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SUMMARY

Exercise promotes adipose remodeling and im-
proves obesity-induced metabolic disorders through
mechanisms that remain obscure. Here, we identify
the FGF21 signaling in adipose tissues as an obliga-
tory molecular transducer of exercise conferring its
metabolic benefits in mice. Long-term high fat diet-
fed obese mice exhibit compromised effects of
exogenous FGF21 on alleviation of hyperglycemia,
hyperinsulinemia, and hyperlipidemia, accompanied
with markedly reduced expression of FGF receptor-1
(FGFR1) and B-Klotho (KLB) in adipose tissues.
These impairments in obese mice are reversed by
treadmill exercise. Mice lacking adipose KLB are re-
fractory to exercise-induced alleviation of insulin
resistance, glucose dysregulation, and ectopic lipid
accumulation due to diminished adiponectin produc-
tion, excessive fatty acid release, and enhanced
adipose inflammation. Mechanistically, exercise in-
duces the adipose expression of FGFR1 and KLB
via peroxisome proliferator-activated receptor-
gamma-mediated transcriptional activation. Thus,
exercise sensitizes FGF21 actions in adipose tis-
sues, which in turn sends humoral signals to coordi-
nate multi-organ crosstalk for maintaining metabolic
homeostasis.

INTRODUCTION

Fibroblast growth factor-21 (FGF21) is an endocrine member of
the FGF superfamily critically involved in the regulation of energy
homeostasis, glucose and lipid metabolism, and insulin sensi-
tivity. Physiologically, FGF21 acts as a stress-responsive hor-
mone induced by a variety of cellular stressors such as starvation
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and cold challenge, which in turn facilitates the adaptation to the
stress environment by promoting gluconeogenesis, ketogen-
esis, and adaptive thermogenesis (Fisher et al., 2012; Inagaki
et al., 2007; Liang et al., 2014). Pharmacologically, administra-
tion of recombinant FGF21 protein has been shown to correct
obesity and its related metabolic disorders in both rodents and
non-human primates (Coskun et al., 2008; Kharitonenkov et al.,
2007). In patients with obesity and type 2 diabetes, chronic
administration of FGF21 analogs produces significant improve-
ments in dyslipidemia and modest reduction in body weight
and insulin resistance, but has minimal benefits on hyperglyce-
mia (Gaich et al., 2013; Talukdar et al., 2016). Paradoxically,
despite its multiple therapeutic benefits, circulating FGF21 was
elevated in obese subjects (Zhang et al., 2008) and was an inde-
pendent predictor for a cluster of cardiometabolic diseases
(Chen et al., 2011a; Chow et al., 2013; Li et al., 2013).

FGF21 utilizes the conventional FGF receptor-1 (FGFR1) and
the co-receptor B-Klotho (KLB) in cell surface to initiate the intra-
cellular signaling cascades in its target tissues, including brain,
adipose tissues, and pancreas (Fon Tacer et al.,, 2010; Ming
et al., 2012). In particular, adipose tissues, where both FGFR1
and KLB are abundantly expressed, are critical targets mediating
pleiotropic metabolic effects of FGF21 (Luo and McKeehan,
2013). In adipocytes, FGF21 promotes insulin-independent
glucose uptake, regulates lipolysis, induces adiponectin secre-
tion, and increases mitochondrial biogenesis (Fisher et al., 2012;
Ge et al., 2011; Lin et al., 2013; Park et al., 2016). Both fatless
mice and mice with adipocyte-specific deletion of FGFR1 or
KLB are resistant to the therapeutic benefits of FGF21 administra-
tion on insulin sensitivity, glucose tolerance, and lipid homeosta-
sis (Adams et al., 2012; Ding et al., 2012; Véniant et al., 2012).
Expression of the FGF21 receptor complex, especially KLB, is
repressed in adipose tissues of dietary obese mice as well as
obese humans (Li et al., 2018), which may account for FGF21
resistance observed in several animal-based studies (Fisher
et al., 2010; Ge et al., 2011). Indeed, transgenic overexpression
of KLB in adipose tissue is sufficient to enhance FGF21 response
and combat dietary obesity in mice (Samms et al., 2016).
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Figure 1. Dynamic Changes in Circulating FGF21, Expression of FGF21 Receptors, and FGF21 Sensitivity in Dietary Obese Mice
10-week-old male C57BL/6J mice were fed with standard chow (STC) or high fat diet (HFD) for 0, 4, 8, and 12 weeks as specified.
(A) Serum FGF21 levels measured by ELISA (n = 7-9, **p < 0.01 versus STC at the same time point).

(legend continued on next page)
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Regular exercise is a non-pharmacological polypill for preven-
tion and treatment of obesity-related cardiometabolic diseases
through modulation of metabolism and function of multiple or-
gans, including skeletal muscle, adipose tissue, brain, and heart
(Bostrom et al., 2013). In adipose tissue, exercise training re-
duces lipid content and inflammation, regulates browning and
thermogenesis, as well as modulates production of adipokines
(Gorgens et al., 2015; Stanford et al., 2015a; Thompson et al.,
2012). However, how exercise causes such adipose remodeling
and whether or not adipose actions of exercise contribute to sys-
temic improvement of insulin sensitivity and glucose homeosta-
sis remain undetermined. FGF21 has been identified as an exer-
cise-responsive factor in both rodents and humans. Circulating
FGF21 is elevated by both maximal and submaximal acute exer-
cise in lean subjects (Kim et al., 2013) but is reduced after long-
term exercise in obese or elderly individuals (Taniguchi et al.,
2016; Yang et al., 2011), as well as in obese rodents (Fletcher
et al., 2012). Given that adipose tissue is an important target of
FGF21, we investigated whether FGF21 signaling mediates the
adipose remodeling of exercise, and whether adipose actions
of FGF21 confer the systemic effects of exercise on glucose
and lipid metabolism and insulin sensitivity in mice.

RESULTS

Long-Term HFD Leads to FGF21 Resistance in Adipose
Tissues

Consistent with previous studies (Fisher et al., 2010; Hale et al.,
2012), the serum levels of FGF21 in C57BL/6J mice were gradu-
ally increased in response to high fat diet (HFD). Although there
was no significant difference between HFD- and standard
chow (STC)-fed groups at 4 weeks, serum levels of FGF21
were ~6-fold higher than STC-fed mice after 12 weeks of HFD
feeding (Figure 1A). Similarly, mice fed with HFD exhibited a
progressively increased FGF217 mRNA expression in the liver
(Figure 1B; Table S1), which is the primary organ for production
of circulating FGF21 (Markan et al., 2014). To evaluate FGF21

sensitivities at different stages of dietary obesity in vivo, age-
matched mice fed with HFD for 0, 4, and 12 weeks were treated
with recombinant mouse FGF21 (rmFGF21) protein (0.5 mg/kg
body weight) or saline by intraperitoneal injection. In mice fed
with HFD for 0 and 4 weeks, administration of rmFGF21 signifi-
cantly lowered blood glucose and serum levels of insulin, triglyc-
erides (TG), and free fatty acids (FFAs) (Figure 1C; Table S2),
whereas such effects of rmFGF21 were largely compromised
in mice fed with HFD for 12 weeks. An obvious pharmacological
response in 12-week HFD-fed mice was observed when the
dose of rmFGF21 was increased to 5 mg/kg body weight (Fig-
ure 1D; Table S8), which resulted in an ~15-fold elevation
of serum FGF21 concentrations than dose of 0.5 mg/kg (Fig-
ure 1E), suggesting that long-term dietary obesity blunts
FGF21 sensitivity and causes FGF21 resistance, whereas the
maximal responsiveness remains intact.

FGF21 exerts its metabolic actions by binding to a receptor
complex between FGFR1 and KLB (Lee et al., 2018; Ming
et al.,, 2012). We next analyzed the expression patterns of
FGFR1 and KLB in several major target tissues of FGF21 during
the development of dietary obesity. Surprisingly, 4-week HFD
feeding upregulated mRNA and protein levels of FGFR1 and
KLB in epididymal white adipose tissue (WAT), subcutaneous
WAT (data not shown), and brown adipose tissue (BAT), whereas
prolonged HFD feeding for 12 weeks markedly suppressed the
expression of both FGFR1 and KLB in these adipose depots (Fig-
ures 1F-1H; Table S1). Expression of FGFR1 or KLB in other
FGF21 target tissues, including liver, pancreas, skeletal muscle,
and hypothalamus, did not show significant changes during
either short-term or long-term HFD feeding (Figures 1F and
1G; Table S1), suggesting that adipose tissues are perhaps the
main organ contributing to FGF21 resistance caused by chronic
HFD. Indeed, FGF21-¢elicited post-receptor signaling events in
adipose tissues, including phosphorylation of the MAP kinase
Erk1/2 (Thr202/Tyr204), and expression of the transcription fac-
tor early growth response 1 (EGR17) and glucose transporter 1
(Glutt), were abrogated in mice fed with HFD for 12 weeks, but

(B) Heatmap represents the relative FGF21 mRNA expression levels in liver, epididymal WAT, BAT, pancreas, and gastrocnemius muscle collected at different
time intervals under HFD challenge and measured by real-time PCR (see color scale). The absolute mean and SEM value of each group are provided in Table S1
(n=5).

(C) 0.5 mg/kg body weight of rmFGF21 or saline was intraperitoneally (i.p.) injected into age-matched mice on HFD for 0, 4, and 12 weeks. Blood glucose and
serum levels of insulin, TG, and FFAs were measured at 180 min, 120 min, 120 min, and 90 min after injection, respectively. Fold change over basal level (0 min)
was calculated (n = 6-7). The absolute mean + SEM values of each group are provided in Table S2. n.s., not significant.

(D) Mice fed with HFD for 12 weeks were i.p. injected with 5 mg/kg body weight of rmFGF21 or saline. Blood glucose and serum levels of insulin, TG, and FFAs
were measured at 180 min, 120 min, 120 min, and 90 min after injection, respectively. Fold change over basal level (0 min) was calculated (n = 6-7). The absolute
mean + SEM values of each group are provided in Table S3.

(E) Mice fed with HFD for 12 weeks were i.p. injected with saline, 0.5 mg/kg, or 5 mg/kg body weight of rmFGF21 protein. Serum FGF21 levels were measured by
ELISA at 90 min after injection (n = 6-7).

(F and G) Heatmap represents the relative FGFR1 (F) and KLB (G) mRNA expression levels in liver, epididymal WAT, BAT, pancreas, gastrocnemius muscle, and
hypothalamus collected at different time intervals under HFD challenge and measured by real-time PCR (see color scale). The mean value and SEM value of each
group are provided in Table S1 (n = 5).

(H) Representative immunoblotting for FGFR1 and KLB in epididymal WAT and BAT collected at different time intervals under HFD challenge and quantification by
normalization to tubulin after densitometric quantification of protein bands (n = 4, #p < 0.05, compared with FGFR1 level at week O; *p < 0.05, compared with KLB
level at week 0).

(I-K) 0.5 mg/kg body weight of rmFGF21 or saline was i.p. injected into age-matched mice on HFD for 0, 4, 8, and 12 weeks. Adipose tissues were collected at
10 min after injection and subjected to immunoblotting analysis for total or phosphorylated Erk (Thr202/Tyr204) (1), or collected at 90 min after injection and
subjected to real-time PCR analysis for quantification of EGRT mRNA levels (J), or collected at 6 h after injection and subjected to real-time PCR analysis for
quantification of Glut?T mRNA levels (K) (n = 5).

Data are represented as mean + SEM, *p < 0.05, **p < 0.01. Representative data from three independent experiments are shown.
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Figure 2. Exercise Induces Expression of
the FGF21 Receptor Complexes in Adipose
Tissues and Attenuates Diet-Induced
FGF21 Resistance in Obese Mice

For (A)-(l), 10-week-old male C57BL/6J mice were
fed with STC or HFD for 12 weeks as lean or obese
groups respectively. The exercised obese (ob+ex)
mice were subjected to treadmill running at the
last 4 weeks during total 12-week-HFD feeding.
For (J)—(L), 10-week-old male C57BL/6J mice fed
with HFD for 12 weeks were divided into two
groups, sedentary group (Se) and exercised group
(Ex). The exercised mice received 3-day treadmill
training.

(A) Body weight and fat mass monitored using a
rodent body composition analyzer (n = 6-7).

(B and C) The relative mRNA levels of FGFR1
(B) and KLB (C) in epididymal WAT and BAT
measured by real-time PCR and normalized to
B-actin gene (n = 5).

(D) Representative immunoblotting for FGFR1
and KLB in epididymal WAT and BAT (left) and
quantification of their relative expression levels
with densitometry (right) (n = 6). Tubulin, internal
control.

(E) Serum FGF21 levels measured by ELISA
(n=8-12).

(F) Hepatic FGF21 mRNA levels measured by real-
time PCR and normalized to $-actin gene (n = 6).
(G) Mice were i.p. injected with 0.5 mg/kg body
weight of rmFGF21 or saline. Blood glucose and
serum levels of insulin, TG, and FFAs were
measured at 180 min, 120 min, 120 min, and
90 min after injection, respectively. Fold change
over basal level (O min) was calculated (n = 5-6).
The absolute mean + SEM values of each group
are provided in Table S4.

(H and 1) 0.5 mg/kg body weight of rmFGF21 or
saline was i.p. injected into mice. Adipose tissues
were collected at 10 min after injection and
subjected to immunoblotting analysis for total
or phosphorylated Erk (Thr202/Tyr204) (H), or
collected at 90 min after injection and subjected to
real-time PCR analysis for quantification of EGR1
mRNA levels (I) (n = 5).

(J) Body weight and fat mass monitored using a
rodent body composition analyzer (n = 5). n.s., not
significant.

(K) Representative immunoblotting for FGFR1 and
KLB in epididymal WAT and BAT. Tubulin, internal
control.

(L) Mice were i.p. injected with 0.5 mg/kg body
weight of rmFGF21. Blood glucose and serum

levels of insulin, TG, and FFAs were measured at 180 min, 120 min, 120 min, and 90 min after injection, respectively. Fold change over basal level (0 min) was

calculated (n = 5). The absolute mean + SEM values of each group are provided in Table S5.

Data are represented as mean + SEM, *p < 0.05, **p < 0.01. Representative data from three independent experiments are shown. See also Figure S1.

not for 4 weeks (Figures 1l1-1K). Collectively, long-term HFD Therefore, we next investigated whether exercise can reverse
challenge leads to selective FGF21 resistance in adipose tissues FGF21 resistance associated with dietary obesity. To this end,

of mice. male C57BL/6J mice on HFD for 8 weeks were subjected to

treadmill training for another 4 weeks. The body weight and fat
Exercise Reverses Long-Term HFD-Induced FGF21 mass in the exercised mice were reduced by 17.7% and
Resistance Independent of Adiposity 35.4%, respectively, compared to HFD fed-mice with sedentary

FGF21 has been proposed as an important mediator for physical  lifestyle but remained much higher than age-matched lean mice
exercise-induced metabolic benefits in mice (Loyd et al., 2016).  fed with STC (Figure 2A). On the other hand, 4-week treadmill
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exercise led to a marked reversal of HFD-induced downregula-
tion of FGFR1 and KLB in both WAT and BAT (Figures 2B-2D),
whereas it had no obvious effects on several other FGF21 target
tissues examined (Figures S1A and S1B). In parallel, HFD-
induced elevations of both circulating levels of FGF21 and hepat-
ic FGF21 mRNA expression were markedly reduced by exercise
training to levels comparable to STD-fed lean mice (Figures 2E
and 2F). In response to a single injection of rmFGF21 protein
(0.5 mg/kg body weight), exercised obese mice exhibited
much greater reductions in blood glucose levels and serum
levels of insulin, TG, and FFAs compared to sedentary obese
mice (Figure 2G; Table S4). Furthermore, the induction of
Erk1/2 phosphorylation and EGR1 expression in adipose tissues
of exercise-trained mice by rmFGF21 was significantly stronger
than in sedentary obese mice (Figures 2H and 2I).

To further exclude the possibility that the improvement in
FGF21 sensitivity of exercised mice is secondary to the body
weight reduction, we also tested the effects of rmFGF21 in
HFD-fed obese mice receiving short-term treadmill training
(3 days), which had no obvious effects on body weight or fat
mass (Figure 2J). Notably, 3 days of treadmill exercise was suffi-
cient to upregulate the expression of both FGFR1 and KLB in
WAT and BAT (Figure 2K), accompanied by significantly improved
metabolic benefits of rmFGF21 on glucose and lipid metabolism
compared to sedentary obese mice (Figure 2L; Table S5), sug-
gesting that both long-term and short-term exercise can alleviate
obesity-induced FGF21 resistance by upregulating adipose
FGFR1 and KLB, independent of changes in adiposity.

Adipose Actions of FGF21 Are Obligatory in Mediating
the Metabolic Benefits of Exercise on Systemic Insulin
Sensitivity and Glucose Homeostasis

The tissue specificity of FGF21 is determined by its co-receptor
KLB, a single transmembrane glycoprotein, which is highly ex-
pressed in adipose tissues (Kurosu et al., 2007). To investigate
whether upregulated adipose KLB mediates the systemic bene-
fits of exercise, we generated adipocyte-specific KLB knockout
(KIb mice by crossing loxP-flanked Kib”" mice with adiponec-
tin-cre transgenic mice in C57BL/6J background (Huang et al.,
2017; Li et al., 2018). Consistent with a previous study (Ding
et al., 2012), Kb mice grew normally and showed a compara-
ble body weight, fat mass, blood glucose level, and insulin sensi-
tivity with KIb” littermates on both STC and HFD (Figures S2A-
S2D). 4-week treadmill exercise training significantly reduced
HFD-induced elevation of body weight to a similar extent be-
tween KIb” and KIb® mice (Figure 3A), but the exercised Kb
mice had less weight of epididymal WAT but more liver weight
than exercised KIb” mice (Figure 3B). Exercise increased energy
expenditure and food intake in both Kib” and Kib® mice, but
there were no obvious differences between the two groups (Fig-
ures S3A-S3C). In line with a previous study (Ding et al., 2012),
there were no obvious differences in glucose excursions during
glucose tolerance test (GTT) and insulin tolerance test (ITT) be-
tween the two groups of HFD-fed mice without exercise training
(Figures 3C and 3D). As expected, treadmill exercise for 4 weeks
markedly alleviated HFD-induced glucose intolerance, insulin
resistance, and hyperinsulinemia in Kib”" mice, whereas such
effects of exercise were significantly attenuated in Kb mice
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(Figures 3C-3E). Likewise, the effects of treadmill exercise on
reduction of circulating TG and FFAs were largely compromised
in KIb® mice compared to KIb”" mice (Figures 3F and 3G).
Furthermore, exercise-induced reduction of serum FGF21 levels
(Figure 3H) and its hepatic mRNA expression (Figure 3l) were
significantly compromised in Kib® mice. In summary, mice
lacking adipose KLB were refractory to exercise-induced im-
provements of glycemic control and lipid homeostasis.

To further test whether FGF21 signaling is obligatory for
exercise-induced metabolic benefits, we also compared the ef-
fects of treadmill exercise between FGF21 knockout (FGF21~77)
mice and their wild-type (FGF21**) littermates. Similar to the
results observed from Kib®¥ mice, FGF21~/~ mice had similar
body weights, less epididymal WAT weight, but more liver weight
than FGF21** mice after exercise training (Figures S4A and
S4B). Expectedly, the beneficial effects of exercise on attenua-
tion of glucose intolerance, insulin resistance, and hyperinsuline-
mia were significantly compromised in FGF21~~ mice (Figures
S4C-S4E). Furthermore, lack of FGF21 weakened the effects
of exercise on lowering circulating TG and FFAs levels in dietary
obese mice (Figures S4F and S4G).

FGF21 Mediates Exercise-Induced Alleviation of
Obesity-Induced Ectopic Lipid Accumulation and Insulin
Insensitivity in Non-adipose Organs by Adipose
Remodeling
To investigate how FGF21 acts on adipose tissues to regulate
whole body glucose and lipid homeostasis during exercise, we
next compared histological and molecular changes between
HFD-fed dietary obese Klb®® mice and Kib”" mice in response
to treadmill training. Consistent with the changes in liver weight
(Figure 3B), exercise-induced reduction of hepatic lipid deposi-
tion was observed in both genotypes. However, the exercised
KIb”* mice exhibited much greater degree of reduction in hepatic
steatosis and hepatic levels of TG and FFAs than those exercised
KIb® mice (Figures 4A-4C). Likewise, exercise-induced
decrease of lipid accumulation in skeletal muscle of Kb mice
was significantly compromised as compared to KIb” mice (Fig-
ures 4B and 4C). Furthermore, exercise-induced fatty acid oxida-
tion (FAO) and the expression of genes related with fatty acids
B-oxidation were reduced in liver and skeletal muscle of Kib2®
mice compared with their Kib™" littermates (Figures 4D and 4E).
Similar to KIb?¥ mice, exercised FGF21~/~ mice also showed
higher lipid contents and lower FAO capacities in the liver and
skeletal muscle than exercised wild-type littermates (Figures
S5A-S5C). Biochemical analysis showed that the magnitude of
exercise-induced alleviation in liver injury, as estimated by serum
alanine aminotransferase (ALT) levels was also reduced in Klb®
or FGF21~~ mice compared to their respective wild-type
controls (Figures 4F and S5F). Additionally, both KIb®¥ and
FGF21~~ mice were partially resistant to chronic exercise-
induced mitochondrial biogenesis in skeletal muscle, as evi-
denced by reduced mitochondrial DNA content (Figures 4G
and S5G) and expression of genes related with mitochondrial
biogenesis after exercise intervention (Figures 4H and S5H).
Expectedly, exercise-induced improvement of insulin sensitivity
was compromised in the liver and gastrocnemius muscle of mice
lacking FGF21 actions in adipose tissues, as demonstrated by
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lifestyle (Se) at the last 4 weeks during total
12-week-HFD feeding.

(A) Schematic representation of experimental
design (top) and dynamic changes of body weight
of KIb” and Kb mice during the whole experi-
ments (bottom) (n = 7-11,"p < 0.01 compared
with exercised mice of the same genotype).
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Akt phosphorylation (Ser473) after insulin stimulation (Figures 41
and 4J). Taken together, these findings suggest that the meta-
bolic benefits of exercise in non-adipose organs, including liver
and skeletal muscle, are mediated, at least in part, by FGF21 ac-
tions in adipose tissues.

We next interrogated how adipose actions of FGF21 lead to
increased FAO and decreased lipid accumulation in distal or-
gans after exercise intervention. First, given the critical roles of
adiponectin in promoting FAO of liver and skeletal muscle (Ya-
mauchi et al., 2002), and in mediating the therapeutic benefits
of FGF21 in distant organs (Holland et al., 2013; Lin et al.,
2013), we hypothesized that adiponectin is one of the potential
mediators. In line with previous studies (Garekani et al., 2011;
Kriketos et al., 2004), chronic exercise led to a significant eleva-
tion in serum adiponectin levels and adiponectin expression in
adipose tissue of both Kib” and Kb mice (Figures 5A and
5B). However, the degree of exercise-induced elevation of adi-
ponectin expression and its circulating concentration in Klb®
mice was much smaller than those in KIb” mice (Figures 5A
and 5B). Likewise, we also observed that exercised FGF21~/~

*
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(B) Wet weights of epididymal WAT (Epi), subcu-
N taneous WAT (Sub), BAT, and liver (n = 7-10).
(C) GTT performed at the third week of exercise
training and area under curve (AUC) during GTT
(n = 7-11, *KIb”"-ex versus Kib®¥-ex).
(D) ITT performed at the last week of exercise
training and AUC during ITT (n = 7-9, *KIb"-ex
versus Klb3%-ex).
(E) Serum fasting insulin levels measured by ELISA
at the end of experiment (n = 7).
(F and G) Serum fasting triglyceride (TG) (F) and
free fatty acids (FFAs) (G) levels measured by
biochemical analysis at the end of experiment
(n=7-11).
(H) Serum feeding FGF21 levels measured by
ELISA at the end of experiment (n = 7).
(I) Hepatic FGF21 mRNA levels measured by real-
time PCR and normalized to $-actin gene (n = 6).
Data are represented as mean + SEM, *p < 0.05,
**p < 0.01. Representative data from three inde-
pendent experiments are shown. See also Figures
S2-54.
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mice had lower adiponectin levels in
both circulation and local adipose
depot when compared with exercised
FGF21** mice (Figures S5 and S5J).
Second, considering FGF21 inhibits adipose lipolysis and re-
duces FFAs influx to non-adipose organs (Arner et al., 2008;
Chen et al., 2011b; Li et al., 2009), we next investigated whether
such adipose actions of FGF21 contribute to the beneficial ef-
fects of exercise on depletion of ectopic lipid accumulation.
Consistent with less wet weight of epididymal WAT after exercise
(Figure 3B), the exercised KIb®¥ mice had much smaller white
adipocytes than the exercised KIb” mice (Figure 5C), accompa-
nied by significantly higher lipolytic activities (Figure 5D) due to a
greater degree of increased adipose TG lipase (ATGL) and phos-
phorylation of hormone-sensitive lipase (HSL, Ser660) after exer-
cise intervention (Figure 5E). Similar to KIb® mice, exercised
FGF21~/~ mice also had smaller white adipocytes, higher lipo-
lytic activities and more lipolytic enzymes in epididymal WAT
than those of exercised wild-type littermates (Figures S5K-
S5M), suggesting that the lack of FGF21 actions in adipose
tissues may exacerbate exercise-induced lipolysis and adi-
pose-derived FFAs influx to liver and skeletal muscle.
Third, given the suppressive effect of FGF21 on adipose tis-
sue-derived inflammatory factors (Asrih et al., 2015; Li et al,,
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Figure 4. Mice with Adipocyte-Specific
Ablation of KLB Are Resistant to Exercise-
Induced Alleviation of Ectopic Lipid Accu-
mulation and Insulin Resistance in Non-
adipose Organs

10-week-old male KIb” and Kib® mice fed with
HFD were subjected to sedentary lifestyle (Se) or
treadmill exercise (Ex) for 4 weeks as described in
Figure 3.
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real-time PCR and normalized to (-actin gene
(n =6).
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chondrial cytochrome B (CytB) gene and normal-
ized to genomic DNA by amplification of the
large ribosomal protein p0 (36B4) nuclear gene
(n=6).

(H) Expression levels of genes related with
mitochondrial biogenesis (PGC-71a, peroxi-
some proliferator-activated receptor gamma
coactivator-1 alpha; Nrf-1, nuclear respiratory
factor-1; Tfam, mitochondrial transcription
factor A) in gastrocnemius muscle as quantified
by real-time PCR and normalized to 8-actin gene
(n =6).

(I and J) 0.5 U/kg body weight of insulin or saline
was injected via inferior vena cava. Liver and
gastrocnemius muscle were collected at 15 min
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after injection and subjected to immunoblotting analysis for total or phosphorylated Akt (Ser473). The relative levels of p-Akt/t-Akt in liver (I) and gastrocnemius

muscle (J) were quantified with densitometry (n = 4).

Data are represented as mean + SEM, *p < 0.05, **p < 0.01. Representative data from three independent experiments are shown. See also Figure S5.

2018), which are well known to induce dysfunction of lipid meta-
bolism and insulin resistance in distant organs (Reilly and Saltiel,
2017), we next investigated whether FGF21 signaling in adipose
tissues contributes to exercise-induced alleviation of metabolic
inflammation. As expected, chronic exercise led to a significant
downregulation of inflammatory genes, including tumor necrosis
factor alpha (TNF-a), monocyte chemoattractant protein-1
(MCP-1), interleukin (/L)-18, and the macrophage surface marker
F4/80, in WAT of KIb” mice (Figure 5F), accompanied with
reduced serum levels of TNF-a and IL-1B (Figures 5G and 5H).
However, such an effect of exercise on suppression of metabolic
inflammation was significantly compromised in KIb® as well as
in FGF21~/~ mice (Figures 5F-5H and S5N-S5P). Collectively,
enhanced FGF21 actions in adipose tissues on induction of adi-
ponectin production, inhibition of FFAs efflux, and suppression
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of metabolic inflammation may contribute to the beneficial ef-
fects of exercise on alleviation of insulin resistance, glucose
and lipid dysregulation and ectopic lipid accumulation.

Exercise-Induced Upregulation of Adipose FGFR1 and
KLB Depends on PPARY

As our data showed that exercise-induced FGF21 sensitization
and metabolic benefits are attributed to upregulation of FGF21
receptor complexes, we next investigated how treadmill exer-
cise promotes their expression in adipocytes. Previous studies
demonstrated exercise training robustly activated peroxisome
proliferator-activated receptor-gamma (PPARY) in both rodents
and humans, while treatment of the PPARy agonist rosiglitazone
promoted adipose expression of both FGFR1 and KLB (Diaz-
Delfin et al., 2012; Petridou et al., 2007; Ruschke et al., 2010).
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Figure 5. Exercise-Induced Adipose Remodeling Is Diminished by Adipocyte-Specific Ablation of KLB
10-week-old male Kib”" and KIb®@ mice fed with HFD were subjected to sedentary lifestyle (Se) or treadmill exercise (Ex) for 4 weeks as described in Figure 3.

(A) Serum levels of total adiponectin measured by ELISA (n = 7).

(B) Representative immunoblotting for total adiponectin in epididymal WAT (top) and quantification of relative expression levels with densitometry (bottom) (n = 4).

Tubulin, internal control.

(C) H&E staining of epididymal WAT sections (left) and quantification of average adipocyte size (right, n = 4, total 200 adipocytes were counted in each sample).

Scale bars, 50 pm.

(D) Lipolytic activities of epididymal WAT (right), as measured by glycerol release from adipose explant in conditioned medium (left) (n = 6).
(E) Representative immunoblots for expression of lipolytic enzymes in epididymal WAT (top), and quantification of relative expression levels with densitometry

(bottom, n = 4). Tubulin, internal control.

(F) Relative mRNA levels of inflammation-related genes (TNF-«, tumor necrosis factor-a; MCP-1, monocyte chemoattractant protein-1; /IL-18, interleukin-1p; IL-6,
interleukin-6; F4/80, adhesion G protein-coupled receptor E1) in epididymal WAT as quantified by real-time PCR and normalized to B-actin gene (n = 6-8).

(G) Serum TNF-a. levels measured by ELISA (n = 8).
(H) Serum IL-1B levels measured by ELISA (n = 7-8).

Data are represented as mean + SEM, *p < 0.05, **p < 0.01. Representative data from three independent experiments are shown. See also Figure S5.

Therefore, we explored whether exercise-induced upregulation
of adipose FGFR1 and KLB expression is mediated by PPARY.
Treadmill exercise for 4 weeks increased the activity of PPARYy
in epididymal WAT of dietary obese mice (Figure 6A), as
measured by PPARy nuclear DNA-binding activity assay. Daily
administration with GW9662 (a specific PPARY inhibitor) for
4 weeks significantly reduced exercise-induced increase in adi-
pose PPARYy activity (Figure 6A) and also abrogated the effects
of exercise on induction of FGFR1 and KLB at both mRNA and

protein levels (Figures 6B-6D). In silico analysis found that the
proximal murine FGFR1 promoter contains two putative PPAR-
responsive elements (PPREs) located at positions —1,722
(PPRE1) and —453 (PPRE2) relative to the transcription starting
site (Figure 6E) while the murine KLB promoter contains two po-
tential PPREs located at positions —1,609 (PPRE1) and —1,080
(PPRE2), respectively (Figure 6F). To determine whether these
potential PPREs mediate the induction of these two genes by
PPARY, we constructed the luciferase reporters driven by the
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murine FGFR1 (—1,940/+35) and KLB promoter (—1,954/+21), or
mutated promoters, in which one or two core motif of -AAAG-
within the predicted PPREs was mutated into -GCCA- (Couture
and Blouin, 2011) (Figures 6E and 6F). Overexpression of PPARYy
significantly increased the promoter activities of FGFR1 and KLB
in HEK293 cells when compared with those transfected with
empty vector as controls (Figures 6G and 6H). Mutation analysis
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Figure 6. Exercise Induces Upregulation of
FGFR1 and KLB by Activation of PPARY in
Adipose Tissue

(A) 10-week-old male C57BL/6J mice were fed
with HFD for 8 weeks, and were then treated
with 10 mg/kg body weight of GW9662 or vehicle
(1% methylcellulose) by daily oral gavage, with
or without treadmill exercise training (Ex) (top).
PPARy DNA binding activities in epididymal
WAT were measured after 4 weeks of treatment
(bottom) (n = 6).

(B and C) Relative mRNA expression levels of
FGFR1 (B) and KLB (C) in epididymal WAT
measured by real-time PCR and normalized to
B-actin gene (n = 6).

(D) Representative immunoblots for FGFR1 and
KLB in epididymal WAT. Tubulin, internal control.
(E and F) Schematic diagram showing locations of
two predicted PPARY response elements (PPREs)
within the 5’ flanking regions of murine FGFR1 (E)
and KLB (F) gene as identified by in silico analysis
with Matinspector software and Dragon PPRE
Spotter v.2.0. The site-directed mutation points
were highlighted in blue and red, respectively.

(G and H) Cell-based luciferase reporter assays
were performed in HEK293 cells co-transfected
with luciferase-expressing vectors driven by the
FGFR1 (—1,940/+35) promoter (G) or the KLB
promoter (—1,954/+21) (H), or the mutant pro-
moters in which one or two PPREs were mutated,
together with PPARY expression plasmid or empty
plasmid as control for 48 h. The firefly luciferase
activity was measured and normalized to Renilla
luciferase activity (n = 6).

(I and J) 3T3-L1 cells at different days (0, 4, or 8)
after induction for adipogenic differentiation
were subjected to chromatin immunoprecipitation
(ChIP) analysis with a rabbit anti-PPARy poly-
clonal antibody or non-immune rabbit IgG as
control. The precipitated chromatin was analyzed
by real-time PCR using primers to the FGFR1 (|)
or KLB (J) proximal promoter (—493/—362 for
FGFR1, —1,710/—1508 for KLB) or a control region
located ~6 kb upstream of this sequence (—5,971/
—5,834 for FGFR1, —5,944/-5,839 for KLB),
respectively (n = 4, *compared with day 0).

(K and L) ChIP assays with a rabbit PPARY poly-
clonal antibody were performed in adipose tissues
of obese, exercised obese, and lean mice (the
same samples as described in Figure 2) using
primers spanning to the FGFR1 (K) and KLB (L)
proximal promoters as described above. Non-
immune IgG was used as control (n = 4).

Data are represented as mean + SEM, *p < 0.05,
**p < 0.01. Representative data from three
independent experiments are shown. See also
Figure S6.

showed that mutating PPRE2 in the FGFR1 promoter and PPRE1
in KLB promoter resulted in a much greater loss of their PPARY
responses, and mutation of both PPREs completely abolished
PPARy-mediated activation of the FGFR1 and KLB promoters
(Figures 6G and 6H).

To determine whether PPARY binds to the FGFR1 or KLB pro-
moter in adipocyte, chromatin immunoprecipitation assays were



performed in 3T3-L1 cells under adipogenic differentiation for
different days. The binding of PPARy to the PPRE region of
FGFR1 promoter (—493/-362) and KLB promoter (—1,710/
—1,508) were gradually increased during adipogenic differentia-
tion of 3T3-L1 cells, but not in the control regions (—5,971/
—5,834 for FGFR1, —5,944/—-5,839 for KLB) (Figures 6l and
6J). Additionally, chronic exercise significantly reversed HFD-
induced reduction in PPARy binding to the PPRE-containing
promoter regions of both FGFR1 and KLB in epididymal WAT
(Figures 6K and 6L). Taken together, these results suggest that
chronic exercise-induced upregulation of adipose FGFR1 and
KLB is mediated by PPARY.

In addition, because FGF21 also promotes PPARYy activity in
adipocytes (Dutchak et al., 2012; Lin et al., 2013), it suggests a
positive feedback loop between FGF21-PPARy-FGFR1/KLB
upon chronic exercise. Indeed, in our exercised model, both
FGF21~/~ and KIb®! mice were refractory to chronic exercise-
induced upregulation of PPARYy activity when compared with
wild-type (WT) mice (Figures S6A and S6B).

Rosiglitazone Mimics the Effects of Exercise to Reduce
FGF21 Resistance in Obese Mice

Given that PPARy mediates exercise-induced expression of the
FGF21 receptor complexes in adipose tissue, we next investi-
gated whether rosiglitazone could mimic the metabolic benefits
of exercise by enhancing FGF21 sensitivity in dietary obese
mice. Consistent with a previous study (Diaz-Delfin et al., 2012),
administration of rosiglitazone effectively reversed HFD-reduced
mRNA and protein levels of FGFR1 and KLB in adipose tissues
(Figures 7A=7C). In parallel, both the serum FGF21 levels and he-
patic FGF21 mRNA levels were decreased by rosiglitazone treat-
ment (Figures 7D and 7E). Notably, the impaired responses of
dietary obese mice to a single bout of rmFGF21 (0.5 mg/kg
body weight), including reductions in blood glucose and serum
levels of insulin, TG, and FFAs, were all restored by rosiglitazone
treatment to a level comparable to lean mice (Figure 7F; Table
S6). Furthermore, rosiglitazone treatment also restored the sensi-
tivity of FGF21 in induction of phosphorylation of Erk and EGR1
expression in adipose tissues (Figures 7G and 7H), suggesting
that the PPARY agonist has similar FGF21-sensitizing effects as
exercise by induction of adipose FGFR1 and KLB.

To further examine whether rosiglitazone exerts its metabolic
benefits by enhancing FGF21 signaling in adipose tissues, we
compared the effects of rosiglitazone treatment in Kib”" and
KIb® mice with dietary obesity. In line with previous studies
(Diaz-Delfin et al., 2012; Dutchak et al., 2012), 2-week rosiglita-
zone treatment had minimal effects on body weight (Figure 71).
However, it significantly reduced glucose intolerance and insulin
resistance in obese KIb”" mice, whereas such therapeutic bene-
fits of rosiglitazone were significantly compromised in obese
KIb®¥ mice, as determined by glucose and insulin tolerance tests
(Figures 7J and 7K). Likewise, the effects of rosiglitazone treat-
ment on reduction of serum insulin and elevation of circulating
adiponectin in obese Klb®¥ mice were markedly attenuated
when comparing to those in obese KIb”" mice (Figures 7L and
7M). Collectively, these data suggest that the metabolic benefits
of rosiglitazone are mediated in part by enhancing FGF21 sensi-
tivity in adipose tissues.

DISCUSSION

Exercise combats multiple chronic diseases, such as diabetes
and cardiovascular dysfunction, through its profound effects
on systemic metabolism and functions of almost all the major
organs (Kujala, 2009). In adipose tissues, exercise regulates
production and secretion of adipokines (Gorgens et al., 2015),
suppresses metabolic inflammation (Lancaster and Febbraio,
2014), and promotes lipolysis (Polak et al., 2008) and browning
(Stanford et al., 2015b). However, whether such adipose remod-
eling contributes to the systemic effects of exercise on insulin
sensitivity and metabolic homeostasis remains undefined. In
this connection, our present study identifies adipose actions of
FGF21 as an obligatory mediator for the systemic effects of
exercise, by fine-tuning the crosstalk among adipose tissues,
liver, and skeletal muscle.

Despite the multiple metabolic benefits of FGF21, its circu-
lating levels are elevated in obesity and related cardiometabolic
syndromes (Zhang et al., 2008), suggesting a state of “FGF21
resistance.” Indeed, impaired FGF21 signaling cascades in
white adipose tissues, including reduced Erk phosphorylation
and expression of FGF21-responsive genes (EGR1 and c-FOS)
and compromised reduction of blood glucose following adminis-
tration of low-dose FGF21, have been observed in dietary obese
mice (Asrih et al., 2015; Fisher et al., 2010). Likewise, the cardio-
protective effects of FGF21 are also attenuated in obese rats
compared to lean controls (Patel et al., 2014). By contrast,
another independent study in two different rodent models of
obesity does not support the existence of FGF21 resistance,
despite decreased expression of the FGF21 receptor complexes
in adipose tissues (Hale et al., 2012). These discrepancies may
be attributed to different dose and duration of FGF21 administra-
tion and distinct status of obese animals. In our present study,
we demonstrated a bi-phasic change in adipose expression of
the FGF21 receptor complexes during the development of
dietary obesity: increased at the early stage (4 weeks) and
then progressively declined to a hardly detectable level at the
late stage (12 weeks). Accordingly, the compromised responses
to low-dose FGF21 administration, with respect to the reduction
in circulating levels of glucose, insulin, TG, and FFAs, were
observed only at the late stage of dietary obesity, whereas
the metabolic benefits of high-dose FGF21 remained intact
under this circumstance. Collectively, these findings suggest
that the sensitivity, but not the maximal responses to FGF21,
is impaired in severe dietary obesity, a scenario reminiscent of
diabetic patients with insulin resistance who still respond well
to therapeutic administration of insulin with rapid decrease of
hyperglycemia.

Our present study provides several lines of evidence demon-
strating that the protective effects of exercise against obesity-
induced insulin resistance and metabolic complications are
mediated at least in part by restoration of FGF21 sensitivity in
adipose tissues. First, the diminished effects of low-dose
FGF21 on reduction of circulating glucose, insulin, TG, and
FFAs in the dietary obese mice were largely rectified by exer-
cise, accompanied with restoration of FGF21 signaling and
augmented expression of both FGFR1 and KLB in adipose tis-
sues. Second, mice with adipocyte-selective ablation of KLB
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Figure 7. Rosiglitazone Alleviates Diet-
Induced Glucose Intolerance And Insulin
Resistance By Enhancing FGF21 Sensitivity
In Adipose Tissues

For (A)—(H), 10-week-old male C57BL/6J mice
were fed with HFD for 12 weeks. During the
last 2 weeks, mice were administered with ro-
siglitazone (ob+rosi, 10 mg/kg body weight) or

N
4-& ng‘ @9 vehicle (ob+veh, 1% methylcellulose) by daily
(EFAS oral gavage. Mice fed standard chow treated

Oob+veh
Bob+rosi

with vehicle were used as lean control
Olean+veh

(lean+veh). For (I)=(M), 10-week-old male Kib"*
and KIb®® mice were fed with STD (lean) or HFD
(obese) for 12 weeks. In the last 2 weeks,
mice were treated with 10 mg/kg body weight
of rosiglitazone (Rosi) or vehicle (Veh, 1%
methylcellulose).

(A and B) Relative FGFR1 (A) and KLB (B) mRNA
levels in epididymal WAT and BAT measured

Bob+veh by real-time PCR and normalized to g-actin gene
B ob+rosi (n=5)
Olean+veh -

(C) Representative immunoblots (top) and densi-
tometric quantification (bottom) of FGFR1 and
KLB protein in epididymal WAT and BAT (n = 4).
Tubulin, internal control.

(D) Serum FGF21 levels measured by ELISA
(n=8).

(E) Hepatic FGF21 mRNA levels measured by
real-time PCR and normalized to @-actin gene
(n=25).

(F) 0.5 mg/kg body weight of rmFGF21 or saline
was i.p. injected into mice. Blood glucose and
serum levels of insulin, TG, and FFAs were
measured at 180 min, 120 min, 120 min, and
90 min after injection respectively. Fold change
over basal level (0 min) was calculated (n = 5). The
absolute mean + SEM values of each group are
provided in Table S6.

(G and H) Adipose tissues collected at 10 min
after mice receiving i.p. injection with 0.5 mg/kg
body weight of rmFGF21 or saline were subjected
to immunoblotting analysis for total or phos-
phorylated Erk (Thr202/Tyr204) (G), or collected
at 90 min after injection and subjected to real-
time PCR analysis for quantification of EGR1
mRNA levels (H) (n = 5).

() Body weight was measured at week 12
(n = 7-9). n.s., not significant.

(J) GTT performed at week 11 and AUC during GTT (n = 7,* Kib""-rosi versus Kib¥-rosi).

(K) ITT performed at week 12 and AUC during ITT (n = 7, * Kib”-rosi versus Kib®@-rosi).

(L and M) Serum levels of insulin (L) and adiponectin (M) measured by ELISA at the end of experiment (n = 6-9).

Data are represented as mean + SEM, *p < 0.05, **p < 0.01. Representative data from three independent experiments are shown.

were resistant to the multiple benefits of exercise on alleviation
of obesity-associated systemic insulin resistance, glucose
intolerance, dyslipidemia, and fatty liver. Our findings can
explain the discrepant changes of circulating FGF21 in
response to acute and chronic exercise, as reported in several
previous studies. It is likely that the rapid rise of circulating
FGF21 after acute exercise in healthy individuals (Kim et al.,
2013) represents an adaptive response to handle metabolic
stress, whereas the decreased levels of plasma FGF21
after long-term exercise in obese individuals or animals
(Fletcher et al., 2012; Yang et al., 2011) as well as in elderly
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men (Taniguchi et al.,
resistance.

Although circulating FGF21 is produced predominantly from
the liver (Markan et al., 2014), adipose tissues, but not liver, are
the major targets of FGF21 mediating its multiple effects on
whole-body metabolic homeostasis and insulin sensitivity
(Adams et al., 2012; Ding et al., 2012; Véniant et al., 2012).
In rodents, the several therapeutic benefits of FGF21, including
alleviation of obesity-related insulin resistance, fatty liver,
atherosclerosis, and myocardial infarction are dependent on in-
duction of adiponectin (Holland et al., 2013; Joki et al., 2015; Lin

2016) result from attenuation of FGF21



etal., 2013, 2015). Consistently, pharmacological treatment with
FGF21 analogs also leads to a marked elevation of circulating
adiponectin in patients with obesity and type-2 diabetes (Gaich
et al., 2013; Talukdar et al., 2016). In contrast, these patients
exhibit decreased plasma adiponectin (hypoadiponectinemia)
despite of increased endogenous circulating levels of FGF21
(Hui et al., 2016). These paradoxical changes can also be ex-
plained by FGF21 resistance in adipose tissues under the path-
ophysiological conditions. Indeed, our present study showed
that mice with defective FGF21 signaling in adipocytes are re-
fractory to chronic exercise-induced elevation of circulating
adiponectin, accompanied with exacerbation of ectopic lipid
accumulation in skeletal muscle and liver. Unlike the FGF21 re-
ceptor complexes, adiponectin receptors (adipoR1 and adi-
poR2) are ubiquitously expressed in almost all the major tissues
including liver and skeletal muscle (Yamauchi et al., 2003),
where adiponectin induces fatty acid oxidation by activation of
AMP-activated protein kinase, thereby leading to combustion
of ectopic lipids and insulin sensitization (Yamauchi et al.,
2002; Yoon et al., 2006). Indeed, adiponectin has been shown
to be an important mediator for exercise training-induced
mitochondrial biogenesis in skeletal muscle cells (lwabu et al.,
2010). Taken together, these findings raise the possibility that
chronic exercise-induced metabolic benefits in these non-
adipose tissues may be partly attributed to elevated circulating
adiponectin resulting from FGF21 sensitization in adipocytes.
Further studies are needed to define the contribution of elevated
adiponectin as a downstream effector of FGF21 sensitization in
conferring the metabolic benefits of exercise on non-adipose
tissues.

In adipose tissues, FGF21 acts in a feed-forward manner to
regulate the activity of the nuclear receptor PPARY (Dutchak
et al., 2012), a master regulator of adipogenesis and adipocyte
functions (Lefterova et al., 2014). PPARy increases both the
expression and secretion of adiponectin, which in turn contrib-
utes to the therapeutic effects of the PPARy agonists thia-
zolidinediones on alleviation of insulin resistance and vascular
dysfunction (Chang et al., 2010; Nawrocki et al., 2006). Our
present study demonstrated that the effects of exercise on
sensitizing adipose actions of FGF21 are mediated by activation
of PPARYy, which in turn induces the expression of the FGF21 re-
ceptor complexes through direct transactivation of both the
FGFR1 and KLB genes in adipocytes. Notably, exercise-induced
elevation of PPARy activity in adipose tissues is markedly
diminished in both FGF21~'~ and Klb®¥ mice compared to WT
controls, suggesting that exercise triggers the feed-forward
activation between the FGF21 signaling cascades and PPARY
in adipocytes, which in turn increase adiponectin secretion and
insulin sensitization. However, it remains unclear whether adi-
pose PPARY is indeed an obligatory mediator for the metabolic
benefits of exercise on systemic insulin sensitivity and glucose
homeostasis.

In addition to the PPARy-adiponectin axis, several other
adipose actions of FGF21, such as inhibition of lipolysis and
inflammation, may also contribute to the metabolic benefits
of exercise. Exercise stimulates TG hydrolysis via activating
B-adrenergic receptor-mediated lipolytic signaling in adipose
tissues, thus providing glycerol and FFAs for non-adipose tis-

sues as energy source (Ogasawara et al., 2015). However,
excessive supply of FFAs may lead to ectopic lipid accumulation
and lipotoxicity, thus exacerbating insulin resistance (Saponaro
et al., 2015). FGF21 has been shown to suppress growth hor-
mone and lipolytic agents-induced lipolysis both in vitro and
in vivo (Arner et al., 2008; Chen et al., 2011b; Li et al., 2009;
Park et al., 2016). Consistently, both FGF21~/~ and KIb® mice
exhibit a significant exacerbation of exercise-induced lipolysis
in adipose tissues and higher amount of ectopic lipid accumula-
tion in liver and skeletal muscle than those exercised WT mice.
Therefore, it is likely that FGF21 acts on adipocytes to counter-
balance exercise-induced lipolysis, thus preventing excessive
flux of FFAs into circulation and other metabolic organs. Addi-
tionally, our present study demonstrated that the suppressive ef-
fects of chronic exercise on obesity-induced adipose expression
of pro-inflammatory cytokines and elevation of their circulating
levels are also dependent on FGF21 signaling in adipocytes,
suggesting that FGF21 signaling may also mediate the metabolic
benefits of exercise through suppression of obesity-induced ad-
ipose inflammation. Nevertheless, further studies are needed to
clarify whether such anti-inflammatory effects of FGF21 are sec-
ondary to activation of the PPARy-adiponectin axis or via other
mechanisms.

In summary, our studies uncovered the reversal of obesity-
induced FGF21 resistance in adipose tissue as a mechanism
whereby exercise exerts its multiple benefits on systemic insulin
sensitivity, metabolic homeostasis, and other non-adipose tis-
sues. Given the difficulties in developing the long-acting and
potent recombinant FGF21 analogs for therapeutic applications,
our findings raise the possibility that sensitization of adipose
actions of FGF21, which is abundantly present in patients with
obesity and diabetes, may represent an alternative strategy for
treatment of these chronic diseases.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit monoclonal anti-FGF Receptor 1 (D8E4) CST Cat#9740; RRID: AB_11178519
Rabbit anti-p44/42 MAP kinase (phosphorylated Erk1/2) CST Cat#9101; RRID: AB_331646
Rabbit polyclonal anti-p44/42 MAPK (Erk1/2) CST Cat#9102; RRID: AB_330744
Rabbit polyclonal anti-Phospho-Akt (Ser473) CST Cat#9271; RRID: AB_329825
Rabbit polyclonal anti-Akt CST Cat#9272; RRID: AB_329827
Rabbit polyclonal anti-Phospho-HSL (Ser660) CST Cat#4126; RRID: AB_490997
Rabbit polyclonal anti-HSL CST Cat#4107; RRID: AB_2296900
Rabbit monoclonal anti-ATGL (30A4) CST Cat#2439; RRID: AB_2167953
Goat polyclonal anti-betaKlotho, Unconjugated, Clone E-17 Santa Cruz Cat#sc-74343, RRID: AB_2265371
Rabbit monoclonal anti-PPARgamma (H-100) Santa Cruz Cat#sc-7196x; RRID: AB_654710
Rabbit polyclonal anti-beta Tubulin Abcam Cat#ab15568; RRID: AB_2210952

Rabbit polyclonal anti-Adiponectin

Immunodiagnostics Limited

Cat#12010

Bacterial and Virus Strains

DH5a competent E. coli ThermoFisher Cat#18265017
Chemicals, Peptides, and Recombinant Proteins

Recombinant mouse FGF21 protein Immunodiagnostics Limited Cat#42189
Rosiglitazone Biochempartner Cat#122320734
GW9662 Sigma Cat#M6191
“C-labeled palmitic acid PerkinElmer Cat#NECO075H
D-Glucose Sigma Cat#G5767
Insulin Novo Nordisk Actrapid® HM
Oil Red O Sigma Cat#00625
Protease inhibitor cocktail tablets Roche Cat#04693159001
Proteinase K NEB Cat#P8107S
RNAiso Plus Takara Cat#9109
PrimeScript RT reagent kit Takara Cat#RR037A
SYBR Premix Ex Taq Takara Cat#RR420D

Critical Commercial Assays

TG Determination Kit

FFAs, Half Micro Test

Mouse FGF21 ELISA Kit
Mouse Insulin ELISA Kit
Mouse Adiponectin ELISA Kit
Mouse TNF-a ELISA Kit
Mouse IL-1B ELISA Kit

BCA Assay Kit

Free Glycerol Reagent

Stanbio Laboratory

Roche

Immunodiagnostics Limited
Immunodiagnostics Limited
Immunodiagnostics Limited
R&D

R&D

Pierce

Sigma

Cat#2200-225
Cat#11383175001
Cat#32180
Cat#32270
Cat#32010
Cat#MTAO0B
Cat#MLB00C
Cat#23225
Cat#F6428

Experimental Models: Organisms/Strains

C57BL/6J mouse
FGF21 KO mouse
KLB-floxed mouse

B6;FVB-Tg (Adipog-cre) 1Evdr/J (adiponectin-Cre)

The Jackson Laboratory

Hotta et al., 2009

Shanghai Model Organisms Center,Inc.
The Jackson Laboratory

Stock No: 000664
N/A
N/A
Stock No: 010803

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Oligonucleotides

Primer used in this study (see Table S7) This paper N/A

Recombinant DNA

pGL3-Basic Vector Addgene Cat#E1751

Murine FGFR1 promoter -Luciferase plasmid This paper N/A

Murine KLB promoter-Luciferase plasmid This paper N/A

Software and Algorithms

GraphPad Prism 7 GraphPad software https://www.graphpad.com/
Excel Microsoft Office 365 https://www.office.com/
Imaged National Institutes of Health (NIH) https://imagej.nih.gov/ij/
Other

Standard chow diet LabDiet Cat#5053

High fat diet Research Diets Cat#D12451

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Aimin Xu
(@amxu@hku.hk).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

FGF21-KO (FGF21~/7) mice and KLB-floxed (KIb”") mice were generated as previously described (Hotta et al., 2009; Lin et al., 2015).
Adiponectin-cre (Jackson Laboratory) mice were used to generate adipose tissue-specific KLB-KO (KIb3¥) mice (Li et al., 2018).
10-week-old male mice were housed in Laboratory Animal Unit at controlled temperature (23 + 1°C) with a 12-hour light-dark cycle
and free access to water and diet (either standard chow or a high fat diet, Research Diets #D12451). Body composition was monitored
using the Bruker Minispec LF90 Il Body Composition Analyzer (Bruker Biospin, USA). All experiments were conducted with male mice
and were approved by the Committee on the Use of Live Animals in Teaching & Research at the University of Hong Kong (HKU).

METHOD DETAILS

Treadmill exercise

Mice were acclimated to treadmill (LE8710M, Panlab, Spain) running at a low speed for 2 days as previously described (He et al.,
2012) and then trained on the treadmill with 10° uphill incline at a changing speed for one section (Acclimation stage: 10 cm/s
for 5 minutes; Acceleration stage: speed was increased at a rate of 1 cm/s/min to 20 cm/s; Maintaining stage: 20 cm/s for
20 min; Deceleration stage: speed was reduced at a rate of 4 cm/s/min). The mice were daily trained for 5 days per week.

Animal studies

For treadmill exercise training, 10-week-old male mice were fed with HFD for 8 weeks, and were then randomly divided into exercise
and non-exercise groups. To evaluate the roles of PPARYy on the effects of exercise in FGF21 sensitivity, mice on HFD for 8 weeks
as above were administrated with 10 mg/kg body weight of GW9662 (Sigma#M6191), 10 mg/kg body weight of rosiglitazone
(Biochempartner#122320734, Shanghai, China) or vehicle (1% methylcellulose) by daily oral gavage for 2 or 4 weeks.

FGF21 response test

Mice were i.p injected with 0.5mg/kg or 5mg/kg body weight endotoxin-free tagless rmFGF21 protein (Immunodiagnostics
Limited#42189, HK) or saline control after 3h of fasting (8:00am-11:00am). Blood was collected from tail vein at various time points
for further analysis. Adipose tissues were collected at 15min or 90min after injection to check Erk phosphorylation or EGRT mRNA
expression levels respectively.

Biochemical and immunological analysis

Blood glucose was measured using an Accu-Check blood glucose meter (Roche, Germany). Serum TG and ALT concentrations were
quantified using commercial kits (Stanbio Laboratory, USA). Serum FFAs concentrations were measured with the FFAs, Half Micro
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Test (Roche, Germany). For tissue TG and FFAs measurements, total lipid was extracted from approximately 50mg liver or gastroc-
nemius muscle as previously described (Folch et al., 1957). Serum levels of FGF21, insulin, and adiponectin were measured with
ELISA kits prepared in house (Immunodiagnostics Limited#32180, 32270 and 32010, HK). Serum levels of TNF-o and IL-1B were
measured with ELISA kits from R&D (#MTAO00B, #MLB00C).

Construction of the luciferase reporter vectors

The murine FGFR1 promoter region spanning —1972/+3 and KLB promoter region spanning —1954 /+21 were amplified from C57BL/
6J mouse genomic DNA and then sub-cloned into pGL3-Basic (pGL3B) vector using Nhel and Hindlll sites. Nucleotide sequences of
the 5'-flanking regions of FGFR1 and KLB promoter were scanned, and two putative PPARYy binding sites (PPREs) were identified in
each promoter region. The core sequences of PPREs (5'-AAAG-3') within the promoter region were mutated to 5-GCCA-3’ by a
Dpnl-based site-directed mutagenesis method. All the constructs were confirmed by automatic DNA sequencing. The primers
used for the vector construction are listed in Table S7. The PPARY expression plasmid was a gift from Christopher K. Glass (Pascual
et al., 2005).

Fatty acids oxidation assay

Liver and muscle fatty acids oxidation (FAO) capacities were measured using '*C-labeled palmitic acid (PerkinEImer#NEC075H)
oxidation assay as previously described (Huynh et al., 2014). Fresh tissues (approximately 200mg liver and 160mg gastrocnemius
muscle) were washed with chilled PBS and homogenized in a Dounce homogenizer containing 1ml chilled STE buffer (0.25M su-
crose, 10mM Tris-HCI and 1mM EDTA, pH 7.4). The crude homogenates were briefly centrifuged and the supernatant containing
crude mitochondria was collected for further reaction. The reactions were started by mixing 30 pL tissue homogenate with 370 pL
oxidation reaction buffer (100mM sucrose, 10mM Tris-HCI, 5mM KH,PQO4, 0.2mM EDTA, 80mM KCI, 1mM MgCl,, 2mM L-carnitine,
0.1mM malate, 0.05mM Co-enzyme A, 2mM ATP, 1mM dithiothreitol, 0.5mM palmitate, 0.7% BSA, and 0.4 uCi *C-palmitate),
followed by incubation at 37°C for 30min. The reactions were stopped with 200 pL 1M perchloric acid and the '*CO, was captured
using Whatman paper disc containing 20 uL. 1M NaOH for 1h at room temperature. The radioactivity was counted in 4ml scintillation
fluid (American Biosciences#NACS104) with Packard Cobra Il Auto Gamma Counter and normalized to the weight of tissues.

Glucose and insulin tolerance tests

Glucose tolerance test was performed in overnight-fasted (19:00pm-9:00am) mice by an intraperitoneal injection of D-glucose
(Sigma#G5767, 2g/kg body weight). Insulin tolerance test was conducted with an intraperitoneal injection of insulin (Actrapid®
HM, 1U/kg body weight) to mice after 6h of fasting (8:00am-14:00pm). The blood was collected from tail vein at various time points
as specified in each experiment for measurement of glucose levels with an Accu-Check blood glucose meter.

Histological analysis

For hematoxylin and eosin (H&E) staining, liver and adipose tissue specimens were fixed in 10% formalin solution at 4°C overnight,
processed by LEICA ASP200S tissue processor and embedded in paraffin. After being embedded in paraffin wax, 5 um sections of
liver and adipose tissues were cut and mounted onto gelatin-coated slides. The sections were incubated in HistoChoice for 15min
each for 3 times, followed by dehydration in 100%, 90%, 80% and 70% ethanol for 3min respectively. The nuclei were stained with
the hematoxylin for 60 s. Afterward, the sections were rinsed in tap water for 10min, and stained with eosin for 30 s, followed by dehy-
dration in 100% ethanol for 5 min and incubation for 30min in xylene. The sections were then mounted in histofluid mounting medium
(Paul Marienfeld#6900002). For Oil Red O staining, the fresh liver tissues were embedded in OCT (Tissue-Tek, Sakura Finetek, USA)
and cut at 8 um in the cryostat at —13°C. The sections were briefly fixed in formalin, washed with running tap water for 8min, were then
rinsed with 60% isopropanol and stained with freshly-prepared Oil Red O working solution (0.3% Oil Red O (Sigma#00625) in iso-
propanol) for 15min. Afterward, the sections were rinsed with 60% isopropanol and lightly stained the nuclei with hematoxylin 5 dips.
All slides were examined under Nikon NI-SS biological microscope (Nikon, Japan) and images were captured using a RT3 Slider dig-
ital camera system (Diagnostic, USA).

Ex vivo assay for lipolysis of adipose tissue

Approximately 100mg fresh epididymal adipose tissue dissected from mice was washed with cold PBS and minced into small pieces
(about 3mm x 3mm). The excised adipose tissue explants were cultured in 500 uL phenol red frees DMEM (Invitrogen#11054) con-
taining 0.5% fatty acids free BSA and 5.56mM D-glucose at 37°C for 24h. Afterward, 10 uL conditioned medium was harvested for
measurement of glycerol using Free Glycerol Reagent (Sigma#F6428) as previously described (Chen et al., 2011b). Atlast, the adipose
tissue explants were homogenized in 600 pL cold STE buffer (0.25M sucrose, 10mM Tris-HCland 1mM EDTA, pH 7.4) using an electric
tissue homogenizer for 8min. Cell debris was removed by centrifugation at 12, 000rpm for 10min. Protein concentration in cell extracts
was determined by BCA assay kit (Pierce#23225). The glycerol release in each sample was normalized to the protein concentration.

Chromatin immunoprecipitation (ChIP)

3T3-L1 mouse fibroblasts grown in 10-cm plates were differentiated into adipocytes using a differentiation protocol (Lin et al., 2013).
ChIP assays were conducted at different days after induction for differentiation as described (Couture and Blouin, 2011). Briefly, cells
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were cross-linked with 8ml 1% formaldehyde in PBS for 10min at room temperature, washed in cold PBS, and then resuspended in
250 pL of ChIP lysis buffer (1% SDS, 10mM EDTA, 50mM Tris-HCI, pH 8.0, and protease inhibitor cocktails) by sonication (30%
maximum output for 15 s with 3min pause, four cycles) in an ice bath. A 5% portion of the lysates was used for purification of total
DNA. The remaining lysates were incubated with 10 ug rabbit polyclonal PPARy antibody (sc-7196x, Santa Cruz) or non-immune
rabbit IgG (control) at 4°C overnight. The immunocomplexes were precipitated using protein A agarose (Pierce#20333) coated
with herring sperm DNA (Invitrogen#15634017) and washed sequentially with the following buffers: low-salt wash buffer (0.1%
SDS, 1% Triton X-100, 2mM EDTA, 20mM Tris-HCI, pH 8.1, and 150mM NaCl); high-salt wash buffer (0.1% SDS, 1% Triton
X-100, 2mM EDTA, 20mM Tris-HCI, pH 8.1, and 500mM NaCl); LiCl wash buffer (0.25M LiCl, 1% NP40, 1% sodium deoxycholate,
1mM EDTA and 10mM Tris-HCI, pH 8.1); and TE solution (10mM Tris-HCI, pH 8.0, and 1TmM EDTA). DNA-protein complexes were
reversed by incubation at 65°C overnight, followed by Proteinase K (NEB#P8107S) treatment. DNA was recovered by purification
using phenol-chloroform methods and was subjected to real time PCR analysis with primers spanning the predicted PPRE regions
in the promoter of the FGFR1 or KLB gene. A site located about 6kb upstream of the FGFR1 or KLB transcription starting site was
amplified as a negative control region. The large ribosomal protein p0 (36B4) nuclear gene was also quantified as an internal control
for total input DNA. The primer sequences used are listed on the Table S7.

Transfection and luciferase assays

For transient transfection assays, HEK293 cells were maintained in DMEM containing 10% fetal bovine serum supplemented with
antibiotics. Cells were plated in 24-well plates and transfected with a firefly reporter vector (0.2 pg) and Renilla reporter vector
(0.01 ng), together with indicated expression plasmids (0.2 ug) using Polyethylenimine (Polysciences#23966) transfection reagent
when cells had grown up to 90% confluence. After transfection for 48h, cells were solubilized in a lysis buffer (Promega#E1500),
and luciferase activity was measured with CLARIOstar 0430 Microplate Reader from BMG LABTECH. Firefly luciferase activity
was normalized to Renilla luciferase activity.

Nucleic acid extraction and real time PCR

Total RNA was extracted from cells or tissues using RNAiso Plus reagent (Takara#9109). cDNA was synthesized from RNA (500ng) by
reverse transcription with PrimeScript RT reagent kit (Takara#RR037A) with random primers. Real time PCR reactions (25ng cDNA,
250nM each primer and 5ul SYBR Premix Ex Taq (Takara#RR420D). All reactions were performed in triplicate on the Applied Bio-
systems Prism 7000 sequence detection system. The level of target gene expression was normalized against the g-actin gene.
For mitochondrial DNA quantification, total DNA was extracted from tissue using phenol-chloroform methods. Mitochondrial DNA
was amplified using primers specific for the mitochondrial cytochrome B (CytB) gene and normalized to genomic DNA by amplifica-
tion of the large ribosomal protein p0 (36B4) nuclear gene as previously described (D’Antona et al., 2010). The specific primers used in
this study are listed in Table S7.

Immunoblotting analysis

Proteins were extracted from cells or tissues using RIPA buffer (150mM sodium chloride, 1.0% NP-40, 0.5% sodium deoxycholate,
0.1% SDS, 50mM Tris-HCI, pH 8.0) containing protease inhibitors cocktail (Roche#04693159001), resolved by SDS-PAGE, and then
transferred to PVDF membranes (Millipore#IPVH00010). The membranes were then probed with primary antibodies followed by
incubation with corresponding HRP-conjugated secondary antibodies. The protein bands were visualized with enhanced chemilu-
minescence reagents under the ChemiDoc™ MP Imaging System and quantified with the ImageJ software.

QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analysis was performed using Prism (GraphPad) and Microsoft Excel. Values were expressed as mean + SEM. Statistical
significance was determined by Student’s t test (for comparison of two experimental conditions) or ANOVA (for comparison of

three or more experimental conditions). In all statistical comparisons, p values less than 0.05 were considered to indicate statistically
significant differences. Significance and n values can be found in the figure legends.
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