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The hormone FGF21 regulates carbohydrate and lipid homeostasis as well as body weight, and increasing
FGF21 improves metabolic abnormalities associated with obesity and diabetes. FGF21 is thought to act on
its target tissues, including liver and adipose tissue, to improve insulin sensitivity and reduce adiposity. Here,
we used mice with selective hepatic inactivation of the IR (LIRKO) to determine whether insulin sensiti-
zation in liver mediates FGF21 metabolic actions. Remarkably, hyperglycemia was completely normalized
following FGF21 treatment in LIRKO mice, even though FGF21 did not reduce gluconeogenesis in these
animals. Improvements in blood sugar were due in part to increased glucose uptake in brown fat, browning
of white fat, and overall increased energy expenditure. These effects were preserved even after removal of the
main interscapular brown fat pad. In contrast to its retained effects on reducing glucose levels, the effects
of FGF21 on reducing circulating cholesterol and hepatic triglycerides and regulating the expression of key
genes involved in cholesterol and lipid metabolism in liver were disrupted in LIRKO mice. Thus, FGF21
corrects hyperglycemia in diabetic mice independently of insulin action in the liver by increasing energy
metabolism via activation of brown fat and browning of white fat, but intact liver insulin action is required

for FGF21 to control hepatic lipid metabolism.

Introduction

Obesity-associated metabolic complications, including metabolic
syndrome and type 2 diabetes, are growing health problems world-
wide (1, 2). Obesity results from an imbalance between energy
intake and energy expenditure, which leads to increased adipose
tissue mass and ectopic fat accumulation. This in turn triggers
various defects in many organs including insulin resistance in fat,
skeletal muscle and liver, hepatosteatosis, and pancreatic lipotox-
icity, thus leading to type 2 diabetes and other related abnormal-
ities such as accelerated atherosclerosis (3). Insulin resistance has
been shown to be a crucial player in these processes (4), and thera-
peutic management of the metabolic syndrome or type 2 diabetes
often involves pharmacologic treatment to increase insulin con-
tent or improve insulin sensitivity (5).

FGF21 is a novel hormone that has profound effects on met-
abolic parameters such as glucose and lipid homeostasis, in
addition to promoting rapid body weight loss, and represents a
promising potential therapy for the treatment of type 2 diabe-
tes (6). Furthermore, transgenic mice overexpressing FGF21 are
protected against diet-induced obesity (7), while mice in which
FGF21 is ablated exhibit increased weight gain and impaired
glucose tolerance when placed on a high-fat diet (HFD) (8).
FGF21 appears to be primarily produced by the liver, where
its expression is partially under the control of the transcrip-
tion factor PPARa (9-13). FGF21 expression is also induced by
endogenous PPARa ligands such as fatty acids, which increase
after prolonged fasting (14), by a ketogenic diet in mice (9), or
by fibrates, which are artificial PPARa ligands (11, 15). In turn,
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FGF21 affects whole-body substrate use by inhibiting lipolysis
and lipid accumulation (16) in the white fat and triggering a
ketogenic program in the liver (10). Hence, FGF21 appears to
be an important factor in the overall regulation of metabolic
processes, especially in the adaptation to fasting. A remarkable
feature of this metabolic regulator is that exogenous adminis-
tration of FGF21 to obese rodent models such as diet-induced
obese (DIO) mice, db/db or ob/ob mice, or diabetic monkeys,
drastically and rapidly improves metabolic abnormalities,
thus raising considerable therapeutic interest (7, 17). Indeed,
FGF21 normalizes glycemia and insulin levels in insulin-re-
sistant states, ameliorates dyslipidemia and reduces hepatos-
teatosis, corrects high cholesterol levels, decreases body weight,
and restores insulin sensitivity in obese animals. However, the
molecular mechanisms underlying FGF21 action are still poorly
understood. FGF21-induced changes in total insulin sensitiv-
ity might mediate FGF21 metabolic effects. Also, it remains
uncertain what tissues contribute to FGF21 efficacy. Two very
recent studies indicated that FGF21 action in adipose tissue
is critically required to mediate the majority of the metabolic
beneficial effects of FGF21 (18, 19). Nevertheless, while adipose
tissue is an important target for the metabolic effects of FGF21,
both BKlotho and FGF receptors, which are required for FGF21
action in vivo (20-23), are also present in the liver. Furthermore,
previous studies have shown that effects such as FFA regulation
remain in animals in which adipose FGFR1 is ablated (18).

The liver plays an essential role in the control of glucose and
lipid homeostasis, and insulin is a central regulator of multiple
hepatic metabolic functions. By modifying the expression and
enzymatic activity of key players, insulin promotes glycogen syn-
thesis, lipogenesis and lipoprotein synthesis, and inhibits glucone-
ogenesis, glycogenolysis, and VLDL secretion (24). Insulin action
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Figure 1

Effects of FGF21 on body and tissue weights. Control and LIRKO mice were fed either a CD or an HFD for 7 weeks and were treated with saline
or FGF21 (1 mg/kg/day) delivered s.c. by osmotic pump during the last 2 weeks of the diet. Body weight was measured once a week, and tissue
weights were determined on day 14 after insertion of the pump. (A and B) Body weight gain of animals on a CD (A) or an HFD (B). Gray lines
with squares represent control mice, black lines with triangles represent LIRKO mice, dashed lines represent saline-treated mice, and solid lines
represent FGF21-treated mice. (C) Liver weight. White bars represent saline-treated mice on a CD, black bars represent FGF21-treated mice on a
CD, light gray bars represent saline-treated mice on an HFD, and dark gray bars represent FGF21-treated mice on an HFD. (D and E) Lean mass
(D) and fat mass (E) from DXA analysis. Light gray bars represent saline-treated mice on an HFD, and dark gray bars represent FGF21-treated
mice on an HFD. Data represent the means + SEM. P values were calculated using 2- or 3-way ANOVA. #P < 0.05 between genotypes; SP < 0.05
between diets; *P < 0.05 with FGF21 treatment. n = 5-12 animals per group.

in the liver also plays a pivotal role in the control of cholesterol
homeostasis (25). Therefore, hepatic insulin resistance contributes
substantially to glucose intolerance and dyslipidemia.

Several lines of evidence suggest that FGF21 regulates hyper-
glycemia, at least in part, via the sensitization of insulin action,
an effect we hypothesized is mediated by the liver. In obese ani-
mals, FGF21 lowers both glucose and insulin levels, suggesting
an improvement in insulin sensitivity (17, 26). Hyperinsulinemic
euglycemic clamp studies in ob/ob mice indicate that the effect
of FGF21 on lowering blood glucose levels is associated with
decreased hepatic glucose output, whereas no difference in glu-
cose uptake in skeletal muscle and adipose tissue was observed
(27), indicating an essential role for direct FGF21 action in the
liver. Increased IR expression in liver following FGF21 treatment
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may partially account for this effect (26). FGF21 also inhibits
hepatic lipid synthesis and controls gene expression involved in
the regulation of both lipogenesis and lipid oxidation to reduce
hepatosteatosis in obese animals (26). It remains unclear, however,
whether the improvement in these metabolic parameters and the
regulation of gene expression are directly caused by FGF21 action
in the liver or are the result of changes in insulin sensitivity, circu-
lating insulin levels, or reduced obesity.

In the present study, we defined the role of liver insulin sensi-
tivity to FGF21 action by using mice with selective hepatic inac-
tivation of the IR (LIRKO mice). These mice lack IRs in the liver,
rendering them unable to regulate hepatic gluconeogenesis, and
subsequently develop hyperglycemia (24) and hypercholester-
olemia when on an HFD (25). Following the induction of obesity
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by HFD feeding to trigger obesity-related metabolic abnormali-
ties, we compared the effects of FGF21 chronic infusion on the
regulation of body weight and metabolic parameters, such as glu-
cose and lipid metabolism, in both control and LIRKO mice. If the
primary action of FGF21 is to reduce obesity and consequently
restore insulin sensitivity in the liver, then the beneficial meta-
bolic outcomes reported in control mice should be abolished in
LIRKO mice. We first observed that FGF21 was equally efficacious
in reducing body weight in both control and LIRKO mice. Strik-
ingly, our results indicate that FGF21 is able to reverse diabetes
independently of insulin sensitization in the liver. This effect was
not due to the diminution of hepatic glucose output, as FGF21
had no effect on this parameter, but rather to increased glucose
metabolism in brown adipose tissue (BAT), browning of white
adipose tissue (WAT), and drastically increased energy expendi-
ture. On the other hand, the regulation of circulating cholesterol
and liver triglycerides by FGF21 was compromised in LIRKO mice
and accompanied by the regulation of expression in the liver of
key genes for carbohydrate and lipid metabolism. This suggests
that the effects of FGF21 on lipid metabolism specifically require
crosstalk with insulin action in the liver. Altogether, our data show
that insulin sensitization in the liver is not required for FGF21 to
correct hyperglycemia in diabetic mice, whereas intact liver insulin
action is necessary to mediate the effects of FGF21 on lipid metab-
olism. Instead, we suggest that FGF21 acts via activation of BAT
and browning of WAT, leading to increased energy metabolism
and consequent shifts toward increased substrate use.

Results

FGF21 sensitivity in LIRKO animals. We first analyzed whether
FGF21 sensitivity was affected by hepatic insulin resistance. Cir-
culating FGF21 levels were similar in control and LIRKO mice,
and FGF21 expression levels in liver and plasma were similarly
increased in both fasting LIRKO mice and controls (Supplemental
Figure 1, A and B; supplemental material available online with this
article; doi:10.1172/JCI67353DS1), indicating that physiological
regulation of FGF21 was intact in the LIRKO mice. Expression lev-
els of FGF receptors (Fgfr) 1, 2, 3, and 4, as well as the coreceptor
BKlotho (KIb), which constitute the FGF21 receptor machinery,
were similar in control and LIRKO mice in all the putative FGF21
target tissues examined (perigonadal fat, s.c. fat, BAT, liver, skeletal
muscle, pancreas, and hypothalamus) (Supplemental Figure 1C).
Furthermore, acute i.p. injection of a maximal dose (1 mg/kg) of
FGF21 resulted in a similar upregulation of Egrl (as assessed by
TagMan analysis) in control and LIRKO animals in liver, pancreas,
s.c., perigonadal and brown adipose tissues, and was absent in skel-
etal muscle and hypothalamus in these animals (Supplemental
Figure 1D). Thus, control and LIRKO mice have similar FGF21
sensitivity, indicating that previously described doses of FGF21
should be adequate for our use in LIRKO mice.

Effectiveness of FGF21 in LIRKO animals. One well-characterized
FGF21 action is its ability to lower body weight, and this has been
proposed to be partially responsible for the amelioration of the
metabolic profile of obese and diabetic mice (17, 26). To deter-
mine whether FGF21 could improve obesity and diabetes in ani-
mals deprived of insulin action in the liver, control and LIRKO
mice were fed either a chow diet (CD) or an HFD for 7 weeks, then
treated with either saline or FGF21 (1 mg/kg/day) by s.c. infu-
sion during the last 2 weeks of the diet. During the pretreatment
period, all mice gained weight, and this was enhanced by approxi-
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mately 25% in the control mice on an HFD and by approximately
10% in LIRKO mice on an HFD (Figure 1, A and B). Administra-
tion of FGF21 induced a 7%-10% body weight loss in all groups of
mice, i.e., those on a CD or an HFD and in those with or without
intact insulin signaling in the liver as compared with mice receiv-
ing saline (Figure 1, A and B, P = 2.56E-07). Thus, FGF21 was as
potent at reducing body weight in mice lacking insulin action in
the liver as it was in controls.

Together with increased body weight, we found that liver weight
was increased by 10% in control mice on an HFD (Figure 1C). As
previously described, FGF21 reduced liver weight by 18% in con-
trol animals on a CD and by 23% in control animals on an HFD. In
LIRKO animals, which displayed 18% smaller livers than controls
on a CD, we observed a 17% increase in liver weight in those on an
HFD (Figure 1C). FGF21 had no effect on liver weight in mice on a
CD and reduced liver weight by 15% in LIRKO animals on an HFD.
Dual-energy x-ray absorptiometry (DXA) analysis performed on
the HFD-fed groups of mice showed that FGF21 induced a slight
reduction in lean mass in control mice (22.1 +0.7 gand 20.3+0.5 g
in saline-treated and FGF21-treated control mice, respectively)
(Figure 1D). DXA showed significantly reduced fat mass in con-
trol mice (9.4 £ 0.6 gand 6.4 + 0.6 g in saline-treated and FGF21-
treated control mice, respectively) (Figure 1E), as well as reduced
adiposity (29.7 + 1.4% and 24.1 + 1.4% in saline-treated and FGF21-
treated control mice, respectively) (Supplemental Figure 2A). We
observed a similar reduction in lean mass induced by FGF21 in
LIRKO animals on an HFD, even though the effect was less pro-
nounced (lean mass: 20.6 £ 0.6 g and 19.3 + 0.4 g in saline-treated
and FGF21-treated LIRKO mice, respectively) (Figure 1D). We also
observed a reduction in fat mass and adiposity in LIRKO mice fol-
lowing FGF21 administration (fat mass: 9.1 0.8 gand 7.9+ 0.3 g
[Figure 1E] and adiposity: 30.4 + 1.9% fat and 29.1 + 0.8% fat [Sup-
plemental Figure 2A] in saline-treated and FGF21-treated LIRKO
mice, respectively). Interestingly, LIRKO mice gained less adipose
tissue following an HFD than did controls. Indeed, we observed a
2.5-fold increase in perigonadal and s.c. fat pads weights follow-
ing an HFD in controls compared with a 1.5-fold increase in both
depots in LIRKO mice, although this did not reach statistical sig-
nificance. FGF21 administration had no significant effect on fat
pad weights in any of the mice groups (Supplemental Figure 2,
B and C). Despite the minor quantitative differences in the ability
of FGF21 to reduce fat mass in control and LIRKO mice (mainly
due to the fact that LIRKO mice are less prone to gain fat on an
HFD), FGF21 was equally effective in reducing body weight in
both control and LIRKO mice, indicating that LIRKO mice had a
normal response to FGF21 treatment.

FGF21 reversed hyperglycemia and hyperinsulinemia and improved
whole-body insulin sensitivity independently of insulin action in the liver.
A major effect of FGF21 is to improve glycemic control in obese
mice (17, 26). In control mice, fed glucose levels were moderately
increased by HFD feeding (158.7 + 8.0 mg/dl vs. 185.2 + 9.0 mg/dl
on a CD and HFD, respectively), however, FGF21 treatment for
14 days reduced glucose levels in control HFD mice by 23% from
185.2 £ 9.0 mg/dl to 142.6 mg/dl (P = 0.0026) (Figure 2A). Insulin
levels were also normalized upon FGF21 treatment in the control
cohort (Figure 2B). In control mice, fed insulin levels were reduced
from 2.1+ 0.7 ng/ml to 0.3 + 0.1 ng/ml following FGF21 adminis-
tration (P = 0.038) and from 2.4 + 0.3 ng/ml to 0.7 + 0.1 ng/ml in
control HFD animals (P = 0.016), suggesting an improvement in
insulin sensitivity with FGF21.
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Figure 2

Glycemia, insulinemia, and insulin signaling in mice treated with FGF21. Control and LIRKO mice on a CD or an HFD for 7 weeks were treated
with saline or FGF21 (1 mg/kg/day) delivered s.c. by osmotic pump during the last 2 weeks of the diet. Metabolic parameters (A and B) and insulin
signaling (C—E) were determined on day 14 after pump insertion. Data represent the means + SEM. P values were determined by nonparametric
statistical tests. *P < 0.05 between genotypes; *P < 0.05 with FGF21 treatment. White bars represent saline-treated mice on a CD, black bars
represent FGF21-treated mice on a CD, light gray bars represent saline-treated mice on an HFD, and dark gray bars represent FGF21-treated
mice on an HFD. (A) Fed glucose was reduced by 40% with FGF21 treatment (223.5 + 16.1 mg/dl to 133.7 + 5.9 mg/dl) in LIRKO mice on a CD
and by 44% (242.8 + 22.0 mg/dl to 137.7 + 5.3 mg/dl) in LIRKO mice on an HFD. (B) Administration of FGF21 to LIRKO mice reduced insulin
levels from 21.8 + 4.5 ng/ml to 3 + 0.7 ng/ml in mice on a CD and from 35 + 5.4 ng/ml to 3 + 0.7 ng/ml in mice on an HFD. n = 10-20 animals per
group. (C—E) Insulin signaling in vivo. Data shown are for 4 mice in each group of 5 to 7 animals. Total lysates obtained from liver (C), skeletal
muscle (D), or s.c. adipose tissue (E) from control or LIRKO mice on a CD or an HFD and treated with saline or FGF21 before insulin injection
were immunoblotted with various antibodies against insulin signaling molecules as indicated.

We found that LIRKO mice exhibited fed hyperglycemia (223.5
+16.1 mg/dl, P =0.014) due to the inability of insulin to regulate
hepatic glucose output (28), and this did not significantly worsen
on an HFD (242.8 + 22.0 mg/dl). LIRKO mice also displayed
marked hyperinsulinemia, reflecting compensation by the pancre-
atic f cell to overcome liver insulin resistance and decreased insulin
clearance by the liver (24). Indeed, insulin levels were 21.8 ng/ml in
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LIRKO animals on a CD and rose to 35 ng/ml on an HFD. Remark-
ably, and despite the absence of insulin signaling in the liver, we
found that hyperglycemia and hyperinsulinemia in LIRKO mice
were dramatically improved upon FGF21 treatment (Figure 2, A
and B): fed glucose was reduced by 40% in LIRKO mice on a CD
(P =0.0001) and by 44% in LIRKO mice on an HFD (P = 0.0002).
These results indicate that the glucose-lowering effect of FGF21 is
Volume 124
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independent of insulin action in the liver and is thus independent
of hepatic glucose output. Likewise, chronic FGF21 administration
reduced insulin levels by 86% in LIRKO mice on a CD (P = 0.005)
and by greater than 90% in mice on an HFD (P = 0.004).

Reduced glucose levels in response to challenge with an i.p.
injection of insulin were slightly improved with chronic FGF21
treatment in both control and LIRKO mice on a CD (P = 0.028;
Supplemental Figure 3A). When mice were fed an HFD, FGF21
improved insulin tolerance tests in both control and LIRKO mice
(P =0.002; Supplemental Figure 3, B and C), confirming previous
studies showing improvement in insulin sensitivity in obese mice
treated with FGF21 (17, 26).

To further examine the effects of FGF21 on insulin sensitivity,
we investigated insulin signaling following insulin injection into
the inferior vena cava in vivo. In the livers of control mice on a
CD, insulin stimulated tyrosine phosphorylation of the IR and
phosphorylation of AKT, and this was unchanged upon FGF21
treatment (Figure 2C). As expected, when we placed the mice on
an HFD, both IR levels and insulin-stimulated tyrosine phospho-
rylation were decreased, indicating insulin resistance in this tissue
(Figure 2C). Likewise, in HFD-fed mice, insulin-stimulated AKT
phosphorylation was decreased (Figure 2C). We observed that
FGF21 treatment was able to partially restore insulin-induced
tyrosine phosphorylation of the IR and phosphorylation of AKT
(Figure 2C and Supplemental Figure 4, A and B). These data sug-
gest that, in control mice, FGF21 treatment was able to only par-
tially rescue insulin signaling in the liver when mice were exposed
to an HFD. As expected, in LIRKO mice, there was no tyrosine
phosphorylation of the IR or the IGF1 receptor following insu-
lin stimulation, and there were also no detectable downstream
insulin signaling events (Figure 2C). In skeletal muscle and in
adipose tissue, insulin induced phosphorylation of the IR, AKT,
and ERK in both control and LIRKO mice, and this was enhanced
by FGF21 in both CD- and HFD-fed control and LIRKO animals
(Figure 2, D and E, and Supplemental Figure 4, C-J).

FGF21 did not prevent gluconeogenesis in LIRKO animals, but increased
glucose uptake in adipose tissue. Previous studies suggested that
the ability of FGF21 to lower glucose in obese mice was due to
increased insulin sensitivity in the liver and a concomitant reduc-
tion in hepatic glucose output (27). Our data showing a reduction
in blood glucose induced by FGF21, even in mice lacking IRs in the
liver, suggested that this may not be the case, so we investigated
whether FGF21 itself is able to reduce hepatic glucose output by
performing a pyruvate challenge test. In control mice on either a
CD or an HFD, FGF21 was unable to reduce glucose output fol-
lowing an i.p. injection of pyruvate (Figure 3A and Supplemental
Figure 5, A-C). In LIRKO mice, basal glucose output following
pyruvate challenge was enhanced as compared with both CD-fed
or HFD-fed controls, reflecting liver insulin resistance; in LIRKO
mice, FGF21 administration further increased this response (Fig-
ure 3A and Supplemental Figure 5, A-C). These results were con-
cordant with the gene expression profile we observed in the liver.
The expression of Ppargcla, which is known to activate metabolic
pathways linked to the fasted response in the liver, was increased
by 2-fold and 2.3-fold, respectively, in CD- and HFD-fed control
mice that were treated with FGF21 (Figure 3B). The expression
of G6pc, encoding glucose-6-phosphatase, a key enzyme in gluco-
neogenesis and glycogenolysis, was reduced by 40% with FGF21
treatment in the livers of control mice on a CD, but not in those
on an HFD. On the other hand, the expression of Pckl, encoding
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the rate-limiting enzyme in gluconeogenesis phosphoenolpyru-
vate carboxykinase, tended to be increased by FGF21 treatment in
CD- and HFD-fed control mice (Figure 3B). In the livers of LIRKO
mice, expression levels of Ppargcla, G6pc, and Pckl were elevated
by 4-fold, 3-fold, and 1.4-fold, respectively, compared with those
in control mice on a CD and by 4-fold, 4.4-fold, and 2-fold, respec-
tively, compared with those in control mice on an HFD (Figure 3B).
More importantly, we found that in the livers of LIRKO mice,
FGF21 did not regulate the expression of these genes, regardless of
diet (Figure 3B). These data indicate that the program of gluconeo-
genesis was enhanced in LIRKO mice livers due to the lack of insu-
lin action and that FGF21 was unable to correct this defect. The
liver glycogen content was reduced by FGF21 in CD- and HFD-fed
control mice (Supplemental Figure 5D). In LIRKO mice, as pre-
viously reported, glycogen content was decreased as compared
with that in CD- and HFD-fed control mice, and this was further
decreased by the addition of FGF21 (Supplemental Figure SD).
Therefore, altogether, these results suggest that FGF21 lowers glu-
cose levels independently of hepatic glucose metabolism.

To identify the tissue(s) responsible for the glucose-lowering
effect of FGF21, we performed in vivo glucose uptake experiments
by measuring the accumulation of 2-deoxy-D-[1, 2-C!4(N)]glucose
in various tissues following insulin stimulation. As expected, in
control mice, insulin induced a 3-fold increase in glucose uptake
in skeletal muscle, an 8-fold increase in interscapular BAT (iBAT),
a 4-fold increase in s.c. adipose tissue, and a 2-fold increase in
perigonadal adipose tissue (Figure 3, C and D, and Supplemental
Figure 5, E and F, open bars). In mice treated with FGF21, glu-
cose uptake following insulin stimulation was slightly diminished
in these tissues (Figure 3, C and D, and Supplemental Figure 5,
E and F, black bars), indicating that FGF21 was unable to fur-
ther enhance insulin-stimulated glucose uptake in these tissues.
However, in the basal state without insulin stimulation, FGF21
itself induced a 2-fold increase in glucose uptake in iBAT of con-
trol mice (Figure 3D) and a 1.3-fold increase in glucose uptake in
perigonadal and s.c. WAT (Supplemental Figure 5, E and F). In
LIRKO animals, insulin-induced glucose uptake was similar in
skeletal muscle and adipose tissue (Figure 3, C and D, and Sup-
plemental Figure 5, E and F, white bars), and FGF21 had a very
moderate effect on insulin-stimulated glucose uptake in these tis-
sues. As in the control mice, in the absence of insulin stimulation,
FGF21 induced an even larger (3-fold) increase in glucose uptake
in BAT of LIRKO mice (Figure 3D), which correlated with higher
expression levels in this tissue of Slc2al, the gene encoding GLUT1
(Supplemental Figure 6), but had no effect on, or even diminished,
glucose uptake in skeletal muscle and other tissues (Figure 3C and
Supplemental Figure 5, E and F). Thus, FGF21 increased basal glu-
cose uptake in fat, especially BAT, suggesting that BAT is at least
partly responsible for the improved glycemia in FGF21-treated
control and LIRKO mice.

FGF21 induced activation of BAT and increased energy expenditure in
LIRKO animals. BAT plays a major role in the regulation of energy
homeostasis by dissipating energy in the form of heat (29), and
FGF21 has been proposed to induce brown fat activation (13). We
therefore investigated the effect of FGF21 on energy expenditure
in HFD-fed control and LIRKO mice in metabolic cages. We found
that, as previously reported (26), FGF21 induced a striking increase
in energy expenditure in both groups of mice, with a 46% increase
in O, consumption during the light cycle and a 55% increase dur-
ing the dark cycle in control animals (Figure 4A and Supplemen-
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Figure 3

Effect of FGF21 on gluconeogenesis and glucose uptake in skeletal muscle and BAT. Control and LIRKO
mice on a CD or an HFD for 7 weeks were treated with saline or FGF21 (1 mg/kg/day) delivered s.c. by
osmotic pump during the last 2 weeks of the diet. (A) Pyruvate challenge test. Gray lines with squares rep-
resent control mice; black lines with triangles represent LIRKO mice; dashed lines represent saline-treated
mice; solid lines represent FGF21-treated mice. (B) Gene expression in liver was assessed by real-time

gPCR. P value was determined by nonparametric tests. White bars
CD, black bars represent FGF21-treated mice on a CD, light gray bars

HFD, and dark gray bars represent FGF21-treated mice on an HFD. (C and D) In vivo glucose uptake was
assessed by measuring ['“C]DOG uptake in (C) skeletal muscle and (D) iBAT, with or without insulin stim-
ulation, in animals on a CD. P value for D was determined by 3-way ANOVA. White bars represent saline

treatment; black bars represent FGF21 treatment. Data represent the

genotypes; *P < 0.05 with FGF21 treatment; SP < 0.05 upon insulin stimulation. n = 6—12 animals per group.

tal Figure 7A) and a 48% increase during the light cycle and a 52%
increase during the dark cycle in LIRKO animals (Figure 4B and
Supplemental Figure 7A). We observed similar results with CO,
production (Supplemental Figure 7, B and C). FGF21 induced a
45% increase in CO; production during the light cycle and a 54%
increase during the dark cycle in control animals and a 47% increase
during the light cycle and a 52% increase during the dark cycle in
LIRKO animals. We found that the respiratory exchange ratio was
approximately 0.76 in all groups, indicating no change in the fuel
sources used. The increased energy expenditure induced by FGF21
was not due to increased activity (Supplemental Figure 7D), and
food intake was similarly increased by FGF21 in both control and
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| take in BAT
Glucose uptake in (Figure 4C), and lipid droplets

were larger (not shown). FGF21
reduced the lipid content in
BAT in CD- and HFD-fed con-
trol mice (Supplemental Figure
8A). Interestingly, iBAT was
three times larger in LIRKO
mice than in controls, displayed
enhanced lipid accumulation —
even in mice on a CD — and was
a lighter color than that seen
in BAT from control animals
(Supplemental Figure 8A), sug-
gesting some changes in BAT
metabolism in mice lacking
insulin signaling in the liver.
In LIRKO animals on an HFD,
we observed that the weight of
iBAT depots was increased by
an additional 50% with FGF21
treatment (Figure 4C). Further-
more, in LIRKO mice, FGF21
reduced the lipid content in
BAT (Supplemental Figure 8A).
BAT gene expression analysis
revealed the activation of a pro-
gram involved in dissipating
energy (Supplemental Figure
6), with increased FGF21-in-
duced expression of genes
involved in energy expenditure
such as Acacb, Cptla, Cptlb,
Slc2al, Lipe, Ucpl, Ucp2, and
Ucp3 in control and LIRKO mice. Furthermore, we observed the
appearance of multilocular adipocytes in s.c. white fat following
FGF21 treatment in control mice on a CD, indicating a brown-
ing of s.c. adipose tissue (Supplemental Figure 8B). The appear-
ance of multilocular adipocytes in response to prolonged FGF21
exposure was similar in LIRKO mice on a CD and was conserved
in those on an HFD, although the number of multilocular cells
appeared to be reduced (Figure 4D). Increased multilocular adipo-
cytes following FGF21 treatment was correlated with an increase
in Ucpl mRNA expression, a marker of thermogenesis in brown
adipocytes, in s.c. adipose tissue in both control and LIRKO mice
(Figure 4E). Indeed, FGF21 increased Ucpl expression by 100-fold
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Energy homeostasis and BAT activation following chronic FGF21 treatment. Control and LIRKO mice on a CD or an HFD for 7 weeks were
treated with saline or FGF21 (1 mg/kg/day) delivered s.c. by osmotic pump during the last 2 weeks of the diet. CLAMS analysis was determined
for 3 days, starting on day 7 after insertion of the pumps. (A and B) O, consumption in control (A) and LIRKO (B) animals on an HFD. Gray lines
represent saline-treated mice; black lines represent FGF21-treated mice. (C) BAT weight. White bars represent saline-treated mice on a CD, black
bars represent FGF21-treated mice on a CD, light gray bars represent saline-treated mice on an HFD, and dark gray bars represent FGF21-treated
mice on an HFD. (D) H&E staining of s.c. adipose tissue sections from LIRKO mice. Original magnification, x40. (E) Ucp1 expression in s.c.
adipose tissue determined by gPCR. Data represent the means + SEM. P values were determined by 3-way ANOVA analysis.

in control mice on a CD and by more than 10-fold in control mice
on an HFD. In LIRKO mice, FGF21 induced a 4-fold increase in
Ucpl expression in mice on a CD and a 2-fold increase in those
on an HFD. Altogether, our results support the idea that FGF21
increases the mass and activity of adipose tissue involved in the
dissipation of energy (both BAT and browning of WAT), and this
likely contributes to the blood glucose-lowering effect of FGF21.
FGF21 potency in mice without iBAT. To further investigate the role
of BAT in mediating the effect of FGF21 on body weight, energy
expenditure, and glucose homeostasis, we surgically removed the
iBAT, which represents greater than 60% of constitutive BAT. For
control mice on an HFD, with or without iBAT, we administered
the same FGF21 treatment as described above and implanted
them with a minipump at the time of surgery. We found that
FGF21 was equally effective in reducing body weight in mice with
or without iBAT (Figure 5SA). This was accompanied by a simi-
lar reduction in blood glucose levels in both groups, which was
statistically significant 1 week after surgery (Figure 5B). The high
energy expenditure produced by FGF21 infusion, as measured by
O, consumption (Figure 5C) or CO, production (Supplemental
Figure 9A), was also unaffected by the removal of iBAT. There was
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no change in activity between the two groups, and we observed an
increase in food intake in the mice without iBAT (Supplemental
Figure 9, B and C). The reduction in liver weight induced by FGF21
in the sham group was similar to that observed in the previous
cohort (Supplemental Figure 9D), and this effect was lost in the
group of mice in which iBAT had been removed. In addition, the
white fat pads (both perigonadal and s.c.) tended to be smaller in
the group of mice without iBAT compared with those of the sham
control group (Supplemental Figure 9D), suggesting that brown-
ing of white fat is increased following the surgical removal of iBAT.
Gene expression analysis showed a tendency toward increased
beige adipogenesis in s.c. fat, with a slightly increased expression
of the master regulator of adipogenesis Pparg and other typical
beige fat markers such as Ppargcla, Prdm16, and Cidea (Figure SD).
Somewhat surprisingly, however, UcplI expression in WAT followed
an opposite pattern, i.e., it tended to decrease following iBAT
removal, although this change was not statistically significant
due to the large variability between animals (Figure 5D). Taken
together, these results indicate that removal of the major consti-
tutive brown fat pad does not impede FGF21 action, suggesting
that either the remaining depots of constitutive BAT (Supple-
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mental Figure 9D) or the browning of white fat is sufficient to
mediate FGF21 effects.

Regulation of lipid metabolism by FGF21 in the liver requires insulin
action. Among the beneficial actions of FGF21, treatment with
FGF21 improves the blood lipid profile and reduces hepatosteato-
sis in obese animals (17, 26). In contrast to its action on glucose
levels, we found that the ability of FGF21 to lower plasma lipid
concentrations was compromised in LIRKO mice. Thus, while
we found that plasma cholesterol levels were reduced by 33% in
FGF21-treated control mice on a CD and by 23% in control mice
on an HFD (P =0.007), plasma cholesterol levels were not reduced
in mice with IR deletion in the liver (P = 0.136) (Figure 6A). Fur-
ther, we observed that plasma FFA and triglyceride levels were not
affected by FGF21 (plasma levels of FFAs and triglycerides had a
nonsignificant FGF21-induced reduction of 38% and 28%, respec-
tively, in CD-fed control mice, but not in HFD-fed control mice;
Supplemental Figure 10, A and B). In LIRKO mice, circulating FFA
levels were reduced by 50% compared with those in control mice on
a CD, and there was no regulation by FGF21 (Supplemental Fig-
ure 10A). Triglycerides levels in CD- or HFD-fed LIRKO mice were
similar to those in control mice, and again, there was no effect of
FGF21 treatment (Supplemental Figure 10B). As expected, FGF21
infusion decreased liver triglyceride content in control mice on
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a CD and in the livers of control mice on an HFD, where larger
amounts of triglyceride were stored at basal (P = 0.03) (Figure 6B).
Remarkably, in LIRKO mice, which already had lower liver triglyc-
eride levels than controls in the basal state, this FGF21 effect was
lost (P =0.838) (Figure 6B). In addition, we found that the removal
of iBAT in mice on an HFD had no effect on liver triglyceride con-
tent, with or without FGF21 treatment (Supplemental Figure 10C).
These data indicate that liver insulin signaling is required for
FGF21 action on lipid metabolism.

Our analysis of the expression of key genes involved in the reg-
ulation of hepatic metabolism in the livers of mice exposed to
FGF21 revealed that most of the gene regulation by FGF21 in
this tissue was absent in LIRKO mice (Figure 6C). In the heatmap
representation shown in Figure 6C, two groups of genes were cre-
ated according to their regulation by FGF21 in control mice on a
CD: genes upregulated by FGF21 (Figure 6C, upper panel), and
genes repressed by FGF21 (Figure 6C, bottom panel). Interestingly,
we observed a similar pattern of gene expression for these two par-
ticular sets of genes in the livers of LIRKO mice under basal condi-
tions. The genes that were upregulated (Lepr, Igfbp2, and AbcgS) or
downregulated (Scdl, Pklr,and Gek) by FGF21 exposure in the livers
of control mice were similarly up- or downregulated in the livers of
LIRKO mice before FGF21 treatment, and FGF21 failed to further
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regulate the expression of these genes. Thus, with regard to these
sets of genes, deletion of the IR mimics the FGF21 effect in control
animals. For example, the upregulation we observed of AbcgS and
Abcg8 genes, transporters involved in cholesterol excretion, in the
livers of control mice on a CD in response to FGF21 was absent in
LIRKO animals on either a CD or an HFD, which displayed higher
expression levels of these two cholesterol transporters at basal lev-
els (Supplemental Figure 11A). Likewise, the expression of Ppargcla
and Cptla,a gene involved in the regulation of long-chain fatty acid
transport to the mitochondria, was higher in LIRKO animals (Sup-
plemental Figure 11A). Similarly, the FGF21-induced downregula-
tion of genes involved in lipid synthesis such as Gek, Pklr, and Scdl,
which was observed in the livers of control animals, was reduced
in the livers of LIRKO mice, partly because the basal expression of

these genes was already markedly decreased (Supplemental Figure
11B). These results indicate that FGF21 regulation of the expres-
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# Figure 6

Lipid homeostasis and liver
gene expression following
FGF21 treatment. Control
and LIRKO mice on a CD
or an HFD for 7 weeks were
treated with saline or FGF21
(1 mg/kg/day) delivered s.c.
by osmotic pump during the
last 2 weeks of the diet. (A)
Plasma cholesterol levels
in the fed state. (B) Liver tri-
glyceride content. Data rep-
resent the means + SEM.
P value was calculated using
2-way or 3-way ANOVA.
#P < 0.05 between genotypes;
SP < 0.05 between diets;
*P < 0.05 with FGF21 treat-
ment. White bars represent
saline-treated mice on a
CD, black boxes represent
FGF21-treated mice on a
CD, light gray bars represent
saline-treated mice on an
HFD, and dark gray bars rep-
resent FGF21-treated mice on
an HFD. n = 5 to 11 animals
per group. (C) Liver gene
expression. The expression
of selected genes was mea-
sured by gPCR, and heat-
maps were generated using
GenePattern software. Red
color indicates upregulation;
blue color indicates downreg-
ulation. Each lane represents
an individual mouse.

IRLox
LIRKO

sion of genes involved in lipid metabolism occurs, at least in part,
through the modulation of insulin action in this tissue.

LIRKO

Upregulated

Downregulated

Discussion
FGF21 is an important regulator of carbohydrate and lipid metab-
olism and is a promising drug candidate for the treatment of meta-
bolic diseases, as it reverses several metabolic syndrome-associated
defects at once. Indeed, FGF21 reduces the weight and adiposity of
obese animals, as well as hepatosteatosis, hyperglycemia, and dys-
lipidemia, and thus is associated with enhanced insulin sensitivity
(17,26). Since obesity and insulin sensitivity are tightly correlated,
it is difficult to distinguish the antiobesity and antidiabetic prop-
erties of FGF21.

Previous studies have suggested that part of the mechanism of
action of FGF21 occurs through the restoration or enhancement
of insulin sensitivity, especially in the liver (27). Also, pharmaco-
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logical doses of FGF21 reduce glucose levels without triggering
hypoglycemia, suggesting that FGF21 acts as an insulin sensi-
tizer rather than as an insulin mimetic (7). In the present study
in LIRKO mice, we demonstrate that FGF21 is able to ameliorate
obesity and improve glucose homeostasis in diabetic mice, despite
a total absence of insulin signaling in the liver. This occurred
without any reduction of hepatic glucose output, indicating that
FGF21 is able to regulate glucose metabolism independently of
hepatic insulin action on gluconeogenesis. Our results also show
that FGF21 action on lipid metabolism requires functional insu-
lin signaling in the liver. These conclusions are further supported
by recent findings demonstrating that deletion of FGFR1 in adi-
pose tissue abrogates the glycemic effects of FGF21, while the FFA
effects remain intact (18).

FGF21 can normalize hyperglycemia in lean or obese diabetic
mice with IR deletion in the liver via two possible mechanisms: (a)
FGF21 reduces glucose output independently of insulin, and/or
(b) FGF21 lowers plasma glucose levels through its action on other
organs/tissues. Gene expression studies, as well as pyruvate toler-
ance tests, revealed that reduced gluconeogenesis is not necessary
for FGF21 to normalize blood glucose. Rather, it appears that acti-
vation of BAT and perhaps its effects on glucose uptake in other
tissues are critical factors in mediating the effects of FGF21 on car-
bohydrate metabolism. These data appear to contradict previous
studies showing that in obese ob/ob mice, FGF21 reduces hepatic
output during hyperinsulinemic clamp, without any modification
of glucose clearance by skeletal muscle or adipose tissue (27). How-
ever, in the latter study, the contribution of glucose uptake in BAT
was not evaluated, and leptin deficiency itself in ob/ob mice may
be a contributing factor to this difference. Therefore, despite the
ability of FGF21 to increase insulin sensitivity and reduce hepatic
glucose output, these events are not required to reestablish nor-
mal glucose control as long as other organs, such as WAT or BAT,
can compensate for this lack of action. In accordance with this, it
was previously reported that chronically delivered FGF21 not only
improves the ability of insulin to inhibit hepatic glucose outputin
DIO mice, but it also enhances insulin-stimulated glucose uptake
in muscle and BAT (17). Also, the glucose-lowering effect of FGF21
specifically in this tissue is abolished in mice deficient for FGFR1,
the main receptor for FGF21, in adipose tissue (18) and is also
abolished in lipoatrophic mice (30), further confirming the impor-
tance of this tissue in mediating FGF21 action on carbohydrate
metabolism. The insulin-independent glucose-lowering effect of
FGF21 may provide a therapeutic advantage in advanced cases of
type 2 diabetes, in which f cell function is severely impaired and
insulin becomes limiting. This is in contrast to insulin-sensitizing
compounds such as TZDs and metformin, which require some
insulin action in the liver to efficiently improve glucose tolerance
(31). FGF21 also controls insulin secretion by improving f cell
function and protecting it from apoptosis during obesity (32).

Our data suggest that activation of BAT and the browning of
white fat are responsible for the glucose-lowering effect of FGF21
in LIRKO mice at the whole-animal level. This is indicated by both
increased glucose uptake in BAT as well as by markedly increased
energy expenditure with FGF21 exposure. The exact mechanism
of this effect is unknown, but FGF21-augmented glucose uptake
in BAT may involve increased GLUT1 expression, as demonstrated
in studies of 3T3-L1 adipocytes and FGF21-dosed mice (7) and
in studies of BAT from LIRKO mice (Supplemental Figure 6). We
observed increased basal glucose uptake in WAT and BAT with
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FGF21 treatment, but insulin-driven stimulation of glucose
uptake in these tissues was not further enhanced by FGF21. In
LIRKO animals, FGF21 may also restore insulin sensitivity and
glucose uptake in mice on an HFD, especially in s.c. adipose tissue,
and may thereby contribute to an overall improvement in blood
glucose levels (not shown). Increased glucose uptake in BAT is pat-
alleled with an activation of this tissue (Supplemental Figure 6)
and a dramatic increase in energy expenditure. However, surgical
removal of iBAT did not abolish the metabolic effects of FGF21.
We also made a similar observation in a small number of LIRKO
mice, suggesting that increased metabolism is accountable for
FGF21 action to reduce blood glucose (data not shown). Although
the remaining and more widely dispersed brown adipocytes may
contribute to the residual beneficial effect of FGF21, these results
imply that the increased energy expenditure and weight loss
induced by FGF21 are not solely dependent on the activation of
this constitutive brown fat depot and might involve other tissues.
Indeed, we also observed browning of s.c. WAT, as evidenced by the
appearance of multilocular adipocytes and increased Ucpl expres-
sion in response to chronic FGF21 exposure (Figure 4, D and E).
Similar results were reported earlier (33). The identification of
brown fat in humans (34-36) and the fact that this depot can be
activated reinforce the interest in FGF21 for use in obese diabetic
patients. This increase in energy expenditure would promote a
diminution of obesity (37), a feature not common to other thera-
peutic agents used to treat type 2 diabetes such as thiazolidinedi-
ones or insulin, which are associated with weight gain (38, 39). The
role of FGF21, however, may be more complex, since one recent
report suggested that FGF21 KO mice are refractory to both the
beneficial and detrimental effects of thiazolidinediones, although
this has yet to be confirmed in other FGF21-null strains (40).

In contrast to the normalization of hyperglycemia, which can
occur without a direct effect on the liver, it appears that intact
hepatic insulin signaling is required for some of the action of
FGF21 on lipid metabolism. It also indicates that the liver is a crit-
ical target of FGF21 for producing its lipid-lowering action, sup-
ported by the findings that neither deletion of FGFR1 in fat (18)
nor lipoatrophy (30) impair FGF21 regulation of blood cholesterol
levels. Despite weight loss, we found that FGF21 was unable to
regulate cholesterol levels in LIRKO animals. The expression of the
ABCGS5 and ABCG8 transporters that mediate cholesterol efflux is
repressed by insulin via inhibition of FOXO1 (25). In LIRKO mice,
the expression of these transporters is markedly increased, and as a
result, biliary cholesterol secretion is augmented (25). We observed
that FGF21 enhanced the expression of these transporters in the
liver when the IR was expressed, but had no effect on the livers of
LIRKO mice. These data suggest that FGF21 counteracts insulin
action on the regulation of these genes. Similarly, we found that
the reduction of hepatic triglycerides induced by FGF21 was also
largely suppressed in the livers of LIRKO mice. On the other hand,
we observed no significant effect of FGF21 on plasma FFA and
triglyceride levels in control mice or in LIRKO mice with hepatic
insulin resistance. Interestingly, SCD1 is the most FGF21-down-
regulated gene in the liver and is the main direct target gene in
this tissue (18). ScdI encodes stearoyl-CoA desaturase 1 (SCD1), a
microsomal enzyme required for the rate-limiting step in the syn-
thesis of major monounsaturated fatty acids of membrane phos-
pholipids, triglycerides, and cholesterol esters, and appears to be a
major regulator of energy homeostasis. ScdI expression is elevated
in various mouse models of obesity, whereas its deletion prevents
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DIO, hepatosteatosis, and insulin resistance (41-43). One possi-
bility is that SCD1 regulates lipid oxidation by regulating ACC
and CPT1 activity. Through its effects on lipid saturation, SCD1
is also an important regulator of membrane fluidity (44). Scd1
expression is dramatically reduced in the livers of LIRKO mice
(45), and we found that its regulation by FGF21 was diminished.
ACC2 and CPT1a are also regulated by FGF21 (26), which might
exacerbate the effect of SCD1, and we found that their regulation
was also impaired in LIRKO mice. Together, these results suggest
that FGF21 action on lipid metabolism in the liver requires the
modulation of insulin action. Interestingly, FGF21 acts in the liver
to reduce lipogenesis and enhance lipid oxidation, whereas insulin
is well known for its lipogenic action in this organ.

The data from this study reveal a complex crosstalk between
FGF21 and insulin-related pathways for the regulation of carbo-
hydrate and lipid metabolism, involving both insulin-dependent
and insulin-independent mechanisms (Figure 7). Although some
effects of these two factors may be redundant, others appeared
to be opposite in nature. We found that both insulin and FGF21
could induce glucose uptake in common as well as in distinct tis-
sues, but they did so using different mechanisms. Whereas insu-
lin induced GLUT4 translocation in skeletal muscle and adipose
tissue within minutes, FGF21 appeared to work by increasing
GLUTT1 expression, and FGF21 acted mainly on glucose uptake
in WAT and BAT. Moreover, we observed that FGF21 exerted no
additive effect on insulin in vivo and that insulin’s effect was max-
imal and could not be enhanced by continuous FGF21 infusion
(Figure 3, C and D, and Supplemental Figure 5, E and F). In the
liver, insulin reduced PPARGC1A (46), whereas insulin upregu-
lates SREBP1C, resulting in an enhanced program of lipogenesis
(47,48). FGF21, on the other hand, induced PPARGC1A (49) and
repressed lipogenesis (50), favoring lipid oxidation (51). These
two glucose-lowering compounds also had different properties
with regard to weight control (17, 26, 39). Insulin induced weight
gain, whereas FGF21 induced weight loss, suggesting that a com-
bination of the two might be an appropriate approach for the
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Figure 7

Crosstalk between insulin and FGF21
for the regulation of metabolism. Red
arrows represent metabolic actions
controlled by insulin, blue arrows rep-
resent metabolic actions regulated by
FGF21, and white arrows represent the
metabolic outcome induced by dele-
tion of the IR. In LIRKO mice, insulin
lost its ability to regulate glucose and
lipid metabolism in the liver. In these
mice, FGF21 maintained its ability to
increase energy expenditure and reg-
ulate glucose homeostasis via adipose
tissue, but lost its ability to regulate lipid
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treatment of obesity-associated disorders by enhancing the glu-
cose-lowering efficacy of both FGF21 and insulin, without aug-
menting the deleterious effects of weight gain. Indeed, if insulin
promotes glucose use and storage in the form of triglycerides,
FGF21 might compensate for this excessive storage by enhancing
glucose clearance via increased energy expenditure.

In summary, FGF21 can normalize glycemia, even in situations
of complete hepatic insulin resistance. This feature is likely due
to an enhanced metabolic activity of FGF21 in WAT and BAT.
FGF21 and insulin act in opposing fashion in the control of
genes regulating lipid synthesis and oxidation. These data sug-
gest that FGF21 and insulin, when dosed together, constitute a
powerful combination for treating several metabolic disorders
including type 2 diabetes.

Methods
Animals. LIRKO mice were bred as previously described (24). Male control
(IRLox) and LIRKO animals were housed in an environmentally controlled
facility with a 12-hour light/12-hour dark cycle and had free access to food
and water. Mice were fed either a CD containing 22% of calories derived
from fat, 23% from protein, and 55% from carbohydrates (Mouse Diet 9F
5020; PharmaServ) or they were fed an HFD containing 60% of calories
derived from fat, 20% from protein, and 20% from carbohydrates (Open-
Source Diet D12492; Research Diets Inc.) for 7 weeks, starting at the age
of 7 + 1 week. Mice were treated with saline or FGF21 (1 mg/kg/day of
recombinant human FGF21; Eli Lilly) during the last 2 weeks of the 7-week
diet using an Alzet osmotic pump (DURECT) inserted s.c. after anesthesia
with ketamine/xalazine.

For some experiments, iBAT and the surrounding white fat tissue were
removed from the animals. For this, mice were anesthetized with Avertin
(tribromoethanol:tert-amyl alcohol, 0.015 ml/g i.p.), and an incision was
made in the interscapular region. The blood vessels entering and leav-
ing the fat pad were ligated and the pads removed. The same procedure
was performed for sham surgeries, except that the adipose tissue was
maintained. At the time of surgery, these mice were implanted with a
minipump delivering FGF21.
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Animal care and study protocols were approved by the Animal Care
Committee of the Joslin Diabetes Center and were in accordance with
NIH guidelines.

CLAMS and DXA analysis. Comprehensive lab animal monitoring sys-
tem (CLAMS) and DXA analysis were performed at the Joslin animal core
facility. Mice were housed individually in metabolic cages for 3 days, given
ad libitum access to food, and evaluated for ambulatory activity using an
OPTO-M3 sensor system (Columbus Instruments). A score of ambulatory
activity was determined by consecutive photobeam breaks occurring in
adjacent beams that were counted for 60 consecutive seconds for each of
the twelve cages, cycling five times per hour during two complete light/dark
cycles. Indirect calorimetry was measured in the same mice using an open-
circuit Oxymax system (Columbus Instruments). Mice were individually
housed in Plexiglass cages through which air of a known O, concentration
was passed at a constant flow rate. After a 48-hour acclimation period, the
exhaust air in each cage was consecutively sampled for 60 seconds every
12 minutes over a 72-hour period for mice in the fed state to determine O,
and CO; concentrations. Body composition of 14-week-old male, ad libitum
HFD-fed control and LIRKO mice was determined using DXA scanning
(Lunar PIXImus2 Densitometer; GE Healthcare) following anesthesia with
Avertin (tribromoethanol:tert-amyl alcohol, 0.015 ml/gi.p.; Sigma-Aldrich).

Blood and plasma analysis. Fed-state glucose levels were measured
between 9:00 am and 11:00 am in tail vein blood samples (Ascensia
Elite). Serum was collected in the morning from mice in a random
fed state, unless specified otherwise. Insulin was measured using a rat
insulin ELISA with mouse standards (Crystal Chem Inc.). Cholesterol,
triglycerides (Stanbio Laboratory), and FFAs (Wako) were measured
using colorimetric and enzymatic methods, respectively. FGF21 was mea-
sured by a mouse-specific ELISA (BioVendor Inc.).

Pyruvate challenge, insulin tolerance test, and glucose uptake in vivo. The pyru-
vate challenge test was performed 1 week after insertion of the Alzet pumps.
Animals were injected i.p. with 2 g pyruvate/kg of body weight 4 hours after
food removal, and glucose was measured at 0, 15, 30, 60, and 120 minutes.
Glucose uptake and insulin tolerance tests were performed 2 weeks after
insertion of the Alzet pumps. 2-deoxy-D-[1, 2-C*%(N)]glucose (10 uCi/30 g
of body weight) was injected with or without insulin (0.75 U/kg) into the
orbital vein of anesthetized animals (tribromoethanol:tert-amyl alcohol,
0.015 ml/gi.p.) starting 2 hours after food removal. Glucose was measured
in tail vein samples at 0, 2, 5, 15, 30, and 45 minutes after injection. Samples
of liver, skeletal muscle, perigonadal adipose tissue, s.c. adipose tissue, and
iBAT were taken at the end of the experiment and snap-frozen. Radioactiv-
ity was extracted and counted as previously described (52).

Analysis of gene expression by quantitative RT-PCR. Total RNA was isolated
using the RNeasy Mini kit (QIAGEN). RNA (1 ug) was used for reverse
transcription using the High Capacity cDNA reverse transcription kit
(Applied Biosystems). cDNA was diluted 1:20 and used for quantitative
RT-PCR (qPCR) using gene-specific primers and TaqgMan probes (Life
Technologies). Fluorescence was monitored and analyzed using an ABI
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Prism 7900 HT sequence detection system (Applied Biosystems). The rela-
tive expression for each condition was calculated using PP1A for liver and
36B4 or TBP for adipose tissue as the endogenous control. Heatmaps were
generated using GenePattern software (Broad Institute).

In vivo insulin signaling. On day 14 after pump insertion, animals were
fasted for 2 hours, anesthetized with Avertin (0.015 ml/gi.p.), and injected
via the inferior vena cava with 5 U insulin (humulin). Five minutes after
the insulin bolus, tissues were removed and frozen in liquid nitrogen.
Immunoblot analysis of insulin signaling molecules was performed
using tissue homogenates prepared with a tissue homogenization buffer
containing 25 mM Tris-HCl (pH 7.4), 10 mM Na3VO4, 100 mM NaF, 50
mM Na4P207, 10 mM EGTA, 10 mM EDTA, 2 mM phenylmethylsulfo-
nyl fluoride, and 1% nonidet-P40 supplemented with a protease inhibi-
tor cocktail (Sigma-Aldrich). Protein expression data were quantified by
densitometry using Image] software (NIH). Rabbit polyclonal anti-IRs
were purchased from Santa Cruz Biotechnology Inc., and anti-AKT, anti-
phospho-AKT (Ser473), anti-phospho-ERK, and anti-phospho-IR anti-
bodies were purchased from Cell Signaling Technology.

Histology analysis. Adipose tissues were fixed in 10% formalin buffer, and
sections were stained with H&E.

Triglyceride content. Lipids were extracted from the liver with a solution
containing KOH and ethanol, and glycerol was determined by enzymatic
measurement using the triglyceride quantification kit from Abnova,
according to the manufacturer’s instructions.

Calculations and statistics. All data are expressed as the mean + SEM. Statis-
tical analysis between multiple groups was determined with 2-way or 3-way
ANOVA using SigmaPlot 12.5 (Systat Software). When the data did not
demonstrate equal variance, nonparametric statistical assessment was used,
which consisted of (a) a pooled pairwise test on each variable, and (b) a Krus-
kal-Wallis test on the different groups, followed by pairwise Wilcoxon tests.
Statistical comparisons between two independent groups were calculated by
unpaired Student’s ¢ tests. Statistical significance was defined at P < 0.05.
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