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Abstract: Irisin is an exercise-induced hormone that regulates lipid metabolism. The present study
investigates whether the anti-obesity effect of the natural flavonoid pentamethylquercetin (PMQ) is re-
lated to irisin secretion from skeletal muscle in whole animals and cultured cells. Obese mice induced
by monosodium glutamate were administered oral PMQ to determine blood irisin level and in vivo
parameters of lipid metabolism, and cultured mouse C2C12 myoblasts and 3T3-L1 preadipocytes
were employed to investigate the related molecular identities. PMQ increased circulating irisin and
decreased bodyweight, insulin, and lipid levels accompanied with increasing brown-like adipocyte
formation in obese mice. The brown adipocyte marker uncoupling protein 1 (UCP-1) and other
brown-like adipocyte-specific genes and/or markers were increased in mouse white fat tissue, while
PMQ treatment reversed the above changes. PMQ also dose-dependently increased the reduced levels
of AMP-activated protein kinase (AMPK), peroxisome proliferator-activated receptor-y coactivator-
la (PGC-1«), and fibronectin type III domain-containing 5 (FNDC5) signal molecules in obese mice.
Interestingly, the irisin level was increased in the culture medium of C2C12 cells treated with PMQ,
and the conditioned medium stimulated the brown-like transition of 3T3-L1 preadipocytes with the
increased expression of PGC-1a, FNDC5, UCP-1, and other brown-like adipocyte-specific genes.
The effects of conditioned culture medium were abolished in C2C12 cells with silenced PGC-1c.
On the other hand, PMQ-induced upregulation of PGC-1&x and FNDC5 expression was reduced
by AMPK inhibitor Compound C in C2C12 cells. Our results demonstrate the novel information
that PMQ-induced irisin secretion from skeletal muscle involves the improvement of metabolic
dysfunction in obese mice via activating the AMPK/PGC-1«/FNDCS5 signal pathway, suggesting
that PMQ modulates skeletal muscle-adipose tissue crosstalk and may be a promising drug candidate
for treating obesity and obesity-related metabolic diseases.

Keywords: pentamethylquercetin; skeletal muscle; irisin; browning of white adipose tissue;
AMP-activated protein kinase; peroxisome proliferator-activated receptor-y coactivator-1¢; fibronectin
type III domain-containing 5

1. Introduction

The prevalence of obesity is a major public health concern worldwide [1]. Obesity
results from a chronic energy imbalance [2], in which energy intake exceeds energy ex-
penditure, which foreshadows hypertension, insulin resistance, type 2 diabetes mellitus
(T2DM), and major cardiovascular diseases [3,4]. It is well recognized that adipocytes
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play a substantial role in the pathogenesis and complications of obesity. Two types of fat,
white adipose tissue (WAT) and brown adipose tissue (BAT) are identified in mammals.
WAT is specialized as an energy reservoir to store excess chemical energy in the form of
triglycerides that can be released as free fatty acids into the circulation in times of food short-
age [5], while BAT is responsible for dissipating chemical energy as heat to protect against
hypothermia and obesity-dependent uncoupling protein 1 (UCP-1)-induced thermogene-
sis [6,7]. The UCP-1 is considered to be a unique biomarker specific to brown adipocytes,
and uncouples respiration from ATP synthesis through catalyzing a proton leak across the
inner mitochondrial membrane, thereby generating heat [8]. A distinct type of thermogenic
fat cells, interspersed brown-like adipocytes (also called “beige” cells) express the markers
CD137, Tbx-1, and TMEM26, which are different from classical brown adipocytes [9]. When
exposed to cold [10], local hyperthermia [11], a -adrenergic agonist or a cannabinoid
receptor type 1 antagonist [12,13], and an autocrine regulator [14], beige adipocytes of the
basal state or precursors appear to be morphologically and histochemically brown-like [9].
They, like classical BAT, are able to elevate fuel oxidation and thermogenesis. Experimental
mice with ablation of beige adipose cells are more prone to obesity on a high-fat diet [15].
The induction of the browning of white fat might be a potential strategy for increasing
whole-body energy expenditure and combating obesity [16,17].

It is well established that adipose tissue is an important contributor to the regulation
of energy metabolism through organ crosstalk including crosstalk with skeletal muscle [18].
Being recognized as an endocrine organ itself, skeletal muscle secretes a panel of cytokines
and proteins named myokines [19]. Irisin is a hormone-like myokine mainly secreted by
skeletal muscle in response to exercise, which is proposed to induce the browning of WAT,
thus increasing thermogenesis and energy expenditure [20]. Exercise activates peroxisome
proliferator-activated receptor-y coactivator-1oc (PGC-1«x) in muscle, and irisin, a PGC-1«-
dependent myokine, is released from skeletal muscle and proteolytically cleaved from
fibronectin type III domain-containing 5 (FNDC5) into the bloodstream [20]. FNDC5/irisin
exerts its biological effects through several intracellular signaling pathways. The major
signaling pathway involved in browning of white adipocytes is thought to be mitogen-
activated protein kinase (MAPK) signaling pathways, and other essential functions of
FNDC5/irisin are mediated through additional pathways including the AMP-activated
protein kinase (AMPK) pathway, PI3K/AKT, and STAT3/Snail [21,22]. By binding to
an o-integrin receptor [23], irisin is capable of driving brown-like adipocytes through
the activation of the p38 MAPK and extracellular signal-related kinase (ERK) pathways,
ameliorating obesity and glucose homeostasis in obese mice [20,24]. Irisin remains an ap-
pealing therapeutic target for metabolic diseases, albeit much research is still needed [25,26].
The pharmacological induction of irisin may be of interest to promote weight loss and
improve insulin sensitivity in patients who cannot benefit from the beneficial effects of
exercise [25,27].

Pentamethylquercetin (PMQ) is a natural polymethoxylated flavonoid. We have
recently reported that PMQ possesses beneficial effects such as anti-diabetes, anti-obesity,
anti-tumor, and cardioprotective properties [28-32], and also that PMQ can drive brown-
like transition in 3T3-L1 cells as well as the transformation of WAT to brown fat in high-fat
diet fed mice [33]. Studies showed that PMQ could exert actions via a number of signaling
pathways, including sestrins/Keap1/Nrf2, SIRT1, TGF-f3/Smads, and AMPK-related
signaling pathways [30,34-36]. However, the underlying molecular mechanisms on how
PMQ induces WAT browning are not fully understood.

AMPK has been proved to directly phosphorylate PGC-1x and increase PGC-1«x-
dependent activation of its own promoter in skeletal muscle [37]. Our previous study
demonstrated that PMQ could activate AMPK and elevate PGC-1« in C2C12 myotubes [30].
Therefore, it would be worth investigating further whether the AMPK-PGC-1x-FNDC5
pathway in skeletal muscle is involved in the action of PMQ, and whether PMQ regulates
irisin secretion and subsequently induces browning of WAT. The present study was de-
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signed to determine whether the anti-obesity effect of PMQ is related to irisin secretion in
obese mice and in ex vivo cell culture experiments.

2. Materials and Methods
2.1. Chemicals

PMQ was synthesized by the Food & Drug Evaluation Centre of Tongji Medical College
at Huazhong University of Science and Technology at a purity of 99.5% as determined
by HPLC [38]. AMPK inhibitor Compound C (6-[4-(2-piperidin-1-yl-ethoxy)phenyl]-3-
pyridin-4-yl-pyrazolo [1,5-a]pyrimidine), Dorsomorphin), 3-isobutyl-1-methylxanthine
(IBMX), dexamethasone, and insulin were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Dulbecco’s modified Eagle’s medium (DMEM) and fetal bovine serum (FBS) were
purchased from Gibco (Grand Island, NY, USA), and horse serum was from Hyclone
(Logan, UT, USA). Radioimmunoassay kit for insulin was obtained from Beijing North
Institute (FO1TB, Beijing, China). ELISA kit for determination of irisin level in plasma
and conditioned medium was obtained from Myhalic Biotechnology (MU30871, Wuhan,
China). Lactate dehydrogenase (LDH) assay kit was from Beyotime (C0016, Shanghai,
China). TRIzol reagent and Lipofectamine 2000 were purchased from Invitrogen (Carlsbad,
CA, USA). Small interfering RNA (siRNA) molecules targeting PGC-1x and scrambled
control siRNA were synthesized by RiboBio (Guangzhou, Guangdong, China). The anti-
AMPK (#5831) and anti-pAMPK (#2531) antibodies were purchased from Cell Signaling
Technology (Danvers, MA, USA). The anti-PGC-1a (sc-518025) antibody was purchased
from Santa Cru Biotechnology (Santa Cruz, CA, USA). The anti-FNDC5 (ab131390) and
anti-UCP-1 (ab10983) antibodies were obtained from Abcam (Cambridge, UK), whereas
the antibody against GAPDH (60004-1-Ig) was from Proteintech (Wuhan, China). All other
chemicals and reagents were of analytical grade.

2.2. Animal Experiments

CD-1 mice were purchased from Vital River (Beijing, China) at 10 weeks of age.
The animals were housed in a temperature and humidity-controlled room (22 £ 2 °C,
55 &+ 15%, respectively) under 12 h light/12 h dark cycles and fed with standard rodent
chow for adapting for 2 weeks. Virgin female mice were mated with male mice at a ratio
of 1:1. Obese mouse model was established using subcutaneous injection of monosodium
glutamate (MSG) in neonatal mice at 3 g/kg body weight once daily from day 2 to
day 8 after delivery as described previously [30]. At age of 5 weeks, all the MSG-treated
male mice were randomized into four groups as follows: PMQ 0 mg/kg (Vehicle), PMQ
PMQ 10 mg/kg, and PMQ 20 mg/kg [30]. The age-matched normal male mice that were
subcutaneously injected with normal saline served as a control group. PMQ was daily
administrated by gastric gavage for 19 weeks. Control and Vehicle groups were adminis-
tered an equipotent volume of vehicle. The animal body weight was monitored weekly.
At age of 18 weeks, the oral glucose tolerance test (OGTT) was performed in a previously
described manner [28]. The results of the OGTT were expressed as integrated area under
the curve for glucose concentrations. At 24th week, body weight, body length, and waist
circumference were measured, blood samples were collected for biochemical assessment
including measurement of serum lipids, glucose, and insulin before the animals were sacri-
ficed. The homeostasis model assessment-insulin resistance (HOMA-IR) was calculated
to assess insulin resistance as follows: HOMA-IR = fasting glucose (mmol/L) X fasting
insulin (uIU/mL)/22.5. Adipose tissues and gastrocnemius muscles of mice were dissected
and stored at —80 °C for PCR and western blot analysis. The animal experiment proto-
col was approved by the Ethics Committee of Animal Use for Teaching and Research of
Tongji Medical College, Huazhong University of Science and Technology (Wuhan, China)
(permission No. 5794, 2018).
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2.3. Hematoxylin and Eosin (H&E) and Immunohistochemical Staining

The WAT tissue (inguinal fat tissue) dissected from mice were fixed in 10% forma-
lin in phosphate buffer (pH 7.4) overnight at room temperature, embedded in paraffin,
and sectioned. Tissue sections were stained with H&E or with UCP-1 primary antibody
(1:600 dilution) following standard procedures.

2.4. Cell Culture and Treatment

Mouse C2C12 myoblast cells were purchased from Boster (Wuhan, China) and grown
in DMEM containing 10% FBS, 100 U/mL penicillin, and 100 pug/mL streptomycin at 37 °C
in a humidified atmosphere with 5% CO,. Once cells reached confluence, the cell culture
medium was switched to DMEM supplemented with 2% horse serum, which was changed
every 2 days. After 4 days, the C2C12 cells were considered to be myotubes [39]. Thereafter,
C2C12 myotubes were incubated with various concentrations of PMQ (1, 3, 10, or 30 pM)
for 0, 4, 8, 16, or 24 h. Cell viability was measured by CCK-8 test performed as described
previously [30]. LDH release in the medium was detected with an LDH assay kit. To inhibit
AMPXK, cells were pretreated with Compound C before PMQ treatment.

Differentiated C2C12 cells were incubated with PMQ (1, 3, and 10 uM) or vehicle for
16 h. Then the cells were cultured for another 24 h without PMQ or vehicle. The resulting
medium was collected, filtered, and used as conditioned medium.

Mouse 3T3-L1 preadipocytes obtained from the American Type Culture Collection
(Manassas, VA, USA) were cultured in DMEM supplemented with 10% FBS, 100 U/mL
penicillin, and 100 pg/mL streptomycin in 5% CO, at 37 °C. Upon reaching confluence,
the cells were incubated in DMEM containing 10% FBS with 0.5 mM IBMX, 0.25 uM
dexamethasone and 10 pug/mL insulin for 2 days. Then, the cells were cultured for a further
2 days in DMEM supplemented with 10% FBS and 10 pg/mL insulin. Thereafter, the
medium was replaced with maintenance medium (DMEM containing 10% FBS) for an
additional 4 days. For the myotube conditioned medium (MCM) treatment, 3T3-L1 cells
were maintained in differentiation medium containing 50% MCM for 8 days until harvest.
For the ENDC5 antibody-neutralizing experiments, FNDC5 antibody at a concentration of
1.25 pg/mL was added to the MCM.

2.5. Reverse Transcription-Polymerase Chain Reaction (RT-PCR) Analysis

Total RNA was prepared with TRIzol reagent following the manufacturer’s protocols.
RT-PCR was carried out with MyCycler PCR System (Bio-Rad, Hercules, CA, USA) as
previously described [38]. The primer sequences used are listed in Supplementary Table S1.

2.6. Western Blot Analysis

Western blot analysis for proteins of isolated tissues and harvested cells were per-
formed as described previously [30]. Total proteins were determined using BCA assay and
then immunoblotted with primary antibodies specific for pAMPK (1:1000), AMPK (1:1000),
PGC-1« (1:800), FNDC5 (1:1000), UCP-1 (1:1000), and GAPDH (1:5000).

2.7. siRNA Transfection

When the C2C12 cells had grown to 60-70% confluence in 6-well plate, the cells were
transfected with siRNA targeting siRNA-PGC-1« or siRNA-scramble (negative control)
with Lipofectamine 2000. SiRNA-PGC-1« and siRNA-scramble were synthesized and
transfected according to the manufacturer’s instruction.

2.8. Statistical Analysis

Sample size calculation was based on our previous experiments that observed signif-
icant effects [29,30,33]. All data are expressed as means + SEM. Statistical analysis was
performed using Graph Pad Prism 5.0 software (San Diego, CA, USA). Data were analyzed
for normality with the Shapiro-Wilk test. Group comparisons were evaluated by one-way
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ANOVA followed by Tukey’s post-hoc test. The differences were considered statistically
significant at p < 0.05.

3. Results
3.1. PMQ Reversed Reduction of Plasma Irisin Level in Obese Mice

To investigate whether the anti-obesity effect of PMQ is related to irisin secretion,
an obese mouse model was established using MSG in neonatal mice as described previ-
ously [30]. As we previously reported [30], body weight and obese indexes were greater
in obese mice than in age-matched animals (Figure S1). PMQ reduced the body weight
(Figure S1A), waist circumstance (Figure S1B), Lee index (Figure S1C), total fat pad weight
(Figure S1D), and total fat index (Figure S1E) in a dose-dependent manner. In addition,
PMQ resulted in a significant reduction of blood glucose and an improved glucose intoler-
ance and insulin resistance in obese mice (Figure S1F-I).

Interestingly, plasma irisin was remarkably reduced in obese mice (5.1 £ 0.5 ng/mL
vs. 10.8 & 0.9 ng/mL of age-matched control mice, n = 8-10, p < 0.01) (Figure 1A). The
decrease in plasma irisin was accompanied with an increase in plasma total cholesterol
(Figure 1B) and triacylglycerol (Figure 1C) in obese mice, compared with age-matched
control mice (cholesterol: 3.7 £ 0.3 mM vs. 7.3 £ 0.3 mM, n = 8-10, p < 0.01; triacylglycerol:
0.9 £0.1mMvs. 2.3 £0.3mM, n=8-10, p <0.01). PMQ reversed the reduction of irisin
in a dose-dependent manner (Figure 1A). Irisin was 11.4 £ 0.9 ng/mL at 20 mg/kg (n = §,
p < 0.01 vs. obese mice). On the other hand, PMQ dose-dependently decreased the total
cholesterol and triacylglycerol in obese mice (Figure 1B,C), the effect is parallel to the
plasma irisin level in animals treated with PMQ. These results suggest that the beneficial
effect of PMQ on lipid metabolic malfunction is likely related to irisin secretion.

3.2. PMQ Enhanced Skeletal Muscle PGC-1a/FNDC5 Expression in Obese Mice

It has been recognized that irisin is a cleaved version of FNDC5 and secreted from
skeletal muscle. Exercise causes an increased expression of PGC-1 in skeletal muscle, then
increases FNDC5 expression to give a new product, irisin [20]. We therefore examined the
mRNA and protein expression of PGC-1x and FNDC5 in the skeletal muscle of obese mice
treated with PMQ. The mRNA and protein levels of PGC-1a and FNDC5 were significantly
decreased in the skeletal muscle of obese mice, compared with age-matched control mice
(Figure 2). The reduced PGC-1ax and FNDC5 were upregulated in mice treated with
5 mg/kg, 10 mg/kg, and 20 mg/kg PMQ. These results suggest that PMQ may increase
PGC-1 and FNDCS5 expression by mimicking exercise and skeletal muscle contraction to
secrete irisin into circulation.

3.3. PMQ Promoted Browning of WAT in Obese Mice

It has been proposed that irisin promotes the conversion of white fat to beige fat
in mammals [24]. We therefore analyzed histologic and molecular alterations of WAT
in obese mice treated with PMQ. H&E staining revealed that the size of adipocytes was
larger in obese mice than in the age-matched control mice. PMQ treatment decreased the
enlarged cell size in WAT in a dose-dependent manner (Figure 3A). Immunohistological
staining with antibodies of the brown fat cell marker UCP-1 showed a gradual decrease in
cell size and an increase in cell number with a stained brown color with increasing PMQ
dosage (Figure 3B). The mRNA (Figure 3C) and protein (Figure 3D) levels of UCP-1 were
remarkably decreased in the WAT of obese mice and upregulated in obese mice treated
with PMQ. These results suggest that brown-like adipocyte formation and the upregulation
of UCP-1 may be related to irisin secretion in obese mice treated with PMQ.
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Figure 1. PMQ increases irisin level and regulates lipid metabolism in mice. Vehicle or PMQ was
administered orally to 5-week-old normal or MSG-induced obese mice for 19 weeks. (A) Serum irisin
levels. (B) total cholesterol levels. (C) triacylglycerol levels. ## p < 0.01 vs. control group; * p < 0.05,
**p < 0.01 vs. obesity group. Data are expressed as means &+ SEM, n = 8-10.

In addition, mRNA levels of other brown-specific genes (Pgc-1o, Cidea, and Cox7al)
and beige cell markers (Tbx1, Tmem?26, and CD137) were decreased in the WAT of obese
mice. PMQ treatment reversed the reduced mRNA expression (Figure 52), which further
supports the observation that PMQ increases irisin secretion from skeletal muscle and
improves the impaired lipid metabolism in obese mice.
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3.4. PMQ Increased Irisin Secretion in Cultured C2C12 Myotubes

To investigate whether a PMQ-induced increase in irisin could be observed in cultured
cells, we determined the irisin level in the culture medium of differentiated C2C12 cells
treated with 1, 3, and 10 uM PMQ for 16 h, and then in regular DMEM for 24 h. Interestingly,
irisin was increased by PMQ in a concentration-dependent manner (Figure 4A). Irisin was
6.5 £ 0.6 ng/mL in the vehicle control medium, 7.1 + 0.4 ng/mL, 9.6 + 0.9 ng/mL (p < 0.05
vs. control), and 14.4 4+ 0.6 ng/mL (n = 6, p < 0.01 vs. control), respectively, in the culture
medium of cells treated by 1, 3, and 10 pM PMQ. PGC-1oc and FNDCS5 protein expression
were increased by 1, 3, and 10 uM PMQ in a concentration-dependent manner (Figure 4B,C),
and the efficacy was parallel to the irisin level of the culture medium, which implicates that
irisin secretion is correlated to the increased expression of PGC-1oc and FNDC5 proteins in
C2C12 myotubes.

PGC-1a
GAPDH
% % 1.2 1 * @ % 12 4
2g10] - F o] =
0.8 1 0.8 1 -
Z 0O T Z O\
T 206" 27 X 206 -
-— E -—
= 204 - // g 204 -
< E02 - 7 $£02 -
52001 b B £ 20011 .
= Control 0 5 10 20 Control 0 5
Obesity + PMQ (mg/kg) Obesity + PMQ (mg/kg)
kDa kDa
C _ . D
recfl) W . D W oo [ - —— |
t T 6

36
_ *k

51.5 —_— =15 1 Kk
T kel Ta s R
> * -1
25101 - = [ 23104 & T
3205 - ;ﬂ 0205 22
o ® L ®

goo v ; A T gOO T g A )

Control 0 5 10 20 Control O 5 10 20

Obesity + PMQ (mg/kg)

Obesity + PMQ (mg/kg)

Figure 2. PMQ increases muscular PGC-1x and FNDC5 expression level in mice. (A,B) Relative
mRNA levels of Pgc-1a and Fndcb in gastrocnemius muscle of mice analyzed by RT-PCR. n = 3.
(C,D) Protein levels of PGC-1x and FNDCS5 in gastrocnemius muscle of mice examined by western
blot. n = 4. #p < 0.05, ## p < 0.01 vs. control group; * p < 0.05, ** p < 0.01 vs. obesity group. Data are
expressed as means + SEM.
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Figure 3. PMQ promotes the browning of inguinal WAT in MSG mice. (A) Representative images
of H&E-stained paraffin sections of inguinal fat in the groups indicated (x100). (B) Representative
images from UCP-1 immunohistochemistry on sections of inguinal fat (x100). (C) Relative mRNA
levels of UCP-1 in inguinal WAT. (D) UCP-1 protein levels in inguinal WAT. ## p < 0.01 vs. control
group; * p < 0.05, ** p < 0.01 vs. obesity group. Data are expressed as means + SEM, n = 4.

3.5. PMQ Promoted Browning Transition Markers in 3T3-L1 Cells by FNDC5/Irisin Pathway

If FNDCS5 /irisin is responsible for the browning of WAT adipocytes by PMQ in obese
mice, the culture medium from differentiated C2C12 cells may also have such an effect. To
test if it is the case, we collected the conditioned culture medium of C2C12 myotube cells
treated with PMQ, then used the conditioned medium to culture 3T3-L1 preadipocytes
(Figure S3). Interestingly, the mRNA and protein levels of UCP-1 (a typical browning
adipocyte marker) were increased in 3T3-L1 preadipocytes cultured with the conditioned
medium of C2C12 cells treated with 1, 3, and 10 uM PMQ. The effect was reduced by
anti-FNDC5 antibody incubation (Figure 5). In addition, other brown adipocyte signature
genes (Pgc-1x, Cidea, and Cox7al) and beige-cell marker genes (Cd137, Tbx1, and Tmem?26)
were also increased in 3T3-L1 preadipocytes cultured with conditioned medium of C2C12
myotube cells treated with 1, 3, and 10 uM PMQ, and the effect was decreased in cells
incubated with anti-FNDCS5 antibody (Figure S4). These results support the notion that the
browning transition of adipocytes induced by PMQ is mediated by FNDC5/irisin.
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Figure 4. PMQ increases irisin secretion and upregulates the expression of PGC-1& and FNDCS5 in
C2C12 myotubes. C2C12 myotubes were treated with various concentrations of PMQ (1, 3, 10 uM) or
vehicle for 16 h, and cultured for an additional 24 h in regular DMEM. Then the conditioned media
were collected. (A) Irisin levels in the conditioned medium. n = 6. (B,C) Protein levels of PGC-1«
and FNDCS5 in C2C12 myotubes. n = 3. * p < 0.05, ** p < 0.01 vs. vehicle. Data are expressed as
means + SEM.
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Figure 5. PMQ promotes UCP-1 expression in 3T3-L1 cells by FNDC5/irisin pathway. 3T3-L1 cells
were treated with CM-vehicle, CM-PMQ (1, 3, 10) and CM-PMQ10 plus FNDC5 antibody (anti-
FNDCS5). (A) Relative mRNA levels of UCP-1 in 3T3-L1 cells. n = 3. (B) UCP-1 protein levels in 3T3-L1
cells. n=4. *p <0.05, ** p < 0.01 vs CM-vehicle; AA p < 0.01 vs. CM-PMQI10. Data are expressed as
means + SEM.

3.6. PMQ Induced White Adipocyte Browning via Upregulating PGC-1x

PGC-1x was silenced in C2C12 cells transfected with siRNA targeting PGC-1« to
investigate whether PGC-1« plays a role in mediating PMQ effect on browning adipocytes.
The silencing of PGC-1« remarkably decreased its protein level and abolished the PMQ-
induced upregulation (Figure 6A), and also reduced FNDCS5 expression and PMQ-induced
upregulation (Figure 6B), indicating that FNDC5 expression is dependent on PGC-1c. The
decreased FNDCS5 expression resulted in the reduction of irisin secretion. Irisin in the cul-
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tured medium was 5.6 £ 0.4 ng/mL in cells with scramble siRNA, 2.9 & 0.4 ng/mL in cells
with PGC-1oc siRNA (1 = 6, p < 0.01), and 11.9 & 0.3 ng/mL in cells with scramble siRNA
and 10 uM PMQ, while it was 3.1 & 0.3 ng/mL in cells with PGC-1« siRNA and 10 pM
PMQ, n =6, p <0.01) (Figure 6C). It is interesting to note that UCP-1 protein was reduced
and no longer upregulated by PMQ in 3T3-L1 preadipocytes cultured with conditioned
medium of C2C12 cells transfected with PGC-1a siRNA (Figure 6D), in which irisin was re-
markably reduced (Figure 6C). Taken together, these results indicate that the PMQ-induced
browning transition of adipocytes is mediated by activating PGC-1/FNDC5/irisin.
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Figure 6. Down-regulation of PGC-1« blocks the stimulatory effects of conditioned medium from
PMQ-treated myotubes on UCP-1 expression in 3T3-L1 adipocytes. (A,B) C2C12 cells were transfected
with siRNA-scramble or siRNA-PGC-1«, exposed to DMSO or PMQ 10 uM for 16 h, the protein
levels of PGC-1x and FNDC5 in C2C12 cells were quantified by western blot. (C) After C2C12 cells
were transfected with siRNA-scramble or siRNA-PGC-1x and PMQ incubation, and then cultured
with regular DMEM for an additional 24 h, the irisin concentration in CM was detected. (D) UCP-1
protein levels in 3T3-L1 cells incubated with conditioned medium from C2C12 cells. ** p < 0.01 vs.
scramble siRNA without PMQ; AA p < 0.01 vs. scramble siRNA with PMQ. Data are expressed as
means + SEM. n = 3-6.

3.7. PMQ Upregulated PGC-1a-FNDC5 Pathway by Activating AMPK

As we previously reported [30], PMQ increased the AMPK phosphorylation level in
the skeletal muscle of obese mice (Figure 7A) and in C2C12 cells (Figure 7B). The AMPK
inhibitor Compound C almost fully prevented pAMPK upregulation by PMQ (Figure 7C).
If AMPK mediates the activation of PGC-1a/FNDC5, Compound C would prevent the
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PMQ-induced increase in these two proteins. Indeed, Compound C (10 uM) remarkably
decreased PMQ-induced upregulation of PGC-1ox and FNDC5 in C2C12 cells (Figure 7D).
These results suggest that the lipid metabolism regulation by PMQ is mediated by the
PGC-1a/FNDC5/irisin pathway at least in part via activating AMPK.
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Figure 7. PMQ enhances PGC-1a and FNDCS5 protein expression by activating AMPK. (A) Protein
levels of pAMPK and AMPK in gastrocnemius muscle of mice. ## p < 0.01 vs. control group; * p < 0.05,
**p <0.01 vs. MSG group. (B) Protein levels of pAMPK and AMPK in C2C12 myotubes treated with
various concentrations of PMQ (1, 3, 10 uM) or vehicle for 16 h. ** p < 0.01 vs. vehicle. (C,D) Protein
levels of pAMPK, AMPK, PGC-1«, and FNDC5 in C2C12 Myotubes pretreated with or without
10 uM compound C for 6 h and continuously incubated with PMQ for 16 h. ** p < 0.01 vs. vehicle;
A p<0.05 AA p <0.01 vs. PMQ 10. Data are expressed as means = SEM, n = 4.

4. Discussion

The global obesity epidemic continues its relentless advance, currently affecting more
than 2 billion people [40]. It is generally believed that the promotion of energy-storing
white adipocytes into heat-producing beige adipocytes in WAT is a promising strategy
for fighting against obesity and its complications. In our experiments, PMQ treatment
resulted in a decreased adipocyte size with an appearance of multilocular lipid droplets of
WAT in MSG-induced obese mice, which is the same as we previously reported in high-fat
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food-diet-induced obese mice [33]. mRNAs of brown adipocytes such as Ucp-1, Pge-1«,
Cidea, and Cox7al as well as the UCP-1 protein were upregulated by PMQ treatment.
Meanwhile, the mRNA levels of beige adipocyte markers such as Tbx1, Tmem?26, and
Cd137 were increased in obese mice treated with PMQ. These data strongly support the
notion that PMQ promotes the brown-like adipocyte formation in WAT of obese mice.

Skeletal muscle has been recognized to work as an endocrine organ, and the crosstalk
between skeletal muscle and adipose tissue plays an important role in the metabolic
homeostasis of the whole body [41,42]. Irisin is an exercise-induced myokine, it is a protein
product of the FNDCS5 gene that encodes the type I membrane protein, the extracellular
domain of which can be proteolysed to form irisin in skeletal muscle [20]. Clinical studies
found that circulating irisin levels were correlated reversely with body weight [43], hepatic
triglyceride [44], insulin sensitivity [45], urea nitrogen, and creatinine [46]. Plasma irisin
levels and muscular FNDC5 expression levels were reduced in patients with obesity and
T2DM [47,48]. Moreover, there was an association between serum irisin and diabetic
nephropathy in patients with T2DM [49]. Thus, irisin has been linked to favorable effects on
metabolic diseases, such as obesity and T2DM [25]. As indicated in this study, MSG-induced
obese mice had significant obesity, hyperglycaemia, hyperlipidaemia, hyperinsulinaemia,
and insulin resistance. However, the plasma irisin level and FNDC5 mRNA /protein
expression of skeletal muscle were significantly decreased in obese mice compared to the
control animals. Therefore, we believe that irisin may play a role in lowering body weight
and improving metabolic disorders.

Exercise increases FNDC5 expression in skeletal muscle and subsequently secretes
irisin into circulation followed by promoting the browning of white adipocytes and im-
proving insulin sensitivity [20,24]. Small molecule compounds or drugs that increase
FNDCS5 expression and circulating irisin levels are probably able to mimic the effects of
exercise [27]. It has been reported that metformin, icariin, and myricanol upregulated
intramuscular FNDC5 expression and stimulated irisin secretion from skeletal muscle into
the blood [50-53]. In the present study, we found that PMQ restored the impaired FNDC5
of skeletal muscle and increased irisin secretion to the blood in obese mice. Similarly,
FNDC5 was upregulated in cultured C2C12 myotubes by PMQ and the irisin concentra-
tion was increased in the culture medium. These results indicate that PMQ may be an
FNDCS5 activator that mimics the effects of exercise on FNDC5 expression. Recent studies
showed that the overexpression of irisin by adenoviral vectors or the administration of
recombinant irisin decreased body weight, increased brown fat-specific genes expression
in subcutaneous WAT, and improved glucose intolerance in high fat diet-fed mice [20,24].
Our results showed that the conditioned medium with increased irisin level from cultured
C2C12 myoblast treated with PMQ promoted the typical brown adipocyte marker UCP-1
expression, other brown adipocyte genes (Pgc-1«, Cidea, and Cox7al), and beige cell
markers (Tbx-1, Tmem?26, and Cd137) in 3T3-L1 preadipocytes. Moreover, the anti-FNDC5
antibody significantly decreased the browning effect of 3T3-L1 preadipocytes by the condi-
tioned medium of C2C12 cells treated with PMQ. Collectively, these results suggested that
FNDC5/irisin plays a pivotal role in the PMQ-induced browning of white adipocytes.

It is well recognized that skeletal muscle FNDC5 expression and irisin secretion are
activated by PGC-1a [20]. In skeletal muscle and C2C12 myotubes, PGC-1x expression
was increased by PMQ. Silencing PGC-1« reduced FINDCS5 expression, the PMQ effect, as
well as irisin secretion, and also abolished the conditioned medium-induced browning
transition of 3T3-L1 preadipocytes. The results further support the concept that PGC-1x
activation by PMQ in skeletal muscle is critical for promoting white adipocyte browning
by stimulating FNDC5 /irisin.

A recent study showed that quercetin promotes white adipocytes to brown-like
adipocytes in part by the activation of AMPK [54]. We have also observed that the ef-
fects of PMQ are at least partially through activating AMPK [30]. AMPK plays a major
role in regulating the cellular energy balance and has attracted widespread interest as a
potential therapeutic target for metabolic diseases [55]. AMPK participates in regulating the
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PGC-1a/FNDCS5 signaling cascade [56]. PMQ significantly increased the pAMPK level in
the skeletal muscle of MSG-induced obese mice [30]. The present study further confirmed
that PMQ activated AMPK in the skeletal muscle of MSG-induced obese mice and in C2C12
myotubes. The AMPK inhibitor Compound C blunted PMQ-induced activation of PGC-1x
and FNDC5 in C2C12 myotubes. These results imply that AMPK activation is necessary
to mediate the effect of PMQ on PGC-1oc/FNDCS, and the subsequent irisin secretion in
skeletal muscle.

Flavonoids have been shown to induce WAT browning and activate BAT to increase
energy consumption and non-shivering thermogenesis and may foster a relatively safe
and effective therapeutic option to improve metabolic health [57,58]. However, factors
such as a low bioavailability, a poor flavonoid stability and solubility, and ineffective
targeted delivery, hinder the application of flavonoids [59]. For example, quercetin, a
widely-studied natural flavonoid, has been reported to remodel white adipocytes to brown-
like adipocytes [54]. Quercetin has other positive health benefits such as anti-cancer and
anti-diabetic effects [60,61]. However, the application of quercetin in the pharmaceutical
field is limited due to its poor solubility, low bioavailability, and poor permeability [62].
Methylated flavonoids have improved bioavailability compared with flavonoid precur-
sors [63]. We did find that PMQ), the methylated derivative of quercetin, showed a high oral
absorption rate in beagle dogs [64] and had similar biological effects to quercetin [30,32,33];
therefore, PMQ may be a more promising drug candidate. It is worth mentioning that
nanoconjugated quercetin in targeting cancer has attracted much attention recently [65],
nanocarriers such as stimuli-responsive nanocarriers for quercetin delivery may improve
the therapeutic efficacy [66,67]. Modern delivery using nano technology would also provide
a new approach for the application of PMQ.

There are some limitations present in this study. One of them was that only the levels
of total cholesterol and triacylglycerol were determined; whether PMQ affects low-density
lipoprotein cholesterol (LDL-C) or high-density lipoprotein cholesterol (HDL-C) was not
studied. We previously reported that PMQ administration resulted in significant reductions
in serum lipids including LDL-C levels in high-fat diet-fed mice [33]. Considering that
not only a high level of LDL-C, but also a low level of HDL-C, is a critical risk factor for
atherosclerosis, it would be worthwhile to investigate if PMQ could affect HDL-C levels
and improve the atherogenic index of plasma. Another limitation was the lack of PMQ
treatment in normal mice, in which may reveal a potential toxicity of PMQ. However, these
limitations would not affect the conclusion of this study.

5. Conclusions

Collectively, our in vivo and in vitro data show that PMQ regulated lipid metabolism
and induced the browning of WAT. PMQ also exerted beneficial effects against obesity,
hyperglycaemia, hyperinsulinaemia, and insulin resistance in obese mice. The findings
of the present study demonstrate the novel information that the anti-obesity effect of
PMQ is related to an increased irisin secretion from skeletal muscle, thereby promoting
brown-like adipocytes formation in WAT, at least in part via activating the AMPK/PGC-
1a/FNDCS5 pathway (Figure 8), which mimics the effects of exercise. Our results suggest
that PMQ modulates skeletal muscle-adipose tissue crosstalk and may be a promising drug
candidate for treating obesity and obesity-related metabolic disorders. It will be of future
interest to clarify whether other metabolism-related signaling pathways are involved in the
effects of PMQ.
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Figure 8. Schematic diagram of molecular mechanism of PMQ on driving browning of WAT.
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