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Fibroblast Growth Factor 21 Controls Glycemia via
Regulation of Hepatic Glucose Flux and Insulin
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Fibroblast growth factor 21 (FGF21) is a novel metabolic regulator shown to improve glycemic
control. However, the molecular and functional mechanisms underlying FGF21-mediated improve-
ments in glycemic control are not completely understood. We examined FGF21 effects on insulin
sensitivity and glucose fluxes upon chronic (daily injection for 8 d) and acute (6 h infusion) ad-
ministration in ob/+ and ob/ob mice. Results show that chronic FGF21 ameliorated fasting hyper-
glycemia in ob/ob mice via increased glucose disposal and improved hepatic insulin sensitivity.
Acute FGF21 suppressed hepatic glucose production, increased liver glycogen, lowered glucagon,
and improved glucose clearance in ob/+ mice. These effects were blunted in ob/ob mice. Neither
chronic nor acute FGF21 altered skeletal muscle or adipose tissue glucose uptake in either geno-
type. In conclusion, FGF21 has potent glycemic effects caused by hepaticchangesin glucose fluxand
improved insulin sensitivity. Thus, these studies define mechanisms underlying anti-hyperglycemic
actions of FGF21 and support its therapeutic potential. (Endocrinology 150: 4084-4093, 2009)

ibroblast growth factor 21 (FGF21) is a potent metabolic
Fregulator shown to improve glucose and lipid metabo-
lism as well as to reduce overall body weight and adipose
mass (1-8). Importantly, beneficial effects associated with
therapeutic administration and/or transgenic overexpression
of FGF21 occurred without concomitant hypoglycemia or
mitogenicity characteristic of several current antidiabetic
drugs (9). Accordingly, FGF21 is now considered a potential
therapeutic agent to treat a variety of metabolic diseases in-
cluding hyperglycemia and dyslipidemia (9).

Based on evidence that chronic FGF21 administration
lowers plasma insulin and improves glucose tolerance in
diabetic rodents and nonhuman primates (2, 4-6, 8), it is
likely that FGF21 ameliorates insulin resistance, and this
outcome contributes to the striking anti-hyperglycemic ef-
fects of FGF21. This concept may be important consider-
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ing that insulin resistance is a hallmark of numerous met-
abolic diseases and critically associated with defects in
glucose flux. Indeed, several current therapies aim to treat
hyperglycemia through modulation of insulin signaling
(10). The link between FGF21 treatment and insulin sen-
sitivity has been recently strengthened by findings that
insulin sensitivity is improved in chronically treated high-fat-
fed mice (11). This notion is further supported by recent
evidence of insulin-FGF21 cross talk as well as a functional
interplay between FGF21- and peroxisome proliferator-ac-
tivated receptor (PPAR)-dependent mechanisms because
PPAR agonists, which are potent insulin sensitizers, to a cer-
tain extent signal through changes in either FGF21 expres-
sion or action (8, 12-14).

In the present studies, FGF21 was administered sc to
obese, diabetic 0b/ob mice for 8 d and compared with

Abbreviations: 2-DG, 2-['*C]Deoxyglucose; endoR,, endogenous R,; FGF21, fibroblast
growth factor 21; GIR, glucose infusion rate; G-6-Pase, glucose-6-phosphatase; NEFA,
nonesterified fatty acids; PPAR, peroxisome proliferator-activated receptor; R,, glucose
appearance; Ry, glucose disappearance; Ry, glucose uptake.
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vehicle-treated ob/ob and ob/+ mice to test whether, and
to what extent, FGF21 improves insulin sensitivity and
glucose flux in a mouse model of severe insulin resistance.
This was examined in catheterized, conscious animals us-
ing hyperinsulinemic-euglycemic clamp techniques. In
subsequent experiments, ob/+ and ob/ob mice were in-
fused with FGF21 for 6 h, and blood glucose was clamped
to assess the direct metabolic effects of FGF21 on glucose
fluxes. In both experiments, isotopic tracer techniques
were used to quantify whole-body and tissue-specific glu-
cose fluxes. The present studies clearly demonstrate that
FGF21 treatment improves insulin sensitivity in the liver.

Materials and Methods

Animals

Animal procedures were approved by the Vanderbilt Univer-
sity Animal Care and Use Committee. Male 0b/ob and ob/+ mice
on a C57BL/6 background (Harlan, Indianapolis, IN) at 7 wk of
age were acclimated for 1 wk before surgery in an environmen-
tally controlled facility with a 12-h light, 12-h dark cycle and free
access to food and water.

Surgical techniques

A jugular vein catheter was surgically implanted 5 d before
study using previously described techniques (15). Body weight
was monitored daily, and only mice returning to within about
10% of presurgical body weight were studied.

Hyperinsulinemic-euglycemic clamp

Insulin sensitivity was assessed using previously described
clamp techniques (15) in 0b/ob mice treated daily via sc injection
for 8 d with FGF21 (1 mg- kg™ ') or vehicle. Vehicle-treated
ob/+ mice were studied as an insulin-sensitive control. Body
composition was assessed 24 h before study using NMR (Bruker-
Optics). On the day of study, mice were placed in plastic restraint
tube designed for rats atapproximately 0800 h to begin a 5 h fast.
At t = —90 min, a primed continuous infusion of HPLC-pu-
rified [3-°H]glucose (5 uCi bolus + 0.05 wCi-min~') was
started to measure glucose turnover. Basal blood samples from
the cut tail for blood glucose, insulin, and glucose turnover were
taken at t = —15 and —5 min. At t = 0 min, a continuous
infusion of insulin (10mU « kg™ "' - min™!) was started to induce
hyperinsulinemia, and the tracer infusion was increased to 0.1
wCi - min~! to minimize changes in specific activity. Blood glu-
cose was measured att = 5,10, 15, and 20 min and every 10 min
thereafter, and a variable glucose infusion rate (GIR) was ad-
justed as needed to maintain blood glucose at about 8.0
mmol - liter ' Att = 78 min, a 12-uCi bolus of HPLC-purified
2-["*C]deoxyglucose (2-DG) was given to assess tissue-specific
glucose uptake. The steady-state clamp period was t = 80-120
min. Samples to determine plasma [3-*H]glucose and 2-DG were
taken every 10 min from t = 80-120 min. Samples to measure
plasma insulin were taken at t = 100 and 120 min. After the final
blood samples, mice were anesthetized using a bolus of sodium
pentobarbital and tissues were removed and frozen in liquid
nitrogen.
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Acute effects of FGF21

Oblob and ob/+ mice were placed in a rat restraint tube at
approximately 0600 h to begin a 5-h fast. At t = —90 min, a
primed continuous infusion of HPLC-purified [3-*H]glucose
(5 uCi bolus + 0.05 wCi - min~') was started to assess glucose
turnover. Basal samples for blood glucose, insulin, glucagon, and
glucose turnover were taken att = —15 and —35 min from the cut
tail. At t = 0 min, a continuous infusion of FGF21 (1
ug - kg™« min~') was started and [3->H]glucose was increased
to 0.1 wCi - min~ ! to minimize changes in specific activity. Sam-
ples to measure plasma glucose and determine glucose turnover
were taken every 60 min for 5 h. A variable GIR was used to
prevent a fall in glucose below about 8.0 mmol - liter ~*. Samples
for insulin and glucagon were taken at t = 150 and 300 min. At
t = 318 min, a 12-uCi bolus of HPLC-purified 2-DG was given
to assess tissue-specific glucose uptake, and blood samples were
taken every 10 min from 320-360 min. At t = 360 min, mice
were anesthetized using a bolus of pentobarbital, and a terminal
blood sample was taken to measure plasma FGF21. Tissues were
removed and frozen in liquid nitrogen.

Blood and plasma analyses

Blood glucose during each clamp was measured using an
Accu-Chek meter (Roche, Indianapolis, IN). Plasma nonesteri-
fied fatty acids (NEFA) were measured using a kit (Wako Diag-
nostics, Osaka, Japan). Insulin and glucagon were determined by
the Vanderbilt Mouse Metabolic Phenotyping Center Analytical
Resources Core (16). FGF21 was measured using a previously
described ELISA (6). Plasma [3-*H]glucose and 2-DG radioac-
tivity were measured using liquid scintillation counting (17).

Tissue analyses

Hepatic glycogen was measured enzymatically (18). The per-
centage of glucose disappearance in glycogen was determined by
incorporation of [3-*H]glucose in glycogen. Hepatic triglycer-
ides were measured using a commercial assay (Pointe Scientific
Inc., Canton, MI). Liver glucokinase and glucose-6-phosphatase
(G-6-Pase) activity assays were performed as previously de-
scribed (19). Tissue 2-DG was measured as previously described
(17). Quantitative real-time PCR was performed using TagMan
Assay-on-Demand primers (Applied Biosystems, Foster City,
CA) and normalized to 18S or 364B. Genes of interest are listed
in Table 1.

Calculations and statistics

Whole-body glucose appearance (R,), disappearance (Ry),
and clearance were calculated as previously described (20). Tis-
sue glucose uptake (R,) was also calculated as previously de-
scribed (17). Statistical comparisons were made using ¢ tests or
one-way ANOVA followed by the Fisher least significant differ-
ence test for post hoc comparisons. Data are presented as
means * SE. Statistical significance was defined as P < 0.035.

Results

FGF21 treatment for 8 d reduces fasting blood
glucose and improves insulin sensitivity in ob/ob
mice

The elevated fasting blood glucose, insulin, and NEFA
levels characteristic of ob/ob mice were reduced by 8.0
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TABLE 1. mRNA for genes of interest in ob/+ and ob/ob mice after hyperinsulinemic-euglycemic clamps or infusion

with FGF21 or vehicle

Insulin clamp

FGF21 clamp

Genes of interest ob/+ ob/ob

ob/ob

ob/+ ob/+ ob/ob ob/ob

FGF21 - - +
Liver
AMPK a1
AMPK a2
BKlotho
CD36
CPT1a
CPT1B
FOXA2
G6Pase
Glucokinase
Glycogen synthase 1
Glycogen synthase 2
Insulin receptor
Leptin receptor
MCD
PEPCK
PPAR«a
Heart
Hexokinase Il
Glut4
BKlotho
Gastrocnemius
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Mice were subjected to hyperinsulinemic (10 mU - kg~" - min™"), euglycemic (~8.0 mmol - liter ") clamps (insulin clamp; n = 8-10 in each group)
or infused with FGF21 (1 ng - kg™ " - min~") or vehicle for 6 h (FGF21 clamp; n = 7-9 in each group). All mice were male, studied at 9—-10 wk of
age, and fasted for 5 h before study. Mice were euthanized using a bolus of sodium pentobarbital. Samples were run in duplicate using 18S or
36B4 as a reference gene and normalized to ob/+ mice infused with vehicle. Data are presented as mean = sk, and statistical significance is

established at P < 0.05. ND, No message detected.
@ Differences compared with vehicle-infused ob/+ mice.
b Differences within a genotype.

mmol - liter !, 1.8 ng - ml™', and 0.3 mmol - liter ", re-

spectively, with FGF21 treatment (Fig. 1, A-C). Absolute
glucose and insulin levels in fasted 0b/0b mice treated with
FGF21 were, however, still higher compared with ob/+
mice (Fig. 1, A and C). Body weight in 0b/0b mice was not
affected by FGF21 treatment (FGF21- and vehicle-treated
oblob mice were 45.6 * 0.7 and 45.4 = 0.7 g, respec-
tively). Body weight was higher in 0b/ob mice compared
with ob/+ mice (26.5 * 0.3 g) due to higher fat mass
(22.7 £ 0.5 g in both FGF21- and vehicle-treated ob/ob
mice vs. 2.7 = 0.1 g in vehicle-treated 0b/+ mice).
Hyperinsulinemic-euglycemic clamps were done to test
the effect of 8 d FGF21 treatment on insulin sensitivity in
oblob mice. Asshown in Fig. 1C, plasma insulin during the
clamp was similarly elevated in vehicle- and FGF21-
treated ob/ob mice and remained significantly higher than
levels in 0b/+ mice. NEFA levels were suppressed by hy-
perinsulinemia in 0b/+ mice but were unchanged in 0b/ob
mice (Fig. 1B). Blood glucose was clamped in all groups
during the steady-state period (Fig. 1D). The GIR required

to clamp blood glucose was 4-fold greater in FGF21-
treated ob/ob mice, indicating improved insulin sensitivity
(Fig. 1E). The increased GIR in FGF21-treated ob/ob mice
was about 20% of vehicle-treated ob/+ mice indicating a
modest improvement in insulin sensitivity (Fig. 1E).
Fasting endogenous R, (endoR,) and R ; were increased
by FGF21 treatment in ob/ob mice (Fig. 2, A and B) and
fasting whole-body glucose clearance was fully restored to
rates found in ob/+ mice (Fig. 2C). As expected, suppres-
sion of endoR, by hyperinsulinemia was nearly complete
in ob/+ mice (Fig. 2A). EndoR, was not suppressed in
oblob mice treated with vehicle (Fig. 2A). FGF21 treat-
ment in ob/ob mice restored the magnitude in suppression
of endoR to equal that of 0b/+ mice, indicating improved
hepatic insulin sensitivity (Fig. 2A). Clamp Ry (Fig. 2B)
and glucose clearance (Fig. 2C) were similar in vehicle-
and FGF21-treated ob/ob mice but remained well below
rates of ob/+ mice. The index of skeletal muscle and ad-
ipose tissue glucose uptake (R,) after the clamp was un-
changed in 0b/ob mice treated with FGF21 (Fig. 2, D and
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FIG. 1. Blood glucose (A), insulin (B), and NEFA (C) from
hyperinsulinemic (10 mU - kg~" + min~")-euglycemic (~8.0

mmol - liter™") clamps in conscious, 5-h fasted ob/+ and ob/ob mice
(n = 11-13in each group). Ob/ob mice were sc injected with vehicle
or FGF21 (1 mg-kg~'-d~") for 8 d, and jugular vein catheters were
implanted 5 d before study. Vehicle-treated ob/+ were studied as an
insulin-sensitive control. Blood samples were taken at indicated time
points from the cut tail to measure blood glucose (D). The GIR (E) was
adjusted as needed to maintain euglycemia. Mice were euthanized
using a bolus of sodium pentobarbital at t = 120 min, and tissues
were dissected and quickly frozen. All mice were male and studied at
9-10 wk of age. Data are presented as mean =+ sg, and the steady-
state period was defined as t = 80—120 min during the clamp.
Statistical significance was established at P < 0.05. *, Comparison to
ob/+ mice; t, comparison between ob/ob mice treated with vehicle or
FGF21; #, comparison within a group between basal and clamp
conditions.

E). Absolute R, rates in ob/ob mice were similar to ob/+
mice but were reduced when normalized for clamp insulin
(Fig. 2, G and H). Cardiac R, was increased in ob/ob mice
treated with FGF21 and restored to absolute levels seen in
ob/+ mice (Fig. 2F). Cardiac R, was, however, not differ-
ent when normalized to clamp insulin (Fig. 21).

The effect of FGF21 treatment to improve hepatic
insulin sensitivity in ob/ob mice, based on increased insu-
lin-mediated suppression of endoR,, corresponded with
increased hepatic Akt activation (p-Akt/Akt) (Fig. 3A).
Consistent with normalized R, data, Akt activation was
not different in heart, gastrocnemius, or adipose tissue of
FGF21-treated ob/ob mice (Fig. 3, B-D). FGF21 treatment
also increased hepatic glycogen (Fig. 3E) and the percent-
age of R jaccounted for in glycogen (Fig. 3F). FGF21 treat-
ment had no significant effect on liver triglyceride in 0ob/ob
mice, although there was a trend for reduced levels (P = 0.07)
(Fig. 3G). Hepatic glycogen and triglyceride concentra-
tions remained lower and higher, respectively, compared
with ob/+ mice (Fig. 3, F and G). Hepatic glucokinase
activity was increased in FGF21-treated ob/ob mice by
about 15% (4.5 + 0.1 vs. 5.5 = 0.3 wmol - min~ ' - g~ 1,
P = 0.02, in vehicle- and FGF21-treated animals, respec-
tively), whereas G-6-Pase activity was unaffected (7.6 =
0.9vs.7.0 + 0.4 umol - min~" - g~ ', P = 0.55, in vehicle-
and FGF21-treated mice, respectively). Expression of key
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FIG. 2. EndoR, (A), Ry (B), and glucose clearance (C) during a 120-min
hyperinsulinemic (10 mU - kg™" - min~")-euglycemic (~8.0

mmol - liter ") clamp in conscious, 5-h fasted ob/+ and ob/ob mice

(n = 11-13in each group). Ob/ob mice were sc injected with vehicle
or FGF21 (1 mg-kg~'-d™") for 8 d, and jugular vein catheters were
implanted 5 d before study. Vehicle-treated ob/+ were studied as an
insulin-sensitive control. [3->H]Glucose (0.1 uCi - min~") was infused
starting at t = —90 min, and plasma samples were taken from the cut
tail at time points indicated in each panel. Mice were euthanized at

t = 120 min using sodium pentobarbital. D-F, Ry in the gastrocnemius
(D), heart (E), and white adipose tissue (WAT; F) was assessed using
2-DG at t = 78 min; G-, R, values normalized to clamp insulin,
respectively. Mice were male, studied at 9-10 wk of age, and fasted

5 h before study. *, Differences between basal and clamp; t,
differences compared with ob/+ mice; #, differences compared with
vehicle-treated ob/ob mice.

genes involved in hepatic metabolic regulation was inves-
tigated based on evidence of a liver phenotype and were
indeed altered in FGF21-treated ob/ob mice. As shown in
Table 1, mRNA levels for G-6-Pase, AMPKal, CPT1a,
and CPT1p were increased in FGF21-treated ob/ob mice.
There were no changes in the cardiac expression of hex-
okinase II or glucose transporter 4 (Glut4) (Table 1) as-
sociated with FGF21 treatment consistent with R, nor-
malized to insulin. Expression of BKlotho, the cofactor
needed for FGF21 activity, in liver and adipose tissue was
unaffected by FGF21 treatment and was undetectable in
heart and gastrocnemius (Table 1).

Acute effects of FGF21 on glucose fluxes in ob/+
and ob/ob mice

To test the acute effects of FGF21 on glucose fluxes,
FGF21 was infused in ob/+ and ob/ob mice for 6 h while
GIR was adjusted to maintain steady-state conditions.
Steady-state blood glucose and GIR were obtained within
3 h (Fig. 4, A and B). Although endogenous FGF21 levels
were below limits of detection in vehicle-infused mice,
continuous infusion led to pharmacological FGF21 lev-
elsof 53 = 3and 46 + 2 ng - ml~ !, respectively, in ob/+
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FIG. 3. Hepatic Akt phosphorylation at serine 473 normalized to total Akt protein content in

Discussion

liver (A), heart (B), gastrocnemius (C), and adipose (D) after 120 min hyperinsulinemic (10

1

muU - kg~
and ob/ob mice (n = 11-13 in each group). Mice were sc injected with

FGF21 (1 mg-kg~"-d™") for 8 d before study. Liver glycogen (E), percentage of Ry in liver

glycogen (F), and triglyceride (TG; G) were measured after the clamp us

techniques and incorporation of [3->H]glucose into glycogen. Mice were euthanized at t =

120 min using sodium pentobarbital. Mice were male, studied at 9-10
5 h before study. *, Differences compared with ob/+ mice; #, differenc
vehicle-treated ob/ob mice. WAT, White adipose tissue.

and ob/ob mice. FGF21 had a potent glycemic effect in
ob/+ mice requiring a GIR of approximately 0.14
mmol + kg~! - min~' to maintain steady-state blood glu-
cose (Fig. 4B). The blood glucose response in ob/ob mice
to FGF21 was comparatively modest, requiring a GIR that
was only about 20% of that in 0b/+ mice (Fig. 4B). NEFA
levels were not changed by FGF21 in either genotype (Fig.
4C). Glucagon was decreased after 5 h in ob/+ mice but
not in ob/ob mice infused with FGF21 (Fig. 4D). Although
insulin fell during the clamp in both 0b/+ and 0b/ob mice,
this was due to the length of the fast and was not affected
by FGF21 (Fig. 4E). Liver glycogen was increased in 0b/+
mice infused with FGF21, but this effect was absent in
oblob mice (Fig. 4F). Liver triglycerides were reduced by
a similar decrement in 0b/+ and ob/ob mice infused with
FGF21 (Fig. 4G).

EndoR, in 0b/+ mice was reduced by FGF21 infusion
but wasunchanged in 0b/ob mice (Fig. 5A). R ;and glucose
clearance were increased in 0b/+ mice infused with FGF21
(Fig. 5, B and C). These rates were unchanged in ob/ob
mice at steady state (Fig. 5, B and C). Cardiac R, in 0b/+
mice infused with FGF21 was increased about 7-fold com-
pared with about 2-fold in 0b/ob mice (Fig. 5D). FGF21
infusion had no effect on skeletal muscle or adipose tissue
R, in ob/+ and ob/ob mice (Fig. 5, E and F). FGF21-
mediated suppression of endoR, corresponded to in-
creased hepatic Akt phosphorylation in ob/+ mice (Fig.
5G).FGF21 also increased hepatic Akt activation in ob/ob
mice, but this increase remained well below that of ob/+
mice (Fig. 5G). Expression of the insulin receptor, leptin
receptor, and Foxa2 in the liver of ob/+ mice was in-
creased by FGF21 infusion (Table 1). In ob/ob mice, he-

- min~")-euglycemic (~8.0 mmol - liter~") clamps in conscious, 5-h fasted ob/+

Metabolic diseases such as type 2 dia-
betes, obesity, and metabolic syndrome
are characterized by impairments in
insulin sensitivity and glucose flux.
Amelioration of these symptoms is
considered to be beneficial in treating
metabolic abnormalities. Recent stud-

either vehicle or
ing enzymatic

wk of age, and fasted
es compared with

ies have shown that FGF21 reduces hyperglycemia and
insulin resistance (9, 11). However, the mechanisms by
which FGF21 propagates its function to control glucose
and its role, if any, in regulating insulin sensitivity and
glucose flux are not well defined. Thus, we examined the
chronic and acute mechanisms underlying FGF21 anti-
hyperglycemic activities using iz vivo clamp techniques in
oblob and ob/+ mice. We hypothesized that the mode of
action for FGF21 includes regulation of glucose flux
through improvements in hepatic insulin sensitivity.

These results demonstrate that chronic FGF21 treat-
ment (daily sc injection of 1 mg - kg™ ' for 8 d) reduced
fasting hyperglycemia, hyperinsulinemia, and NEFA lev-
els in ob/ob mice. Such improvements in glycemic control
and lipid metabolism are consistent with previous studies
in obese and diabetic animals chronically treated with
FGF21 (1, 2, 5, 6, 8, 11). We show that reduced fasting
blood glucose associated with FGF21 treatment was due
to improved basal glucose disposal (Fig. 2B). Considering
the marked decrease in blood glucose, it was surprising
that FGF21 treatment increased endoR, (Fig. 2A). Addi-
tional analyses of livers from ob/ob mice treated with
FGF21 reveal increased glycogen content (accounting for
~65% of whole-body R; Fig. 3F), increased glucokinase
activity, and unaffected G-6-Pase activity indicating a po-
tential futile cycling situation favoring glucose uptake. A
netinflux of glucose into the liver could explain how blood
glucose is lowered despite higher endoR,.

A critical finding was that chronic FGF21 administra-
tion improved insulin sensitivity in ob/ob mice based on
increased GIR needed to maintain euglycemia during hy-
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FIG. 4. Whole blood glucose (A), GIR (B), glucagon (C), and insulin (D)
in ob/+ and ob/ob mice infused with FGF21 (1 ng-kg~" - min~") or
vehicle for a total of 6 h (n = 7-9 in each group). Inset in E shows
rescaled insulin levels for ob/+ mice. Samples were taken at time
points indicated in each panel, and t = 0 is the mean of t = —15 and
—5 min samples. Figures show data for the first 5 h before the bolus
infusion of 2-DG at t = 318 min to measure tissue-specific glucose
uptake. Glycogen (F) and triglyceride (G) were measured after
euthanasia via a bolus of pentobarbital. Jugular vein catheters used for
infusion purposes were surgically implanted in all mice 5 d before
study, and blood samples were taken from the cut tail. All mice were
male, studied at 9—-10 wk of age, and fasted for 5 h before study. Data
are presented as mean = sk, and statistical significance is established at
P < 0.05. *, Differences between vehicle- and FGF21-infused ob/+
mice; #, differences between vehicle- and FGF2 1-infused ob/ob mice;
1, differences compared with basal values.

perinsulinemic-euglycemic clamps. This technique is the
gold standard for assessing insulin sensitivity because it is
possible to normalize differences in blood glucose, which
often complicate interpretation of glucose and insulin tol-
erance tests. The present improvements in insulin sensi-
tivity are largely ascribed to hepatic FGF21 effects because
suppression of endoR, was increased (Fig. 2A), but R, was
unchanged in skeletal muscle, heart, and adipose tissue
when normalized for clamp insulin levels. Hepatic effects,
at least in part, may be due to insulin-sensitizing effects of
FGF21 treatment at a molecular level. Akt phosphoryla-
tion, a key step in hepatic insulin and FGF21 signaling (8,
21), was increased during the clamp in FGF21-treated
oblob mice (Fig. 4G). In this context, this likely reflects
improved insulin sensitivity considering the approxi-
mately 1-h half-life of FGF21 (6). mRNA levels for key me-
diators of hepatic fuel flux such as AMP-activated protein
kinase-a (AMPKq), carnitine palmitoyl-transferase-1«a
(CPT1a), CD36, and G-6-Pase were also elevated by
chronic FGF21 treatment in 0b/ob mice (Table 1). These
changes may contribute to a FGF21-dependent mecha-
nism to regulate hepatic insulin sensitivity (22-25).
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FGF21 is previously shown to inhibit adipose tissue lipol-
ysis and postulated as a potential mechanism to explain im-
provements in insulin sensitivity (1). This result, however,
contrasts findings that FGF21 stimulates adipose tissue li-
polysis (4). The contribution of reduced basal NEFA levels
(Fig. 1B) in FGF21-treated ob/ob mice to improvements in
insulin sensitivity is difficult to discern in the current study
because lipid flux was not assessed. These studies do dem-
onstrate that FGF21 treatment did not improve insulin-me-
diated suppression of lipolysis in ob/ob mice (Fig. 1C).

It is important to note that there were no differences in
steady-state insulin levels in 0b/ob mice regardless of treat-
ment (Fig. 1B). This is critical to consider when interpret-
ing insulin clamp data (26). Moreover, there were no dif-
ferences in body weight or composition due to FGF21
treatment in ob/ob mice. Although previous studies in
high-fat-fed and 0b/ob mice have shown dose-dependent
effects of FGF21 on body weight and adipose mass (3, 11),
we did not observe a FGF21 weight-lowering effect. The
latter finding is consistent with the fact that higher doses
(>1 mg-kg '-d™ "), longer duration of administration,
and/or alternative administration routes are needed to re-
veal the ability of FGF21 to lower body weight/adipose
tissue mass (3, 6). Thus, the FGF21 insulin-sensitizing ef-
fects observed here are not secondary to changes in adi-
posity or differences in insulin levels but are rather a direct
result of FGF21 action.

The current finding that chronic FGF21 treatment im-
proves insulin sensitivity is generally consistent with data
in FGF21-treated high-fat-fed mice (11). In agreement
with our results, this study found that FGF21 lowered
fasting blood glucose and insulin and improved hepatic
insulin sensitivity. In contrast, Xu et al. (11) found that
FGF21 treatment improved insulin-stimulated glucose up-
take in heart, adipose tissue, and skeletal muscle in a dose-
dependent manner. It is worthwhile to note that interpret-
ing these data are difficult because details concerning fast
duration and specific muscles used to assess glucose up-
take are not provided (11). These and other methodolog-
ical concerns about clamp techniques used in Xu et al. (11)
have been previously discussed (15). Additionally,
clamp glucose and insulin levels were significantly dif-
ferent between groups in Xu et al. (11). For example,
clamp glucose in high-fat-fed mice treated with 0.1 and
10mg - kg~ ' - d~!' FGF21 were about 20 and 25% lower,
respectively, than vehicle-treated control mice. Clamp in-
sulin levels were also about 23 and 51% lower, respec-
tively, in FGF21-treated high-fat-fed mice compared with
vehicle-treated controls. These differences in clamp con-
ditions complicate comparing between groups. It is note-
worthy that normalizing for clamp insulin would augment
only effects ascribed to FGF21, resulting in profound ef-
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an acute 6-h constant infusion of
FGF21 directly impacts glucose flux. In
this novel protocol, FGF21 had rapid
and potent metabolic effects in healthy
ob/+ mice. FGF21 lowered endoR ; and
increased whole-body glucose clear-
Heart ance in ob/+ mice (Fig. 5, A and C).
* There were no changes in plasma NEFA
potbe (Fig. 4C) or adipose tissue R, (Fig. SF)
associated with infusion of FGF21,
suggesting that metabolic effects are
not secondary to direct actions on ad-
ipose tissue. Remarkably, the GIR re-
quired to maintain steady-state euglyce-
mia was comparable to exogenous
glucose requirements during a 2.5
mU - kg '-min~' insulin clamp in
C57BL/6 mice (15). Consistent with the
WAT chronic FGF21 treatment results, the
acute studies demonstrate a potent ef-
fect on the liver. FGF21 reduced liver
triglyceride in both ob/ob and ob/+
mice by about 25% (Fig. 4G), consis-
tent with a role for FGF21 in amelio-
ration of hepatosteatosis (2, 3, 11).
FGF21 also led to a remarkable in-
crease in liver glycogen (Fig. 4F), ac-
counting for 72 = 2% of whole-body
Ry in ob/+ mice. FGF21 also in-
creased hepatic Akt activation (Fig.
4G) and expression of the insulin re-
ceptor, leptin receptor, and FoxA2 in

+ - T

; Co . . _ ; . . c -
[3-°H]Glucose (0.1 uCi min )yvas mfluseq starting at t = 90 min, and plasma §ar_np|es ob/+ mice consistent with improve-
were taken from the cut tail at time points indicated in each panel/ where t = 0 min is the .. lin si i Table 1
mean of t = —15 and —5 min samples. Ry in the gastrocnemius (D), heart (E), and white ments in insulin signaling (Table 1).

adipose tissue (WAT; F) was assessed using 2-DG. Hepatic Akt phosphorylation at serine 473 (p-
Akt for 473) normalized to total Akt protein content in liver and heart is shown in G and H,
respectively. Mice were euthanized at t = 360 min using sodium pentobarbital. Mice were male,
studied at 9-10 wk of age, and fasted 5 h before study. *, Differences between vehicle (VEH)-

and FGF21-infused ob/+ mice; 1, differences compared with basal values.

fects on muscle glucose uptake. This is curious considering
that BKlotho, the cofactor required for FGF21 activity, is
not known to be expressed in skeletal muscle. Neverthe-
less, our studies and those of Xu et al. (11) do generally
agree that FGF21 treatment improves glycemic control
and has potent hepatic effects. An additional consistent
finding was that the lower dose of FGF21 did not stimulate
adipose tissue glucose uptake (11). BKlotho isexpressed in
this tissue, and FGF21 is reported to increase glucose flux
into adipose tissue (5, 11). Our results, however, do not
support this effect in vivo.

To understand the actions of FGF21 in the fasted state
and further define sites of action, we next tested whether

The current data indicate that the ac-
tions of acutely infused FGF21 on the
liver are predominantly direct rather
than secondary to effects in other tis-
sues. This conclusion is based on evi-
dence that FGF21 did not alter insulin
levels (Fig. 4E), NEFA (Fig. 4C), or R, in skeletal muscle
or adipose tissue (Fig. 5, E and F). It is important to note
that the acute infusion of FGF21 in ob/+ mice was asso-
ciated with effects in tissues other than the liver based on
increased cardiac R, (Fig. SD) and decreased plasma glu-
cagon (Fig. 4D). This effect in the heart is consistent with
absolute R, rates in chronically treated ob/ob mice (Fig.
2F) and previous studies (11). This finding is somewhat
surprising given that BKlotho is not known to be ex-
pressed in the heart. To test whether FGF21 directly im-
pacts the heart, we assessed Akt activation and BKlotho
transcript in acutely infused and chronically treated mice.
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Cardiac Akt activation was unchanged, and BKlotho ex-
pression was undetectable in the heart (Table 1) despite
increased R, associated with FGF21. These findings sug-
gest that the changes in cardiac glucose flux linked to
FGF21 are indirect and likely due to the fact that the heart
is constantly active and sensitive to changes in substrate
availability. Subtle changes in NEFA availability, for ex-
ample, may cause the heart to rely on more glucose as
energetic substrate. This notion of indirect FGF21 effects
on cardiac glucose flux is supported by recent evidence
(11). Despite the apparent indirect nature of the effect, this
is potentially an important observation considering that
individuals with diabetes are at a higher risk for cardio-
vascular disease (27). Additional studies are needed to
explore metabolic changes responsible for this effect and
to test the role, if any, of FGF21 in the treatment of car-
diovascular disease.

The action of FGF21 to lower glucagon in 0b/+ mice is
consistent with previous findings and expression of the
required receptor complex in the pancreas (5). In the
present studies, it is unclear whether this is a direct effect
on the a-cell, an indirect effect, or both. It is, however,
unlikely that the glucagon-lowering effect is mediated by
the B-cell because FGF21 did not change insulin levels
during the acute infusion studies (Fig. 4E). FGF21 has also
been shown in vitro not to influence insulin secretion in
healthy islets (8). Nevertheless, we cannot rule out that
additional factors contribute to glucagon-lowering ef-
fects. Although it is possible that the fall in glucagon con-
tributed to hepatic changes, the fact that the fall in endoR
preceded changes in the hormone further indicate liver-
specific effects of FGF21.

An additional important finding from the acute infu-
sion studies was that, with the exception of lowered he-
patic triglycerides, all effects linked to FGF21 in 0b/+ mice
were blunted or absent in 0b/ob mice. Importantly, steady-
state plasma FGF21 levels were increased to similar phar-
macological levels in both genotypes. FGF did have a mod-
est glucose-lowering effect in ob/ob mice (Fig. 4A), but
there were no significant acute effects on steady-state en-
doR, or whole-body glucose clearance (Fig. 5, A and C).
Blood glucose also fell during the experiment in vehicle-
infused ob/ob mice (Fig. 4A), but this was likely due to the
progressive length of the fast, which was 11 h at the final
time point. FGF21 did increase hepatic Akt activation in
oblob mice, although this was blunted compared with
ob/+ mice (Fig. 5G). Acute FGF21 infusion was also as-
sociated with increased cardiac R, in ob/ob mice (Fig. SD),
although this was not statistically significant (P = 0.06).

Taken together, these experiments using chronic treat-
ments and acute infusions provide important and novel
information about tissue-specific sites of action and func-
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tional outcomes of FGF21 treatment. In both settings,
FGF21 is shown to regulate hepatic glucose flux primarily
to stimulate Akt activation. These effects are consistent
with studies demonstrating a powerful hepatic phenotype
associated with changes in FGF21 (3-6, 8, 11) and sup-
port a direct mechanism of FGF21 action on the liver.
These results are unique because they are based on in vivo
studies performed using state-of-the-art clamp techniques
under well-controlled conditions.

The effect of FGF21 to induce effects in the liver, and
possibly the a-cell, also aligns with expression of FGF
receptors and the required cofactor, BKlotho, in liver and
pancreas (28-30). Moreover, absence of BKlotho in skel-
etal muscle and heart is consistent with findings that nei-
ther chronic treatment nor acute infusion of FGF21 di-
rectly altered R, in gastrocnemius or heart. Expression of
BKlotho in adipose tissue was, however, not linked to
FGF21-mediated metabolic effects. As previously men-
tioned, this conflicts with in vitro data showing that
FGF21 potently increases glucose uptake in adipocytes
and in vivo results in white adipose tissue using 10-fold
higher treatment doses (5, 11). It is possible that subtle
changes were undetectable because adipose tissue glucose
uptake is at least an order of magnitude lower than other
tissues (Figs. 2 and 5) (11). Notwithstanding these meth-
odological concerns, the current results indicate that
FGF21 does notalter adipose tissue glucose uptake despite
efforts to increase sensitivity (e.g. analyzing more tissue to
achieve higher counts). In regard to expression of
BKlotho, an additional finding was that FGF21 did not
alter expression of BKlotho in liver or adipose tissue and
was undetectable in heart and skeletal muscle, consistent
with prior evidence (28-30).

The striking contrast between marked metabolic im-
provements in ob/ob mice treated with FGF21 for 8 d
compared with blunted pharmacological response in the
6-h FGF21 infusion study suggests that FGF21 may induce
chronic and acute effects via different mechanisms. In a
chronic setting, FGF21 appears to regulate glycemia via
improvements in insulin sensitivity. This conclusion is
based on FGF21-mediated effects to lower insulin (Fig.
1C), increase basal glucose clearance (Fig. 2C), and in-
crease GIR needed during an insulin clamp (Fig. 1E). This
is supported at a molecular level by increased hepatic Akt
phosphorylation (Fig. 2G) and may have contributions
from elevations of the insulin receptor, an effect that has
been previously reported after chronic FGF21 treatment
(3). Consistent with these previous findings, acute infu-
sion of FGF21 induced marked increases in the hepatic
expression of transcripts for insulin receptor, Foxa2, and
leptin receptor (Table 1) as well as hepatic Akt phosphor-
ylation (Fig. 5G). Overall, these results support the con-
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cept that FGF21 functions primarily through transcrip-
tional activation (9).

Differences between genotypes in acute infusion studies
also show that ob/ob mice are resistant to acute FGF21
actions. Recent evidence shows that plasma FGF21 pro-
tein is elevated in obese and/or diabetic individuals (31,
32), and FGF21 tissue transcript is increased in mouse
models of endocrine disease (7, 28, 33). These findings
have led to suggestions of FGF21 resistance in the meta-
bolically compromised state. Our data investigating the
effects of FGF21 in ob/ob mice compared with healthy
ob/+ mice support this concept and provide the first ex-
perimental evidence of an attenuated functional response
to FGF21 in a disease state.

In summary, this report directly links the glucose-low-
ering function of FGF21 with improvements in insulin
resistance and changes in glucose flux. These studies show
that the liver is the primary target organ associated with
FGF21 action. Furthermore, although our evidence sug-
gests a partial resistance to acute effects of FGF21 in met-
abolically abnormal ob/ob mice vs. healthy ob/+ mice,
repeated administration of FGF21 resulted in vast meta-
bolic improvements in ob/ob mice indicating that FGF21
resistance can be overcome by FGF21 treatment. To-
gether, these results are critical to better understand the
FGF21 mode of action and add significantly to the concept
of FGF21 as a viable and promising therapeutic agent to
treat metabolic disease.
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The conference, jointly organized by the Early Nutrition Academy, the Early Nutrition Programming Project,
and the Developmental Origins of Health and Disease Society, will be an opportunity to share the latest results
that have come out of the Early Nutrition Programming Project as well as recent findings on the long-term
effects of early nutrition. The conference will present results from clinical trials, epidemiological studies, and

basic science.

For further information, see www.metabolic-programming.org
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