homogenized in radioimmune precipi-
tation assay buffer (150 mm NaCl, 1.0% Nonidet
P-40,0.5% sodium deoxycholate, 0.1% sodium do-
decyl sulfate, 50 mm Tris, pH 8.0) supplemented
with a Complete Mini Protease Inhibitor Cocktail
(Roche) and phosphatase inhibitors. Protein con-
centrations were determined with the Bio-Rad pro-
tein assay (Bio-Rad Laboratories, Hercules, CA).
Protein (30 ug) was analyzed by SDS-PAGE on a
10% Criterion Tris/HCI gel (Bio-Rad Laborato-
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o ries) and transferred onto nitrocellulose (Protran;
Schleicher & Schuell, Keene, NH). Blots were then
probed with each specified primary antibody, and
the blots were developed with Super Signal West
Pico chemiluminescent reagent (Pierce Chemical
Co., Rockford, IL).

Statistical analysis

Data are displayed as the mean * sem. Compari-
sons between groups were analyzed using ANOVA
(version 15, Minitab, Inc., State College, PA) where
P < 0.05 was considered statistically significant. Mul-
tiple regression analysis was carried out with the use of
InStat (GraphPad Software, San Diego, CA).

Results

were injected ip with saline (open bars) or 700 ng/g of FGF21 (black bars), and

MRNA expression of immediate early genes in both tissues was determined at
indicated times. Egr1 expression is shown in perigonadal WAT (panel A) and liver
(panel B). Significant increases in Egr1 expression in response to FGF21 treatment in
both liver and WAT are shown at all time points. Robust increases in cFOS expression
in WAT (panel D) and liver (panel E) are shown at all time points. Data are shown as
mean = seM (*, P < 0.05; **, P < 0.00). C, An immunoblot showing significant
increases in EGR1 expression at time points as short as 1 and 2 h in the liver of these

mice.

FGF21 acts directly on the liver in vivo to
activate MAPK signaling

To extend previous work on FGF21 action
in the liver (7, 12), we carried out a dose re-
sponse analysis and assessed the time course of
response to exogenous FGF21. We found a ro-
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bust effect of FGF21 on FGF signaling in the liver (Fig. 1A)
and WAT (Fig. 1B), as assessed by significant increases in
FRS2 and ERK1/2 phosphorylation, with doses as low as
70 ng/g. Effects on FGF signaling were first noted at the
5-min time point for both FRS2 and ERK1/2 phosphor-
ylation (Fig. 1C). Although a significant increase in FRS2
phosphorylation was observed after 20 min, it appeared
that the maximal effect on ERK1/2 occurred 10 min after
injection.

B-Klotho expression determines tissue specificity
of FGF21 action

We continued by examining FGF21-mediated activa-
tion of FRS2 and ERK1/2 in other peripheral tissues. In
addition to the robust FGF21 effect observed in WAT and
liver, a substantial increase in phosphorylation of FRS2
and ERK1/2 was observed in brown adipose tissue (BAT).
In contrast, there was no signaling response in the kidney,
heart, or soleus (skeletal) muscle. Because the presence of
B-Klotho is critical to the FGF21 ligand-receptor interac-
tion and consequent signal transduction (10, 13), we eval-
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uated the expression of B-Klotho at the mRNA level using
quantitative RT-PCR. In agreement with the observed dis-
tribution of FGF21 action, B-Klotho was only detectable
in WAT, BAT, and liver (Fig. 1D).

The FGFR1 receptor is suggested to be the cognate
receptor for FGF21, with a previous study postulating
that low FGFR1 expression in the liver is the limiting
factor for FGF21 signaling within this tissue (8). Thus,
we evaluated whether FGFR1 receptor mRNA expres-
sion was also predictive of FGF21 action in other target
tissues. WAT and BAT have comparatively high expres-
sion of FGFR1 (Fig. 1E). The liver expressed detectable
levels of all four characterized FGF receptors; however,
FGFR1 expression in the liver was comparatively low,
at approximately 10% the level of expression seen in
WAT. In contrast, expression of FGFR2 and FGFR3,
alternative receptors shown to mediate the effects of
FGF21 in vitro (8, 10, 14, 15), was higher in the liver
than that seen in WAT or BAT (Fig. 1A). Importantly,
mRNA expression of FGFR1 was also detected in so-

leus, kidney, and heart, at levels comparable
to BAT and higher than in liver. Thus,
whereas the expression of 8-Klotho was pre-
dictive of FGF21-mediated signaling in the
tissues surveyed, the levels of FGFR1 did not
correlate with FGF21 signaling responses.

FGF21 induces immediate early gene
expression in tissues expressing
B-Klotho

To further elucidate the tissue-specific
consequences of FGF21 action in vivo, we

examined effects on gene expression. We first

evaluated the ability of FGF21 to induce ex-
pression of early growth response 1 (Egrl)

and cFOS, because both are classical down-

stream targets of ERK1/2 activity. The ca-
pacity of FGF21 to induce expression of
Egrl mRNA was rapid, with a significant in-
crease seen within 1 h after injection in both
WAT (Fig. 2A) and liver (Fig. 2B). Enhanced
mRNA was concurrent with a significant in-
crease in Egr1 protein expression in the liver
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FIG. 3. Acute FGF21 treatment increases gluconeogenic gene expression in the
liver. Data are shown 1, 2, and 4 h after ip injection of saline (open bars) or FGF21
(black bars). A, Bar graph showing a significant increase in G6Pase mRNA expression
2 and 4 h after FGF21 injection. B, PEPCK mRNA expression is also significantly
increased at these time points. C, PGC-1a expression is significantly increased 1 h
after injection. D, Immunoprecipitation showed increased expression of PGC-1«
protein under FGF21 treatment. Blot also highlights absence of PGC-1« protein in
the liver of PGC-1a LKO mice. Circulating glucose (E) and insulin (F) levels are shown
throughout the time course. Data are shown as mean = sem (*, P < 0.05;

** P < 0.00). Wt, Wild type.

at the 1-h and 2-h time points (Fig. 2C). Sim-
ilarly, cFOS mRNA expression was signifi-
cantly increased in liver and WAT up to 4 h
after FGF21 administration (Fig. 2, D and E).
These data are in contrast to a recent report
that found Egrl downstream of FGF21 ac-
tion in WAT but not the liver (9). We did not
find any increase in immediate early gene ex-
pression in the kidney (data not shown),
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FIG. 4. FGF21 acutely induces FoxO1 target gene expression in the liver. FGF21
significantly increases IRS2 (panel A) and IGFBP1 (panel B) mRNA expression in the
liver. mMRNA expression of 3-hydroxybutyrate dehydrogenase type 1 (BDH1) (panel C)
and CPT1a (panel D) are also shown. Data are shown as mean = sem (*, P < 0.05;

**, P < 0.00; ***, P < 0.000).

which was consistent with the lack of B-Klotho
expression.

FGF21 activates FGF signaling in isolated
hepatocytes

Because the liver is a heterogeneous tissue, we aimed to
confirm that the effects of FGF21 on liver reflect effects on
hepatocytes; therefore, we treated isolated primary hepa-
tocytes with varying concentrations of FGF21. We found
that FGF21 treatment led to a robust increase in ERK1/2
phosphorylation with concentrations as low as 250 ng/ml
(Supplemental Fig. 1A). In addition, we found a small, but
significant, increase in the expression of Egrl mRNA (P <
0.04) (Supplemental Fig. 1B).

Acute FGF21 treatment leads to altered expression
of genes regulating gluconeogenesis in the liver

In addition to inducing expression of Egr1 and cFos, ip
administration of FGF21 led to rapid induction of glucose-
6-phosphatase (G6Pase) and phosphoenol pyruvate car-
boxykinase (PEPCK) gene expression. mRNA expression
for both enzymes was increased within 1 h of injection and
reached statistical significance within 2 h (G6Pase, 3-fold,
P < 0.00; PEPCK, 1.7-fold, P < 0.00) (Fig. 3, A and B). As
previously described (16), mRNA expression of the tran-
scriptional coactivator PGC-1a, a critical regulator of
genes involved in gluconeogenesis and energy metabolism,
was significantly increased at the 1-h (2.4-fold, P = 0.01)
and 4-h (1.8 fold, P = 0.03) time points (Fig. 3C). This was
associated with an increase in PGC-1a protein expression
(Fig. 3D). The increases in gluconeogenic gene expression
did not correspond to changes in serum glucose levels at

Endocrinology, August 2011, 152(8):2996-3004

these time points (Fig. 3E). Of note, the levels
of circulating insulin dropped by 53% within
2 h of FGF21 injection (Fig. 3F).

Acute treatment with FGF21 led to
altered expression of peroxisome
proliferator-activated receptor
4hr (PPAR)a- and FoxO1-regulated genes
Chronic treatment with FGF21, or loss of
function in mice, results in altered expression
of genes encoding enzymes regulating the pro-
cesses of fatty acid oxidation and ketogenesis
(2, 4, 17). Many of these genes, including
Gé6Pase and PEPCK, are downstream targets of
the nuclear receptor PPAR« and the fork head
4hr transcription factor FoxO1, suggesting that
the physiological actions of FGF21 on liver
may be mediated by these transcription fac-
tors. Consistent with this hypothesis, FoxO1
targets insulin receptor substrate 2 (IRS2) and,
more strikingly, IGF-binding protein 1
(IGFBP1) were acutely regulated by FGF21 administra-
tion (Fig. 4, A and B) with increasing expression observed
within 1 h (IRS2, 1.6-fold, P = 0.097; IGFBP1, 6.9-fold,
P = 0.009), and reaching significance within 2 h (IRS2,
1.8-fold, P = 0.012; IGFBP1, 8.5-fold, P < 0.000). Ad-
ditionally, there was a significant increase in expression
of 3-hydroxybutyrate dehydrogenase type 1 (BDH1),
an enzyme involved in the interconversion of ketone
bodies (Fig. 4C) 4 h after FGF21 administration (1.45
fold, P = 0.037). The expression of carnitine palmi-
toyltransferase (CPT)1«a, a PPAR«a-regulated gene, was
also increased after 4 h; however, this did not reach
significance (Fig. 4D). However, other genes regulating
lipid oxidation downstream of PPARa were not
changed within this time frame (data not shown), sug-
gesting that the effects of FGF21 on PPARa target genes
may only occur under chronic treatment.

PGC-1a is not required for FGF21-mediated acute
regulation of genes in the liver

PGC-1a acts as a potent co-activator of the transcrip-
tional activity of PPARa and FoxO1, making it a clear can-
didate as a downstream regulator of FGF21 action. To test
this hypothesis, hepatic gene expression in PGC-1a LKO
mice was compared with littermate controls after injection of
FGF21. As expected, exogenous FGF21 induced PGC-1«
expression in control mice, whereas PGC-1a expression was
undetectable in the LKO (Figs. SA and 3D). Mice with intact
PGC-1« (flox/flox control mice) (Ctrl) and mice with liver-
specific deletion of PGC-1a (flox/flox, alb-cre) responded
normally to FGF21 with respect to immediate early gene
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and F). FGF21 had no effect on circulating levels
of glucose, triglycerides, or B-hydroxybutyrate
within this time frame, but there was a significant
. reduction in circulating insulin and NEFA to the
same extent in both groups of mice (Table 1).

FGF21 regulates hepatic PGC-1«

< <
4
Z30 25
Eas ~ =
£ £20
=20 =
5 815
215 .0
1.0 g
505 gos
(0] ©
g0 Ctrl LKO 60 Ctrl
<
g2 % 16
€10 ) £14 il
£8 £1.2
= * 21.0
56 08
S 4 G0
3, 204
< g 0.2
lf'f 0 [u(]
Ctrl LKO Ctrl
E < F
Z6 <1.6
Z .
Eg Z14
£ E1.2
Z4 £1.0
% 3 20.8
32 0.6
= Oo0.4
o
! go.z
oo =
= ctrl LKO : Ctrl

mean # sem (*, P < 0.05; **, P < 0.00). Ctrl, Control.

expression (Fig. 5B). The levels of gluconeogenic expression
at baseline in LKO mice trended lower than control mice,
consistent with PGC-1a being a key positive regulator of
these genes (Fig. 5, C and D). Importantly, FGF21 signifi-
cantly induced Gé6Pase (1.8-fold, P = 0.04) and PEPCK (1.8-
fold, P < 0.00) expression in the PGC-1a LKO mice (Fig. 5,
C and D). In fact, the fold induction of G6Pase in LKO mice
was greater than that observed at a similar time point in
wild-type littermate controls; however, absolute fasting-in-
duced expression levels were similar between groups. Fur-
thermore, loss of PGC-1a from the liver did not impair
FGF21-induced expression of IGFBP1 and IRS2 (Fig. 5, E

ko~ expression but not PEPCK or G6Pase

Acute FGF21 administration at pharmaco-

logical doses lowered circulating insulin levels

" (Fig. 3F and Table 1), which confounds interpre-
tation of the effect of FGF21 infusion on PGC-

1o, PEPCK, and Gé6Pase. To address the contri-

bution of reduced circulating insulin levels to

changes in hepatic gene expression, we carried

LKO out a dose-response curve using several low

doses of FGF21 treatment. These low doses of
FGF21 had no effect on circulating insulin con-
centrations 2 h after injection, and there was no
correlation between the administered FGF21
levels and insulin (r* = 0.054; P = 0.29) (Fig.
6A). In addition, hepatic G6Pase expression
did not correlate with the FGF21 serum levels

LKO at this time point (r* = 0.0015; P = 0.86). In
FIG. 5. Liver PGC-1ea is not required for the induction of gluconeogenic expression
in the liver. LoxP control and PGC-1a LKO mice were injected with 700 ng/g of
FGF21 and gene expression was analyzed 4 h after injection. As a positive control
the response in PGC-1a expression (panel A) and EGR1 (panel B) are shown.
Significant increases in hepatic G6Pase (panel C), PEPCK (panel D), IGFBP1 (panel E),
and IRS2 (panel F) expression in the PGC-1« LKO mice are shown. Data are shown as

contrast, FGF21 levels positively correlated
with the expression of PGC-1a (r* = 0.32; P =
0.0048), IGFBP1 (r* = 0.59; P < 0.0001) (Fig.
6B) and negatively with circulating NEFA
[r* = 0.2631; P = 0.012 (data not shown)].
Multiple regression analysis demonstrated
that whereas circulating levels of FGF21, insu-
lin, and NEFA predicted 41% of the variance in hepatic
PGC-1a expression, FGF21 was the only significant con-
tributory factor (t = 2.31; P = 0.0325). Using a similar
model, we found that FGF21 levels also predicted the vari-
ance in expression of Egrl (34.36%; P = 0.0226) and
IGFBP1 (50.6%; P = 0.0009), independent of insulin.

Discussion

In the liver FGF21 expression is physiologically regulated,
increasing with fasting (2, 16, 18) and in response to con-

TABLE 1. Serum hormone and metabolite levels

Wt LKO
Saline FGF21 Saline FGF21
Glucose (mg/dl) 200 = 7.26 173 = 15.02 181 £ 14.9 188 + 19.2
Triglycerides (mg/dl) 452 + 4.1 462 £ 4.2 51.7+54 39.7 = 3.29
NEFA (mEg/liter) 0.55 + 0.087 0.35 +0.0187 0.624 = 0.063 0.390 *+ 0.085°
B-Hydroxybutyrate (mg/dl) 1.91 = 0.373 1.78 = 0.166 2.22 = 0.231 1.77 = 0.141
Insulin (ng/ml) 0.43 £ 0.012 0.25 + 0.022° 0.43 = 0.050 0.27 = 0.0527

Table details serum metabolite and insulin levels of wild-type and PGC-1a LKO mice treated with either saline or FGF21 for 4 h.

7P <0.05.
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A B In mice, FGF21 treatment induces
15 - insulin —x- IGFBP1 rapid expression of the transcriptional

_ = GoPase ¢ - PGC1a coactivator PGC-1ain the liver, as well
\g L g as PEPCK and Gé6Pase expression (16).
£ 5 Induction of gluconeogenic genes is
E 05 T > % consistent with increased PGC-1a ac-
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FIG. 6. Exogenous FGF21 correlates with PGC-1« but not gluconeogenic gene expression.
Mice were injected ip with either saline or FGF21 (50 ng/g, 100 ng/g, or 200 ng/g) and serum
insulin, exogenous FGF21 and hepatic gene expression analyzed 2 h after injection. Figure
shows regression analysis between serum insulin, hepatic gépase expression, and exogenous
levels of FGF21 (panel A) and hepatic expression of IGFBP1 and PGC-1a (panel B).

sumption of a ketogenic diet; furthermore, FGF21 is re-
quired for a normal response to both these states. How-
ever, the potential action of FGF21 on the liver remains
unclear; indeed some reports indicate that the liver is not
a target of FGF21 action (8, 16, 19). In agreement with
previous studies (7, 12), we found that FGF21 induces
rapid phosphorylation of the downstream signaling pro-
teins FRS2 and ERK1/2 in the liver to an extent similar to
that observed in WAT. In addition to the previously dem-
onstrated induction of immediate early gene expression in
theliver (7), FGF21 also induces IGFBP1 and PGC-1« and
had significant effects on circulating concentrations of in-
sulin and NEFA.

Analysis of FGF21 signaling can be problematic be-
cause FGF21 interacts with multiple FGFR isoforms.
Whereas hepatic expression of FGFR1 is comparatively
low, FGF21 action may be mediated through the other
FGF receptors expressed in this tissue. We found that he-
patic expression of other FGF receptors, particularly
FGFR2 and FGFR3, was relatively high and similar to
levels of FGFR4, the receptor believed to mediate FGF19
signaling in this tissue (8). More importantly, the action of
FGF21 in vivo paralleled the tissue-specific expression of
B-Klotho, and not of the FGF receptor subtypes. We were
able to detect increased ERK1/2 phosphorylation and
Egrl expression in primary hepatocytes; however, expres-
sion of B-Klotho declined rapidly, making cultured hepa-
tocytes unsuitable for assessing longer-term actions of
FGF21. This may partexplain, in part, the failure of others
to demonstrate FGF21 action in theses cells. In aggregate,
our data on signaling and gene expression indicate the
liver is indeed a direct target of FGF21 action. We propose
that it is not FGFR1 expression, per se, which is required
for tissue-specific FGF21 signaling, but rather the pres-
ence or absence of B-Klotho (10). Consistent with this, the
heart, kidney, and soleus muscle, which do not express
B-Klotho, fail to respond to FGF21 with either signaling
events or changes in gene expression.

from glycolytic to oxidative metabo-
lism is consistent with the program of
events that we now associate with the
function of FGF21 in regulating the
fasting response. Indeed, we initially
thought PGC-1a to be a plausible can-
didate as a mediator of FGF21 activity
in liver. Surprisingly, we found no abnormality in the abil-
ity of FGF21 to acutely induce gluconeogenic gene expres-
sion in the PGC-1a LKO mice. It is important to note that
circulating insulin, a potent suppressor of PGC-1la,
G6Pase, and PEPCK expression in liver, was also reduced
in response to acute FGF21 injection. Thus, the complex
interrelationship between FGF21 and insulin makes it dif-
ficult to isolate the role of FGF21 from insulin on hepatic
gene expression.

Our data contrast those reported in a recent study ex-
amining the effect of FGF21-induced gluconeogenic gene
expression in a whole body PGC-1a KO mice (16). A
crucial difference between these studies is the use of dif-
ferent models of PGC-1a ablation, a total body KO mouse
(16) vs. a liver-specific KO. These differences suggest that
extrahepatic PGC-1a expression may be required for
FGF21-induced gluconeogenic gene expression in vivo.
Whereas one group (16) suggests that this might be me-
diated indirectly through the central nervous system (21),
our data demonstrate that the FGF21-induced reduction
in circulating insulin more closely predicts the changes in
gluconeogenic gene expression. It has been shown that
pancreatic PGC-1a inhibits insulin secretion (22). Thus, it
is possible that dependence on pancreatic PGC-1a for
FGF21-mediated suppression of insulin secretion may ex-
plain the discrepancies between mouse models. To elim-
inate the confounding effects of altered insulin levels, we
correlated changes in hepatic gene expression with exog-
enously administered FGF21. At the low doses adminis-
tered, FGF21 had little effect on circulating insulin con-
centrations. With this model, we conclude that exogenous
FGF21 had direct effects on PGC-1a, IGFBP1, and im-
mediate early gene expression in liver, but not on G6Pase
or PEPCK. However, the fact that acute constant FGF21
infusion lowers circulating glucose levels and reduces he-
patic glucose production within a similar time frame (4-6
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h) (6) makes the physiological relevance of increased
PEPCK and Gé6Pase expression uncertain.

It should be noted that to minimize the effects of en-
dogenous FGF21, which is elevated during fasting, all
studies thus far have been performed in fed mice, a state in
which insulin levels are normally high. FGF21 may act to
potentiate the fasting response by reducing insulin levels,
relieving the insulin-mediated suppression of gluconeo-
genic genes within liver. Importantly, whereas PGC-1a
itself can be regulated by insulin action in liver, the acute
effects of FGF21 on PGC-1a expression were not depen-
dent on insulin concentration. Although PGC-1a was not
required for FGF21-mediated induction of hepatic gluco-
neogenic gene expression, its importance in regulating
FGF21 action in the milieu of a fasted mouse is still un-
known. It remains possible that PGC-1w is a critical factor
in the ability of FGF21 to regulate genes responsible for
fatty acid oxidation and ketosis during the fasting re-
sponse. In addition, two recent studies have highlighted
additional roles for PGC-1 in the biology of FGF21. Al-
though PGC-1ais a transcriptional coactivator associated
with the action of PPARe, hepatic FGF21 expression is
paradoxically high in the PGC-1a LKO mouse (23). This
occurs through PGC-1a acting to enhance heme biosyn-
thesis leading to activation of the transcriptional corepres-
sor Rev-Erba. This process represents a novel negative
feedback loop in which PGC-1« is able to suppress the
expression of FGF21. An additional study has found that
PGC-1a appears to be critical to the role of FGF21 in
increasing the oxidative capacity of adipocytes in vitro
through enhanced activation of AMP kinase (24). The
mechanisms described in this study may represent, in part,
some of the processes that regulate fatty acid oxidation
downstream of FGF21. In addition, it has recently been
found that thyroid hormone positively regulates FGF21
expression in the liver of mice (25). Because many of the
hepatic effects of FGF21 are synergistic with the ability of
thyroid hormone to influence mitochondrial function
(26), this may represent a mechanism for the role of FGF21
downstream of T3. Nevertheless, the complex relation-
ship between insulin, FGF21 action, and PGC-1« in the
fasted state will be addressed in future studies.

Finally, the evidence presented demonstrates that the
liver is a direct target of FGF21 action. B-Klotho is an
essential component of FGF21-mediated signaling and
characterizes immediate early gene activation as a bio-
marker for hepatic FGF21 action in vivo as well as WAT
(9). FGF21 acutely induces PGC-1w in liver; however, this
coactivator of transcription is not required for FGF21-
mediated induction of hepatic gluconeogenic gene expres-
sion. Moreover, at high doses, FGF21 can also affect he-
patic gene expression indirectly by decreasing circulating

endo.endojournals.org 3003

the insulin levels. In aggregate, we show that FGF21 acts
as both a paracrine and endocrine factor, activating sig-
naling and transcriptional events within the liver as well as
peripheral tissues and highlighting the liver as a key site of
action for the metabolic effects of FGF21. Understanding
the full range of hepatic actions of FGF21 will be the focus
of future studies.
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