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Obesity causes excess fat accumulation in white adipose tis-
sues (WAT) and also in other insulin-responsive organs such as
the skeletal muscle, increasing the risk for insulin resistance,
which can lead to obesity-related metabolic disorders. Peroxi-
some proliferator-activated receptor-a (PPAR) is a master
regulator of fatty acid oxidation whose activator is known to
improve hyperlipidemia. However, the molecular mechanisms
underlying PPAR« activator-mediated reduction in adiposity
and improvement of metabolic disorders are largely unknown.
In this study we investigated the effects of PPAR« agonist (feno-
fibrate) on glucose metabolism dysfunction in obese mice. Feno-
fibrate treatment reduced adiposity and attenuated obesity-in-
duced dysfunctions of glucose metabolism in obese mice fed a
high-fat diet. However, fenofibrate treatment did not improve
glucose metabolism in lipodystrophic A-Zip/F1 mice, suggest-
ing that adipose tissue is important for the fenofibrate-mediated
amelioration of glucose metabolism, although skeletal muscle
actions could not be completely excluded. Moreover, we inves-
tigated the role of the hepatokine fibroblast growth factor 21
(FGF21), which regulates energy metabolism in adipose tissue.
In WAT of WT mice, but not of FGF21-deficient mice, feno-
fibrate enhanced the expression of genes related to brown
adipocyte functions, such as Ucp1, Pgcla, and Cptlb. Fenofi-
brate increased energy expenditure and attenuated obesity,
whole body insulin resistance, and adipocyte dysfunctions in
WAT in high-fat-diet-fed WT mice but not in FGF21-defi-
cient mice. These findings indicate that FGF21 is crucial for
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the fenofibrate-mediated improvement of whole body glu-
cose metabolism in obese mice via the amelioration of WAT
dysfunctions.

The rapid increase in the prevalence of obesity and obesity-
related chronic diseases including type-2 diabetes, hyperlipi-
demia, hypertension, and some forms of cancer, is one of the
most serious health problems globally (1). Obesity is defined
as a state of excessive adiposity, and it occurs when an individ-
ual’s caloric intake exceeds their energy expenditure. Obesity
causes excess fat accumulation not only in white adipose tis-
sues (WATs)? but also in other insulin-responsive organs
such as the skeletal muscle and the liver, predisposing one to
the development of insulin resistance, which can lead to obe-
sity-related metabolic disorders. As of now, the molecular
mechanisms underlying obesity and obesity-related meta-
bolic disorders have not been fully clarified, and effective
therapeutic approaches are currently of general interest (2).

Peroxisome proliferator-activated receptors (PPARs; PPARq,
PPARYy, and PPARS) are ligand-activated transcription factors
belonging to the nuclear hormone receptor superfamily and
regulate diverse aspects of whole body lipid and glucose home-
ostasis and serve as a bona fide therapeutic target (3, 4). In
particular, PPARa is abundantly expressed in tissues character-
ized by high rates of fatty acid catabolism, such as the liver,
brown adipose tissue (BAT), the heart, and the kidney (5, 6). In
these tissues PPAR« regulates mRNA expression of genes
involved in fatty acid oxidation. Therefore, mice lacking

3 The abbreviations used are: WAT, white adipose tissue; iWAT, inguinal WAT;
BAT, brown adipose tissue; UCP1, uncoupling protein 1; PPAR, peroxisome
proliferator-activated receptors; FGF21, fibroblast growth factor 21; HFD,
high-fat diet; FGFR, FGF receptor; AUC, area under the curve; ACO, acyl-
CoA oxidase; CPT1, carnitine palmitoyl transferase 1; HMGCS2, 3-hydroxy-
3-methylglutaryl-CoA synthase 2; PGC-1«, PPARYy coactivator-1«; CIDEA,
cell death-inducing DNA fragmentation factor « subunit-like effector A;
COX4, cytochrome ¢ oxidase 4; GLUT1, glucose transporter; AKT, AKT8
virus oncogene cellular homolog.
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PPARa agonist improves glucose metabolism via FGF21

PPARa exhibit higher levels of plasma-free fatty acid and
hepatic triglyceride accumulation and severe hypoketone-
mia under fasting conditions (7). PPAR« in hepatocytes is
especially important for these phenotypes. Synthetic PPAR«
agonists, such as fibrates, decrease circulating lipid levels
and are commonly used to treat hyperlipidemia and other
dyslipidemic states (8). Therefore, PPAR« is important for
the regulation of whole body lipid metabolism both physio-
logically and pharmacologically.

PPARa seems to be important for the regulation of not only
lipid metabolism but also glucose and energy metabolism. PPAR«
knock-out mice show excess weight gain with aging and hypogly-
cemia under fasting conditions (7). Moreover, treatment with
PPARa activators attenuate adiposity and adipocyte hypertrophy
in animal models of obesity and improve glucose metabolism
defects including hyperglycemia, glucose intolerance, and insulin
resistance (5, 9—11). However, the molecular mechanisms under-
lying PPAR« activator-mediated reduction in adiposity and im-
provement of metabolic disorders in the obese state are largely
unknown.

Fibroblast growth factor 21 (FGF21) has been reported as a
mediator of the pleiotropic actions of PPARa during fasting
(12, 13). FGF21 is an atypical member of the FGF family that
functions as a hormone to regulate carbohydrate and lipid
metabolism. Fasting induced the activation of hepatic PPAR«,
leading to the direct binding of PPAR« to the Fgf21 promoter
region followed by the up-regulation of FGF21 (12). FGF21
stimulates hepatic ketogenesis and gluconeogenesis to adapt to
fasting (14). Mechanistically, FGF21 activates cell signaling by
binding to a heteromeric cell-surface receptor-tyrosine kinase
complex composed of B-Klotho and a conventional FGF recep-
tor (FGFR), with FGFR1 being the preferred isoform for FGF21
(15, 16). Both B-Klotho and FGFR1 are abundantly expressed in
WAT (17), where FGF21-regulated genes are involved in a vari-
ety of metabolic processes, including lipogenesis, lipolysis, and
fatty acid oxidation (18, 19). Based on these findings, it was
proposed that FGF21 induces futile cycling and energy expend-
iture in WAT via the enhancement of the BAT function as
typified by uncoupling protein 1 (UCP1)-mediated high ther-
mogenicactivity in WAT (generally called “browning”) (18, 20).
Therefore, the function of FGF21 is gathering attention regard-
ing its potential use in the management of obesity and obesity-
related metabolic diseases (21). However, the role of FGF21
up-regulated by PPAR« agonist in PPAR«a agonist-mediated
amelioration of obesity and obesity-induced metabolic disor-
ders has not been clarified.

In this study we investigated the roles of adipose tissues and
FGF21 in PPAR« agonist-mediated amelioration of obesity and
obesity-induced metabolic disorders. As shown in the results,
we showed the pharmacological effects of fenofibrate could be
divided into FGF21-dependent effects (anti-obese and anti-ab-
normalities of glucose metabolism) and FGF21-independent
effects (anti-hypertriglyceridemia and hepatomegaly) for the
first time. These results indicate that the enhancement of
FGF21-induced browning of WAT is important for the
PPARa agonist-mediated improvement in energy and glu-
cose metabolism in obese mice. We believe that this study
provides important insights into the understanding of the
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novel mechanism of PPAR« activator in the management of
glucose metabolism.

Results

Fenofibrate treatment improved obesity and obesity-induced-
defective glucose metabolism in diet-induced obese mice

First, we examined whether PPAR« agonists affect the devel-
opment of high-fat diet (HFD)-induced obesity. Fenofibrate
treatment significantly attenuated HFD-induced body weight
gain (Fig. 14) and adiposity (Table 1) with a slight decrease in
food intake (Fig. 1B). After 4 weeks of treatment, plasma trig-
lyceride levels in mice treated with fenofibrate were clearly low-
ered (Fig. 1C). Moreover, plasma glucose levels tended to be
lower, and obesity-induced hyperinsulinemia was attenuated in
mice treated with fenofibrate (Fig. 1D). These results indicated
that fenofibrate treatment suppressed HFD-induced obesity
and the development of glucose metabolism abnormalities in
addition to the attenuation of hypertriglyceridemia in mice.
Next, to investigate whether fenofibrate treatment affects
the diet-induced obesity and obesity-induced glucose
metabolism abnormalities, we treated HFD-induced obese
mice with fenofibrate for 4 weeks. At the initial treatment,
HFD feeding for 12 weeks significantly increased body
weight compared with normal-diet (ND) feeding (Fig. 1E). In
this study fenofibrate treatment improved obesity and adi-
posity despite no significant difference in food intake (Fig. 1,
E and F, Table 2). Oral glucose tolerance tests showed that
fenofibrate treatment attenuates obesity-induced glucose
intolerance and hyperinsulinemia (Fig. 1, G and H). After 4
weeks of treatment, obesity-induced hyperglycemia was
attenuated by fenofibrate (Fig. 1I). Although HFD feeding
induced a reduction in plasma FGF21 levels, fenofibrate
treatment drastically up-regulated FGF21 levels (Fig. 1]). We
also checked fenofibric acid, the active metabolite of fenofi-
brate, specifically activated PPARa among three PPARs sub-
types in the reporter assay (Fig. 1K).

Fenofibrate treatment did not improve defects in glucose
metabolism in lipodystrophic A-Zip/F1 mice

To investigate the role of adipose tissues in fenofibrate-in-
duced amelioration of glucose metabolism defections, lipodys-
trophic A-Zip/F1 mice were treated with fenofibrate for 4
weeks. A-Zip/F1 mice clearly showed a lipodystrophic pheno-
type, and we could detect no visible WATs and only a small
amount of interscapular BAT (Table 3). As shown in Fig. 2, A
and B, oral glucose tolerance tests and insulin tolerance tests
showed lipodystrophic A-Zip/F1 mice presented severe glu-
cose intolerance and insulin resistance, and fenofibrate treat-
ment could notameliorate glucose intolerance and insulin resis-
tance in A-Zip/F1 mice. After 4 weeks of treatment, fenofibrate
improved lipodystrophy-induced hypertriglyceridemia (Fig.
2D) but not hyperglycemia (Fig. 2C). As reported in the previ-
ous report, the liver in A-Zip/F1 mice became more enlarged
than in wild-type (WT) mice, and fenofibrate treatment
induced enlargement of the liver in A-Zip/F1 mice more
potently (Table 3). Plasma FGF21 levels in fenofibrate-
treated A-Zip/F1 mice were clearly increased (Fig. 2E).
Moreover, hepatic mRNA expression levels of PPAR« target
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Figure 1. Fenofibrate treatment improved obesity and obesity-induced dysfunctions of glucose metabolism. A-D, effects of vehicle (Cont, 0.5% car-
boxymethylcellulose) or fenofibrate (Feno, 100 mg/kg/day) treatment for 4 weeks on the development of HFD-induced obesity in C57BL/6J mice. Body weight
(A), food intake (B), plasma triglyceride (C), glucose, and insulin (D) levels were determined. The values are the means =+ S.E. (n = 4-5). E-J, effects of vehicle or
200 mg/kg/day fenofibrate treatment for 4 weeks on obese C57BL/6J mice fed a HFD for 12 weeks. Body weight (E) and food intake (F) were measured. Three
weeks after the initial treatment, an oral glucose tolerance test (2 g/kg glucose) was performed using mice fasted for 6 h. Plasma glucose levels, the AUC
calculated from the plasma glucose curve (G) and the plasma insulin levels (H) are shown. Four weeks after the initial treatment, plasma glucose levels (/) and
plasma FGF21 levels (J) were measured under a non-fasting state. The values are the means = S.E. (n = 6-8). K, ligand activities of fenofibric acid on PPARs were
determined by luciferase reporter assay. The values are the means = S.E. (n = 3-5).*, p < 0.05; **, p < 0.01. ND, normal diet; Cont, control; Feno, fenofibrate (A-J)

or fenofibric acid (K). NS, not significant.

genes, including Fgf21, Aco, Cptla, and Hmgcs2, were up-
regulated by fenofibrate treatment (Fig. 2F). These results
clearly showed fenofibrate treatment activated hepatic PPAR«,
but it could not ameliorate glucose metabolism defects in lipo-
dystrophic A-Zip/F1 mice, suggesting that adipose tissue plays
an important role in fenofibrate-induced amelioration of glu-
cose metabolism abnormalities.

SASBMB

Fenofibrate treatment induced the expression of genes related
to brown adipocyte function in WAT in WT mice but not in
FGF21-deficient mice

Because adipose tissue seemed to play an important role in
the fenofibrate-mediated improvement of glucose metabolism
abnormalities, we next investigated the role of FGF21, which
acts on adipose tissue, leading to anti-obese and anti-diabetic

J. Biol. Chem. (2017) 292(22) 9175-9190 9177
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Table 1

Effects of fenofibrate treatment for 4 weeks on the development of
HFD-induced obesity

Values are the means = S.E. (n = 4-5).

Measurement parameters Control Fenofibrate
Body weight (g) 32.7 £0.9 26.2 *+ 0.4°
Inguinal WAT (mg) 1016 = 93 308 * 33¢
Epididymal WAT (mg) 1709 *+ 134 499 * 54¢
Perireanal WAT (mg) 830 + 44 181 + 27°
Mesenteric WAT (mg) 496 * 48 142 * 14°
Interscapular BAT (mg) 96 +7 50 + 4
Liver (mg) 986 + 27 2028 + 274
Kidney (mg) 339 + 12 354+ 7
Plasma FGF21 (ng/ml) 0.890 *+ 0.070 1.850 = 0.113“
“p < 0.01 compared with the control.

Table 2

Effects of fenofibrate treatment for 4 weeks on the HFD-induced

obesity

Values are the means = S.E. (# = 6-8). ND, normal diet; Cont, control; Feno,
fenofibrate.

Measurement parameters ~ ND Cont HED Cont HED Feno
Body weight (g) 257 £04  40.6 = 1.0° 30.7 = 0.8%°
Inguinal WAT (mg) 320 + 26 2227 + 173 890 * 105%°
Epididymal WAT (mg) 484 *+ 44 2445 * 65 1341 + 124*°
Perireanal WAT (mg) 197 = 18 1223 = 68* 384 + 40*°
Mesenteric WAT (mg) 166 *+ 21 952 *+ 105“ 225 =+ 30”
Interscapular BAT (mg) 54 * 4 103 + 12° 50 + 3°

Liver (mg) 989 + 29 1093 = 75 2662 + 69%°
Kidney (mg) 298 =7 357 =8 378 £ 6
Plasma triglyceride (mg/dl) 137.2 £2.4 1164 +28° 44.9 + 1.6**

“p < 0.01 compared with the ND control.
? p < 0.01 compared with the HFD control.
¢ P < 0.05, compared with the ND control.

Table 3

Effects of fenofibrate treatment for 4 weeks on the lipodystrophic
A-Zip/F1 mice

Values are the means = S.E. (n = 4-5). ND, not detectable; Cont, control; Feno,
fenofibrate.

A-Zip/F1
Measurement parameters ~ WT Cont Cont Feno
Body weight (g) 309+12 278*22 282+ 1.9
Inguinal WAT (mg) 330 * 21 ND ND
Epididymal WAT (mg) 532 + 83 ND ND
Interscapular BAT (mg) 1199 312 22+3
Liver (mg) 1562 =88 2792 + 284 3623 * 134“

“p < 0.05 compared with the A-Zip/F1 control.

effects (1820, 22, 23). Two weeks of treatment with fenofi-
brate under normal diet feeding did not affect food intake (data
not shown), body weight, or plasma glucose levels in both WT
and FGF21 KO mice (Fig. 3, A and B). However, fenofibrate
treatment did lower plasma triglyceride levels in both geno-
types (Fig. 3C). In WT mice treated with fenofibrate, plasma
FGF21 levels were markedly increased, accompanied with an
increase in hepatic Fgf2 mRNA expression levels (Fig. 3, D and
E). The expression levels of PPAR« target genes in the liver,
including Aco, Cptla, Hmgcs2, and Cd36, were up-regulated
by fenofibrate treatment to a similar extent in both WT mice
and FGF21 KO mice (Fig. 3E), suggesting that fenofibrate-
induced hepatic PPAR« activation seemed not to be affected
by FGF21 deficiency. In WAT and BAT, fenofibrate treat-
ment could not induce Fgf2I mRNA expression levels (Fig. 3,
F and G), suggesting that adipose tissues did not contribute
to the fenofibrate-induced enhancement of circular FGF21
levels. In WAT, fenofibrate treatment induced mRNA expression
of genes related to brown adipocyte function, such as Ucpl,
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Pgcla, Cidea, Cptlb,and Thx1 (T-box 1),in WT mice, but these
increases were not observed in FGF21 KO mice (Fig. 3F). Feno-
fibrate treatment had no effects on the expression levels of
these genes in BAT of both mice genotypes (Fig. 3G). Similar to
mRNA expression, fenofibrate treatment increased hepatic
ACO protein levels in both genotypes and increased UCP1 pro-
tein levels in WT mice but not in FGF21 KO mice in WAT (Fig.
3H). Moreover, fenofibrate treatment did not affect UCP1 pro-
tein expression levels in BAT (Fig. 3H). In histochemical anal-
ysis, neither fenofibrate treatment nor FGF21 deficiency
showed a marked visible effect in the liver or BAT (Fig. 3, I and
K). However, fenofibrate treatment increased the number of
small multilocular adipocytes that strongly reacted to UCP1 anti-
bodies only in WAT in WT mice but not in FGF21 KO mice (Fig.
3J). Moreover, the cold tolerance test showed fenofibrate treat-
ment significantly ameliorated cold-induced reduction in rectal
temperature only in WT mice but not in FGF21 KO mice (Fig. 3L),
suggesting that fenofibrate induced browning in WAT not only
genetically but also functionally. These results suggested that
increased hepatic FGF21 production induced by fenofibrate treat-
ment enhances FGF21 signaling in WAT, leading to browning in
white adipocytes followed by anti-obese and anti-diabetic effects.

Fenofibrate treatment did not affect the expression of genes
related to fatty acid oxidation in skeletal muscle in either WT
mice or FGF21-deficient mice

Although WAT and liver are well-known target tissues of
FGF21 and PPAR« agonist, respectively, several studies indi-
cated that PPAR« agonist and FGF21 affect metabolisms in
skeletal muscle (24, 25). Therefore, we investigated the effects
of fenofibrate treatment on skeletal muscle in WT and FGF21
KO mice. Fenofibrate treatment did not significantly affect
mRNA expression levels of PPARa target genes (Fgf21, Aco,
CpT1b, and Lpl) and the FGF21 target gene (Glutl) in skeletal
muscle of both genotypes under our experimental conditions
(Fig. 4A). Tissue distribution of fenofibric acid and Ppara
expression levels seem to be related to this phenomenon at least
partially. The amount of fenofibric acid was ~100 times higher
in the liver than in WAT and skeletal muscle (Fig. 4B), and
Ppara was more abundantly expressed in the liver than in WAT
and skeletal muscle (Fig. 4C). Moreover, the FGF21 sensitivity
assay (26, 27) (measurement of FGF21-induced extracellular
signal-regulated kinase (ERK) phosphorylation) showed that
WAT is more sensitive to FGF21 than the liver and skeletal
muscle (Fig. 4D). This might be related to the tissue distribution
of FGF21 receptors expression. Both Fgfr1 and Kib, which have
been shown to be essential for pharmacological activities of
FGF21, are more abundantly expressed in WAT than in the
liver and skeletal muscle (Fig. 4E). These findings indicated that
the liver and WAT are the primary target tissues of fenofibrate
and FGF21, respectively.

Fenofibrate treatment improved obesity and obesity-induced
glucose metabolism abnormalities via the activation of FGF21
signaling

Next, we investigated whether fenofibrate-induced activa-
tion of FGF21 signaling in white adipocytes was important for
its anti-obese and anti-diabetic activity. To induce obesity, W'T
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Figure 2. Fenofibrate treatment could improve lipodystrophy-induced hypertriglyceridemia but not glucose metabolism abnormalities in
A-Zip/F1 mice. WT mice and lipodystrophic A-Zip/F1 mice were treated with vehicle control or fenofibrate (50 mg/kg/day) for 4 weeks. A and B, 3 weeks
after the initial treatment, the oral glucose tolerance test (A) and insulin tolerance test (B) were performed using mice fasted for 6 h. Plasma glucose
levels and AUC calculated from plasma glucose curve are shown. C-F, after 4 weeks of treatment, plasma and liver samples were harvested and analyzed
for the measurement of plasma characteristics and mRNA expression levels. Non-fasting plasma glucose levels (C), plasma triglyceride levels (D), and
plasma FGF21 levels (E) were determined by enzymatically colorimetric assay or ELISA. The expression levels of hepatic PPAR« target genes (Fgf21, Aco,
Cpt1a, and Hmgcs2) were determined by real-time RT-PCR (F). All the values are the means + S.E. (n = 4-9). *, p < 0.05; **, p < 0.01. NS, not significant;

A-Zip, A-Zip/F1; Cont, control; Feno, fenofibrate.

and FGF21 KO mice were fed a HFD for 8 weeks. After that,
these mice were treated with fenofibrate for 4 weeks. In WT
mice, fenofibrate treatment reduced body weight significantly
despite no changes in food intake (Fig. 5, A and B). On the other
hand, fenofibrate treatment did not induce a decrease in body
weight in FGF21 KO mice even when food intake was slightly
decreased (Fig. 5, A and B). Oxygen consumption rate in both
light and dark phase was also increased by fenofibrate treat-
ment in WT mice but not in FGF21 KO mice, suggesting that
fenofibrate-mediated reduction in body weight in WT mice was
at least partially due to an enhancement of energy expenditure
(Fig. 5C). After 4 weeks of treatment, fenofibrate treatment
more clearly and significantly reduced adipose tissue weight in
WT mice, although adipose tissue weight tended to be lower in
FGF21 KO mice treated with fenofibrate (Table 4). Plasma glu-
cose levels were significantly decreased only in WT mice by
fenofibrate treatment, accompanied with the enhancement of
circular FGF21 levels, whereas fenofibrate treatment decreased
plasma triglyceride levels in both genotypes (Table 4). More-
over, fenofibrate also induced hepatomegaly in both genotypes
(Table 4), suggesting that FGF21 is not essential for fenofibrate-
induced anti-hypertriglyceridemia effect and hepatomegaly.

SASBMB

Oral glucose tolerance tests showed that fenofibrate treatment
markedly improved glucose tolerance and hyperinsulinemia in
WT mice, whereas the amelioration of glucose intolerance and
hyperinsulinemia was clearly limited in FGF21 KO mice (Fig.
5D). Insulin tolerance tests clearly showed that insulin resis-
tance was improved in WT mice treated with fenofibrate, but
this amelioration was not observed in FGF21 KO mice (Fig. 5E).
These results clearly showed that FGF21 plays an important
role in fenofibrate-induced improvement of obesity and glu-
cose metabolism abnormalities but not fenofibrate-induced
improvement of hypertriglyceridemia.

Fenofibrate treatment attenuated obesity-induced WAT
dysfunction in WT mice

We assessed the effects of fenofibrate treatment on obesity-
induced tissue dysfunctions. We could not observe marked vis-
ible changes in hepatic histological analysis or differences in
hepatic triglyceride accumulation by fenofibrate treatment and
FGF21 deficiency (Fig. 64). Next, to assess the effects of feno-
fibrate treatment on obesity-induced WAT dysfunction, we
investigated adipocyte size in WAT. In WT mice, fenofibrate
treatment suppressed obesity-induced adipocyte hypertrophy.

J. Biol. Chem. (2017) 292(22) 9175-9190 9179
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Figure 4. Fenofibrate treatment did not affect the expression of genes related to fatty acid oxidation in skeletal muscle in either WT mice or
FGF21-deficient mice. A and B, 10-week-old C57BL/6J WT mice and FGF21 KO mice were treated with vehicle control or 50 mg/kg/day fenofibrate for 2 weeks.
mRNA expression levels of PPAR« target genes (Fgf21, Aco, Cpt1b, and Lpl) and FGF21 target gene (Glut1) in the skeletal muscle (gastrocnemius) were
determined by real-time RT-PCR (A). The contents of fenofibric acid in each tissue sample were quantified by LC-MS (B). C-E, 8-week-old C57BL/6J mice were
used for analysis of mRNA expression levels of Ppara (C) and main FGF21 receptors (Fgfr1 and KIb) (E) and the FGF21 sensitivity assay (25 ug/kg recombinant
FGF21, i.p.) (D). The values are the means = S.E. (n = 3-4).*,p < 0.05. P-ERK, phosphorylated ERK; T-ERK, total ERK.

However, this effect was not observed in FGF21 KO mice (Fig.
6, B-D). Moreover, insulin injection obviously enhanced
AKT phosphorylation in WAT in fenofibrate-treated WT
mice compared with vehicle-treated WT mice. On the other
hand, fenofibrate-mediated enhancement of AKT phosphor-
ylation was not observed in FGF21 KO mice (Fig. 6E), sug-
gesting FGF21 was important for the fenofibrate-induced
improvement of obesity-induced insulin resistance in adi-
pocytes. Insulin-stimulated AKT phosphorylation also tended
to be enhanced in the liver and skeletal muscle only in WT
mice by fenofibrate treatment (Fig. 6, F and G), but fenofi-
brate-enhanced insulin-stimulated AKT phosphorylation
was observed more clearly in WAT. These results indicate
that fenofibrate treatment improves obesity-induced WAT
dysfunction, such as adipocyte hypertrophy and insulin resis-

tance in adipocytes, and FGF21 played an important role in
delivering these effects of fenofibrate. We did not observe
significant differences of plasma free fatty acids and adi-
ponectin levels (Table 4).

FGF21 played an important role in fenofibrate-induced
browning in WAT

Finally, we investigated the effects of fenofibrate treatment
on mRNA and protein expression levels in the liver, WAT,
and BAT in HFD-induced obese mice. As previously re-
ported (28), mRNA expression of FGF21 was up-regulated
by fenofibrate treatment only in the liver of these organs (Fig.
7A-7C), suggesting that the liver is an important organ for
the increase in circular FGF21 levels in obese mice. mRNA
and protein expression levels of PPAR« target genes related

Figure 3. Fenofibrate treatment induced mRNA and protein expression levels of genes related to brown adipocyte function in WAT of WT mice but
not in FGF21 KO mice. A-K, 12-week-old C57BL/6J WT mice and FGF21 KO mice were treated with vehicle control or 50 mg/kg/day fenofibrate for 2-3 weeks.
After 2 weeks of treatment, plasma, liver, iWAT, and BAT were harvested and analyzed for the measurement of plasma characteristics, mRNA expression levels,
and protein expression levels. A, body weight was measured after 2 weeks of fenofibrate treatment. B-D, plasma glucose (B), triglyceride (C), and FGF21 (D)
levels were determined by enzymatic colorimetric assay or ELISA. E-G, mRNA expression levels of PPAR« target genes in the liver (E) or genes related to brown
adipocyte functions in iWAT (F) and BAT (G) were determined by real-time RT-PCR. H, protein expression levels of ACO, UCP1, and B-actin in total proteins from
the liver or BAT and UCP1 and COX4 in mitochondrial proteins from iWAT or BAT were analyzed by Western blotting. /-K, histochemical analyses of the liver (/),
iWAT (J), and BAT (K) were performed by hematoxylin and eosin (HE) staining or immunohistochemical (/HC) staining using the antibody against UCP1. Scale
bars in the panels represent 200 um. L, changes of rectal temperature in the cold tolerance test are shown. All the values are the means + S.E.(n = 4-10).*,p <
0.05. ND, not detectable; Cont, control; Feno, fenofibrate.
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Figure 5. FGF21 was important for the fenofibrate-mediated amelioration of glucose metabolism dysfunctions induced by obesity. Seven-week-old
C57BL/6J WT mice and FGF21 KO mice fed a HFD for 8 weeks were subjected to 4 weeks of fenofibrate treatment (50 mg/kg/day) under HFD feeding. A and B,
body weight (A) and food intake were measured. C, 3 weeks after treatment, oxygen consumption rate was measured by indirect calorimetric system
under the fed condition for 20 h (light phase: 8 h; dark phase: 12 h). D, three weeks after treatment, a oral glucose tolerance test (2 g/kg glucose) was
performed after 6 h of fasting. Plasma glucose levels and insulin levels were determined by enzymatically colorimetric assay or ELISA, respectively. E, 3
weeks after treatment, an insulin tolerance test (1 unit/kg insulin, i.p.) was performed after 6 h fasting. Plasma glucose levels determined by enzymat-
ically colorimetric assay, and the AUC calculated from plasma glucose curve are shown. All values are the means = S.E. (n = 4-8).*,p < 0.05;**,p < 0.01.

NS, not significant; Cont, control; Feno, fenofibrate.

to fatty acid oxidation in the liver were up-regulated by feno-
fibrate treatment to the same extent in both WT and FGF21
KO mice (Fig. 7, A and D). Moreover, plasma $3-hydroxybu-
tyrate levels were elevated by fenofibrate treatment in both
genotypes, suggesting that hepatic fatty acid oxidation was
enhanced by fenofibrate treatment in both genotypes (Table
4). However, mRNA and protein expression levels of the
genes related to brown adipocytes function were only up-
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regulated by fenofibrate in the WAT of WT mice, and this
fenofibrate-induced up-regulation was not observed in BAT
of WT mice and WAT and BAT of FGF21 KO mice (Fig. 7, B
and C), suggesting that FGF21 plays an important role in the
up-regulation of brown adipocyte-related genes in WAT by
fenofibrate treatment, and this FGF21-mediated induction
of browning in WAT may be important for anti-obese and
anti-diabetic phenotypes in mice treated with fenofibrate.

SASBMB



PPARa agonist improves glucose metabolism via FGF21

Table 4

Effects of fenofibrate treatment for 4 weeks on HFD-induced obese C57BL/6 WT and FGF21 KO mice
Values are the means = S.E. (n = 7—8). ND, not detectable; Cont, control; Feno, fenofibrate.

WT FGF21 KO
Measurement parameters Cont Feno Cont Feno
Body weight (g) 39.3 £ 1.11 34.2 = 1.06" 41.3 £ 1.78 39.4 + 1.39
Inguinal WAT (mg) 1200 = 120 731 * 106“ 1299 * 65 1171 =128
Epididymal WAT (mg) 2174 £ 152 1425 + 219 1908 = 113 1641 = 94
Perireanal WAT (mg) 1079 *+ 64 599 + 94 1074 = 77 815 + 73%
Interscapular BAT (mg) 86 * 10 70 £9 85+ 7 69 =7
Kidney (mg) 364 =11 407 + 10° 411 = 19 433 £ 16
Liver (mg) 1416 + 82 2358 + 974 1562 * 199 2523 * 214“
Plasma characteristics
Glucose (mg/dl) 206 + 9.1 174 *+ 4.6° 191 = 6.1 177 £ 7.4
Triglyceride (mg/dl) 79 = 3.8 49 £ 2.1¢ 79 £59 53 +2.5°
B-Hydroxybutyrate (um) 51.0 +12.1 111 + 21.4% 51.8 £10.1 138 +27.2°
Free fatty acids (meq/liter) 1.03 = 0.049 0.91 = 0.040 0.87 = 0.029 0.95 = 0.067
FGF21 (ng/ml) 0.351 £ 0.03 2.51 = 0.28" ND ND
Adiponectin (ug/ml) 56.2 * 3.0 46.3 = 4.4 58.1 £5.0 545+ 7.1

“p < 0.01 compared with the control in each genotype.
? p < 0.05, compared with the control in each genotype.

Discussion

In rodents, treatment with PPAR« agonist has been reported
to suppress obesity and obesity-induced abnormalities in glu-
cose metabolism (5, 9-11). In humans, several reports have
indicated that PPAR« agonists, fibrates, might be useful for
the management of disorders in glucose metabolism in non-
insulin-dependent diabetes mellitus (29-32). Moreover, the
observation that certain PPARa genetic polymorphisms may
delay the development of type 2 diabetes in humans supports
the hypothesis that PPAR« activator could increase insulin sen-
sitivity in humans (33). Moreover, PPAR«a agonist treatment
enhanced circular FGF21 levels not only in rodents but also
humans (34), suggesting that PPAR« agonist treatment could
enhance FGF21 signaling in human adipose tissue. Moreover,
treatment with LY2405319, an FGF21 analog in obese human
subjects with type 2 diabetes, resulted in favorable effects on
body weight, fasting insulin, and hyperlipidemia (21). These
reports raise the possibility that PPAR« agonist-induced acti-
vation of FGF21 signaling might be effective against disorders
of energy and glucose metabolism in human.

BAT is specialized in oxidizing lipids to dissipate chemical
energy in the form of heat in a process called adaptive thermo-
genesis (35). Mitochondrial UCP1 in BAT generates heat
through the uncoupling of oxidative phosphorylation (36). BAT
activity is inversely correlated with body mass index and adi-
posity (37-39), indicating that controlling BAT activity could
be used to protect against obesity and obesity-related metabolic
disorders. Unlike classical brown adipocytes, which arise from
muscle-like type progenitors (35), UCP1-expressing, brown-
like adipocytes (generally called beige cells or bright adipocytes)
emerge in WAT under certain physiological and pharmacolog-
ical conditions, such as cold stimulation and B-adrenoreceptor
agonists (40, 41). Recent genome-wide analyses of isolated
clonal UCP1-positive adipocytes from adult human BAT indi-
cated that cloned human brown adipocytes have molecular sig-
natures that resemble murine beige cells rather than classical
brown adipocytes (42). Moreover, chronic cold acclimation
results in recruitment of new BAT in adult humans who do
not possess detectable BAT before treatment (43, 44). These
reports indicate that inducible UCP1-expressing beige cells
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play important roles in the regulation of energy metabolisms in
both rodents and humans. In this study fenofibrate treatment
induced the expression of genes related to brown adipocyte
functions, such as Ucpl and Pgcla, in inguinal white adipose
tissue but not in brown adipose tissue, suggesting that fenofi-
brate treatment predominantly enhances the function of induc-
ible UCP1-expressing, brown-like adipocytes under our exper-
imental conditions. FGF21 treatment more potently induced
Ucpl and Pgcla expression in inguinal WAT (iWAT) than in
BAT. Moreover, although differences in cold-induced thermo-
genic gene expression were not apparent in the interscapular
BAT of FGF21-KO mice, the expression of browning marker
genes, such as Ucp1, Pgcla, Cidea, was significantly reduced in
the iWAT of the cold-exposed FGF21-KO mice (20). There-
fore, activation of FGF21 signaling may enhance BAT function
more efficiently in iWAT than BAT.

PPAR« is predominantly expressed in the liver, and hepatic
PPARa plays an essential role in many physiological functions
of PPARq, such as fasting-induced hepatic lipid accumulation
and the maintenance of whole body fatty acid metabolisms.
PPARe is also expressed in WAT, and several reports have
shown that direct activation of PPAR« in white adipocytes can
regulate white adipocyte function (5, 10, 45—-47). PPAR« acti-
vation in white adipocytes induced an anti-diabetic and anti-
atherosclerosis hormone adiponectin expression and secretion
levels via direct binding to the adiponectin promoter region
(45). Mazzucotelli et al. (46) report that PPAR« activation in
human white adipocytes controls the expression of metabolism
genes including glycerol kinase independently of PPARY.
Moreover, several reports indicate PPAR« activation in white
adipocyte enhanced 3-oxidation gene expression and increased
fatty acid oxidation activity and oxygen consumption rate (5,
47). Because high capacity of fatty acid oxidation and oxygen
consumption is one of the major features of brown adipocytes
(48), PPAR« agonist may directly induce browning in white
adipocyte. However, we did not observe fenofibrate treatment-
induced browning in FGF21 KO mice, suggesting that fenofi-
brate-induced direct activation of PPAR« in white adipocytes
seems not to be involved in the WAT remodeling under our
experimental conditions. As shown in Fig. 4B, pharmacological
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Figure 7. FGF21 was important for fenofibrate-induced browning in WAT. Seven-week-old C57BL/6J WT mice and FGF21 KO mice fed HFD for 8 weeks
were subjected to fenofibrate treatment (50 mg/kg/day) under HFD feeding. After 4 weeks of treatment, liver, WAT, and BAT were removed and mRNA and
protein expression were analyzed. A-C, mRNA expression levels of PPARa target genes in the liver (A) and mRNA expression levels of the genes related to brown
adipocyte function in WAT (B) and BAT (C) were determined by real-time RT-PCR. Protein expression levels of ACO, UCP1, and B-actin in total proteins from the
liver or BAT and UCP1 and COX4 in mitochondrial proteins from WAT were analyzed using Western blotting. All values are the means = S.E. (n = 8-10).*,p <

0.05. Cont, control; Feno, fenofibrate.

properties of fenofibrate might have a profound effect on the
results of our study. Therefore, a PPAR« activator efficiently
delivered to liver and adipose tissue may synergistically
enhance BAT function via not only increased FGF21 produc-
tion in the liver but also direct activation of PPAR« in
adipocytes.

Recent studies have shown that FGF21 production in adi-
pocytes is stimulated by many stimuli, such as cold exposure
and PPARY agonist (20, 28). Cold exposure induced FGF21
expression levels in both brown and white adipose tissues, lead-
ing to the enhancement of brown adipocyte function in these
tissues (20). Under cold temperatures, noradrenaline, acting via
B-adrenergic, cCAMP-mediated, mechanisms, and subsequent
activation of protein kinase A and p38 MAPK seems to induce
FGF21 gene transcription and FGF21 secretion (49). Cold-in-
duced enhancement of brown adipocyte function was impaired
inboth BAT and WAT of FGF21-deficient mice, indicating that
FGF21 enhances brown adipocyte function in adipose tissues in
an autocrine/paracrine manner (20). In humans, cold exposure
increased circulating FGF21 levels, which induced brown adi-
pocyte-related gene expression in adipocytes, enhancing lipol-
ysis and thermogenesis response (50, 51). Adipocyte FGF21 sig-
naling has been reported to be important not only for the
induction of thermogenic activity but also the regulation of

insulin sensitivity in WAT (28). FGF21 could regulate activity
of PPARY, a master transcriptional regulator of adipogenesis,
via the suppression of sumoylation of PPARy, which reduces its
transcriptional activity. Furthermore, FGF21 is a potent regu-
lator of adiponectin (52, 53). Therefore, fenofibrate-induced
activation of FGF21 signaling in WAT could ameliorate obesi-
ty-induced WAT abnormalities multilaterally.

FGF21 activates cellular signaling by binding its cell sur-
face receptors FGFR1 and B-Klotho, which are abundantly
expressed in adipocytes. Therefore, most pharmacological
functions of FGF21 treatment, such as the lowering of plasma
glucose, insulin, and triglycerides and increases in energy
expenditure were diminished in adipose FGFR1 knock-out
mice (22). Moreover, FGF21-mimicking antibody-mediated
amelioration of glucose metabolism disorders was shown in
obese db/db mice but not in lipodystrophic mice (23). These
reports clearly indicated that adipose tissue plays an essential
role in FGF21-mediated amelioration of metabolic disorders.
In this study, fenofibrate treatment had beneficial effects on
hypertriglyceridemia in lipodystrophic A-Zip/F1 mice and
diet-induced obese FGF21 KO mice. Therefore, FGF21 signal-
ing in adipocytes seems not to be involved in PPAR« agonist-
mediated circular triglyceride-lowering effect. Fenofibrate
could induce hepatic fatty acid oxidation-related PPAR« target

Figure 6. FGF21 was important for fenofibrate-induced amelioration of adipose tissue dysfunction induced by obesity. Seven-week old C57BL/6J WT
mice and FGF21 KO mice fed HFD for 8 weeks were subjected to the fenofibrate treatment (50 mg/kg/day) under HFD feeding. After 4 weeks of treatment,
tissues were removed and analyzed. A-D, liver (A) and WAT (B) samples embedded in the paraffin were cut into 6-um sections. Each section was stained with
hematoxylin and eosin. Representative images of liver sections are shown (scale bars in the panels represent 200 um), and hepatic triglyceride contents were
measured by an enzymatically colorimetric assay (A). Representative images of WAT sections are shown, and scale bars in the panels represent 100 um (B).
Distribution (C) and average (D) of the adipocyte size were determined by image analysis. All values are the means = S.E. (n = 1063-3125). E-G, human insulin
was injected intraperitoneally (2 units/kg) into mice fasted overnight. WAT (E), liver (F), and skeletal muscle (gastrocnemius) (G) were harvested from mice, and
AKT phosphorylation levels were determined using immunoblotting. Protein bands were quantified by image analysis. All values are the means *+ S.E. (n =
3-4). % p < 0.05; **, p < 0.01. Cont, control; Feno, fenofibrate. P-AKT, phosphorylated AKT; T-AKT, total AKT.
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gene expression in FGF21 KO mice to the same extentas in WT
mice under our experimental conditions. This indicates that
FGF21 is not essential for fenofibrate-enhanced fatty acid oxi-
dation in the liver, although FGF21 could induce PGC-1a-me-
diated fatty acid oxidation in the liver under fasting conditions
(14). It is likely that FGF21-independent fenofibrate-mediated
activation of fatty acid oxidation in the liver is enough to lower
plasma triglyceride levels.

Consistent with previous studies, fenofibrate treatment
induces hepatomegaly without triglyceride accumulation in
this study (54, 55). It has been reported that prolonged PPAR«
agonist treatment in rodents induces hepatocellular prolifera-
tion and suppresses hepatocyte apoptosis leading to hepato-
megaly (56). More recently, it was shown that PPAR« agonist
treatment induces hepatomegaly via the activation of PPAR« in
hepatocytes using hepatocyte-specific PPARa-deficient mice
(7, 57). FGF21 has been reported not to induce proliferation of
cells typically sensitive to FGFs (58). Moreover, in our study,
fenofibrate treatment induced hepatomegaly in both WT mice
and FGF21 KO mice at a similar level (Table 4), suggesting that
FGF21 was not involved in the PPAR« agonist-induced hepa-
tocyte proliferation.

Insulin resistance in skeletal muscle promotes the develop-
ment of the metabolic abnormalities (59). In this study insulin-
stimulated AKT phosphorylation in skeletal muscle tended to
be increased by fenofibrate treatment only in WT mice but not
in FGF21 KO mice. Moreover, several studies have reported
skeletal muscle could be direct target organs of the PPAR« ago-
nist (24) and FGF21 (25). However, fenofibrate treatment did
not affect mRNA expression levels of PPAR« target genes and
the FGF21 target gene in either WT mice or FGF21 KO mice,
suggesting that skeletal muscle did not function as the target
organ of fenofibrate and fenofibrate-stimulated FGF21 under
our experimental conditions. This might be caused by the phar-
macological properties of fenofibrate; that is, lower expression
levels of Ppara and Fgf21 receptors in skeletal muscle as shown
in Fig. 4.

In this study fenofibrate treatment sometimes, but not
always, reduced food intake significantly (Figs. 1B and F, and
5B). We do not understand this difference. However, the rela-
tionship between the activation of PPAR« and food intake
might be very complicated. Several previous studies reported
PPAR« agonist treatment did not affect food intake in rodents
even at 500 mg/kg fenofibrate treatment (0.5% fenofibrate diet
(~500 mg/kg) (55) and 500 mg/kg fenofibrate (60)), which is a
much higher dose than the doses used in this study. However,
there are reports in which PPARa activation in rodents caused
the reduction in food intake (10, 61). These previous studies
indicated the subtle differences in the experimental conditions
could affect the relationship between the activation of PPAR«
and food intake. However, previous study showed that PPAR«
agonist treatment improved obesity even under pair-fed condi-
tions (10), suggesting that enhancement of energy expenditure
is important for the anti-obesity effect of PPAR« agonist, at
least partially. Therefore, we believe the PPAR« agonist-
FGF21-WAT browning pathway contributes to the anti-obe-
sity effect of PPAR« agonist.
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In conclusion, in this study we showed that fenofibrate treat-
ment could ameliorate obesity and obesity-related glucose
metabolism disorders in diet-induced obese mice, whereas
hyperglycemia and glucose intolerance in lipodystrophic mice
was not ameliorated by fenofibrate treatment. Thermogenic
functions in WAT of mice treated with fenofibrate seemed to
be enhanced via the increase in hepatic FGF21 production,
leading to the amelioration of obesity-induced WAT dysfunc-
tion accompanied with the enhancement of whole body insulin
sensitivity. On the other hand, the fenofibrate-induced plasma
triglyceride lowering effect and hepatomegaly were indepen-
dent on the FGF21 function. These findings may provide us
with new insight into the pharmacological usefulness of fibrate
drugs.

Experimental procedures
Materials and methods

Unless otherwise indicated, all chemicals used were pur-
chased from Sigma, Nacalai Tesque (Kyoto, Japan), or Wako
(Osaka, Japan) and were guaranteed to be of reagent or tissue
culture grade.

Animals

All mice were housed under a constant 12-h light/dark cycle
with free access to food and water. For the diet-induced obese
model, 7—8-week-old wild type C57BL/6] mice (Japan SLC,
Shizuoka, Japan) or FGF21-deficient mice (62) were fed a 60%
HFD (D12492; Research Diet). After 8 —12 weeks of HFD feed-
ing, vehicle (0.5% carboxymethylcellulose) or fenofibrate was
orally administrated to HFD-fed mice for 4 weeks. During feno-
fibrate treatment, we measured food intake twice a week. After
treatment, the daily amount of food intake was calculated. As a
lipodystrophic model, 12-20-week-old A-Zip/F1 mice and
their WT littermates (63) were treated with 50 mg/kg/day feno-
fibrate or vehicle for 4 weeks. The animal care procedures and
methods were approved by the Animal Care Committee of
Kyoto University.

Oral glucose tolerance test and intraperitoneal insulin
tolerance test

Two to 3 weeks after fenofibrate treatment, an oral glucose
tolerance test was carried out by administering p-glucose (2
g/kg body wt) through a gastric feeding tube after 6 h of fasting.
For the insulin tolerance test, human insulin (Eli Lilly Japan,
Kobe, Japan) was injected intraperitoneally (0.75 or 1 units/kg
body wt) in animals after 6-h fasting. Blood samples were col-
lected from the tail vein before and 15, 30, 60, and 120 min after
injection. The area under the curve (AUC) was calculated using
the trapezoidal rule.

Cold tolerance test

Two to 3 weeks after fenofibrate treatment (50 mg/kg), rectal
temperature of mice was measured at 0, 30, and 60 min after
4°C cold exposure using a thermometer probe (T&D Corp.,
Nagano, Japan).

Measurement of oxygen consumption and RER

Two weeks after the initial administration, the oxygen con-
sumption and respiratory exchange ratio (RER) of mice under
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Table 5
Oligonucleotide primers used for mRNA analysis
Gene Forward primer Reverse primer Gene ID

36B4 TGTGTGTCTGCAGATCGGGTAC CTTTGGCGGGATTAGTCGAAG 11837
Fgf21 CACCGCAGTCCAGARAGTCT ATCCTGGTTTGGGGAGTCCT 56636
Aco GCACCATTGCCATTCGATACA CCACTGCTGTGAGAATAGCCGT 11430
Cptla CTCAGTGGGAGCGACTCTTCA GGCCTCTGTGGTACACGACAA 12894
Hmgcs2 AATCAGTGGAAGCAAGCTGGA GTCCAGGGAGGCCTTCAAAA 15360
Cd36 GATGTGGAACCCATAACTGGATTCAC GGTCCCAGTCTCATTTAGCCACAGT 12491
Ucpl ACTGCCACACCTCCAGTCATT CTTTGCCTCACTCAGGATTGG 22227
Pgcla CCCTGCCATTGTTAAGACC TGCTGCTGTTCCTGTTTTC 19017
Cidea ATCACAACTGGCCTGGTTACG TACTACCCGGTGTCCATTTCT 12683
Cptlb CTGTTAGGCCTCAACACCGAAC CTGTCATGGCTAGGCGGTACAT 12895
Tbxl GGCAGGCAGACGAATGTTC TTGTCATCTACGGGCACAAAG 21380
Tmem26 ACCCTGTCATCCCACAGAG TGTTTGGTGGAGTCCTAAGGTC 327766
Lpl ATCCATGGATGGACGGTAACG CTGGATTCCAATACTTCGACCA 16956
Ppara TCAGGGTACCACTACGGAGT CTTGGCATTCTTCCAAAGCG 19013
Glutl CCATCCACCACACTCACCAC GCCCAGGATCAGCATCTCAA 20525
Fgfrl TTGGAGGCTACAAGGTTCGC GCGGATCGCTGTACACCTTA 14182
Kib GGCAGGATGCCTATACGACC GTAAACTGCGGGGAGGAGAC 83379

fed conditions were measured using an indirect calorimetric ~ Histological analysis

system (Oxymax; Columbus Instruments, Columbus, OH)
every 9 min for 20 h. These experiments started at 4:00 pm and
finished at 12:00 pm (the dark and light phases were 12 and 8 h,
respectively).

Plasma characteristics

Plasma glucose, triglyceride, B-hydroxybutyrate, and free
fatty acids levels were determined enzymatically using the glu-
cose CII test and triglyceride E-test, Autokit-3-HB, and NEFA
C-test (Wako Pure Chemicals, Osaka, Japan) kit, respectively.
Plasma insulin, FGF21, and adiponectin levels were measured
using an ELISA kit (Morinaga Institute of Biological Science,
Yokohama, Japan; BioVendor, Brno, Czech Republic; R&D Sys-
tems, MN).

Insulin sensitivity analysis

Using diet-induced obese mice treated with fenofibrate for
3—4 weeks, human insulin was injected intraperitoneally (2
units/kg body wt) in mice after overnight fasting. Fifteen to 20
minutes after insulin injection, tissues were harvested from
mice under anesthesia and immediately frozen in liquid ni-
trogen. AKT phosphorylation levels were determined by
immunoblotting.

FGF21 sensitivity analysis

FGF21 sensitivity was analyzed as previously described
(26, 27). Briefly, recombinant FGF21 (ATGen, Seongnam,
South Korea) was injected intraperitoneally (25 pg/kg body
wt). Fifteen to 20 minutes later, tissues were harvested from
mice under anesthesia and immediately frozen in liquid
nitrogen. ERK phosphorylation levels were determined by
immunoblotting.

Hepatic lipid analysis

For the measurement of hepatic triglyceride content, the
liver was homogenized in hexan/2-propanol (3:2 v/v) using a
Polytron tissue grinder (Kinematica AG, Luzern, Switzerland).
Lipid extracts were evaporated and resuspended in 2-propanol.
The amounts of triglyceride were determined enzymatically
using the Wako triglyceride E-test.
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For hematoxylin and eosin staining, tissues were removed
from each mouse fed HFD and then fixed in 10% paraformal-
dehyde/PBS. After the dehydration with ethanol, the fixed sam-
ples were embedded in the paraffin. They were cut into 6-um
sections using a microtome and placed on microscope slides
(Matsunami Glass, Osaka, Japan). Paraffin sections were
stained with hematoxylin and eosin. For immunohistochemical
analysis, tissues were fixed with Bouin solution (5% acetic acid,
9% formaldehyde, 0.9% picric acid). After embedding in the paraf-
fin, they were cut into 6-um sections. Sections were incubated in
1% hydrogen peroxide in methanol and then with 10% normal goat
serum, rabbit antiserum against UCP1 (U6382, Sigma, 1:200), goat
anti-rabbit IgG (Nichirei, Tokyo, Japan), and finally with the avi-
din-biotin-peroxidase complex (Nichirei) according to the con-
ventional avidin-biotin complex method. Adipocyte sizes were
measured using an image analysis pipeline developed with the
EBImage (64) package of R/Bioconductor. Adaptive thresholding
and the watershed method were used to separate cellular areas
from the image background, and the pixel area of each adipocyte
was calculated and converted to real-scale. After the automatic
quantification, we checked the images for the exclusion of extreme
outliers by visual inspection.

RNA preparation and quantification of gene expression

Total RNA was prepared from murine tissues using Sepasol
(R)-RNA I Super in accordance with the manufacturer’s proto-
col. Total RNA was reverse-transcribed using M-MLYV reverse
transcriptase (Promega, Madison, WI) in accordance with the
manufacturer’s instructions. To quantify mRNA expression,
real-time RT-PCR was performed with a LightCycler System
(Roche Diagnostics) using SYBR Green fluorescence signals
as described previously (65, 66). The oligonucleotide primers
were designed using a PCR primer selection program (the
Virtual Genomic Center) from the GenBank™ database. The
primers used for measuring mRNA expression levels of genes
are listed in Table 5. To compare mRNA expression levels
among the samples, the copy numbers of all transcripts were
divided by those of mouse 36B4. All mRNA expression levels
are represented as a ratio relative to that of the control in each
experiment.
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SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and
immunoblotting

Proteins from murine tissues were solubilized in lysis buffer
(50 mm Tris'HCI, 150 mm NacCl, 1% Triton X-100, 0.5% deoxy-
cholate, 0.1% SDS (pH 7.4), and a protease and phosphatase
inhibitor mixture). The protein concentration was determined
using a protein assay kit (Bio-Rad). Protein samples were sub-
jected to SDS-PAGE followed by the transfer to PVDF mem-
branes (Millipore, MA), which were blocked with 5% nonfat
dried milk in PBS. The membranes were incubated with anti-
UCP1 (U6382, Sigma, 1:1000), anti-ACO (ab59964, Abcam,
MA, 1:1000), and anti-AKT (4691, 1:2000), anti-phosphorylat-
ed AKT (4060, 1:2000), anti-ERK (9102, 1:2000), anti-phosphor-
ylated ERK (9101, 1:2000), anti-COX4 (4844, 1:1000), or anti-
B-actin (4967, 1:2000) (Cell Signaling Technology, MA) diluted
with blocking buffer. Proteins were detected using an ECL
Western blotting detection system (GE Healthcare). For band
quantification, AlphaEaseFC software (Alpha Innotec, Kasend-
orf, Germany) was used.

Quantification of fenofibric acid

Mice tissue samples for LC-MS analysis were homogenized
in extraction solvent (ethanol). After centrifugation, the su-
pernatant was collected as extract. This extract was used in
LC-MS. LC-MS was performed using an Acquity UPLC system
coupled to a Xevo QTOF-MS system (Waters, MA).

Luciferase reporter assay

PPARs ligand activities of fenofibric acid were determined by
the luciferase reporter assay using chimera proteins for the
GAL4 DNA-binding domain and human PPARs-ligand-bind-
ing domains as described previously (65, 66).

Statistical analysis

The results were expressed as the means and S.E. The statis-
tical significance of differences was evaluated using Student’s ¢
tests or analysis of variance and the Tukey-Kramer test. Differ-
ences with p values of <0.05 were considered significant.
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