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Abstract Insulin resistance in skeletal muscle is a key
feature in the pathogenesis of type 2 diabetes (T2D) that
often manifests early in its development. Pharmaceutical and
dietary strategies have targeted insulin resistance to control
T2D, and many natural products with excellent pharmaco-
logical properties are good candidates for the control or
prevention of T2D. Dihydromyricetin (DHM) is a natural
flavonol which provides a wide range of health benefits in-
cluding anti-inflammatory and anti-tumor effects. However,
little information is available regarding the effects of DHM
on skeletal muscle insulin sensitivity as well as the under-
lying mechanisms. In the present study, we found that DHM
activated insulin signaling and increased glucose uptake in
skeletal muscle in vitro and in vivo. The expression of light
chain 3, the degradation of sequestosome 1, and the forma-
tion of autophagosomes were also upregulated by DHM.
DHM-induced insulin sensitivity improvement was sig-
nificantly abolished in the presence of 3-methyladenine,
bafilomycin Al, or Arg5 siRNA in C2C12 myotubes. Fur-
thermore, DHM increased the levels of phosphorylated
AMP-activated protein kinase (AMPK), peroxisome prolif-
erator-activated receptor coactivator-1a (PGC-1a), and Sirt3
in skeletal muscle in vitro and in vivo. Autophagy was in-
hibited in the presence of Sirz3 siRNA in C2C12 myotubes
and in skeletal muscles from Sirt3—/— mice. Additionally,
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PGC-1o or AMPK siRNA transfection attenuated DHM-in-
duced Sirt3 expression, thereby abrogating DHM-induced
autophagy in C2C12 myotubes. In conclusion, DHM im-
proved skeletal muscle insulin sensitivity by partially in-
ducing autophagy via activation of the AMPK-PGC-1a-
Sirt3 signaling pathway.
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Abbreviations

3-MA 3-Methyladenine

Akt Protein kinase B

AMPK  AMP-activated protein kinase

Atg Autophagy-related gene

BafAl Bafilomycin Al

DHM Dihydromyricetin

IRS-1 Insulin receptor substrate-1

LC3 Light chain 3

PGC-la  Peroxisome proliferator-activated receptor
coactivator-1a

siRNA  Small interfering RNA

T2D Type 2 diabetes

Sirt3 Silent mating-type information regulation 2
homolog 3

Introduction

Type 2 diabetes (T2D) is the most common endocrine
disorder worldwide. Patients with T2D generally suffer
from both reduced insulin secretion and resistance to the
actions of insulin. Muscle tissue is the major site for in-
sulin-stimulated glucose uptake in vivo. Accumulating


http://orcid.org/0000-0002-2592-6032
http://crossmark.crossref.org/dialog/?doi=10.1007/s12020-015-0599-5&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s12020-015-0599-5&amp;domain=pdf

Endocrine (2015) 50:378-389

379

evidence indicates that insulin resistance often begins with
decreasing insulin sensitivity in skeletal muscle in T2D.
Pharmaceutical and dietary strategies have targeted insulin
insufficiencies to control T2D, and many natural products
with excellent pharmacological properties are good can-
didates for the control or prevention of T2D. Dihy-
dromyricetin (DHM) is a natural flavonol from fruits and
vegetables and provides a wide range of health benefits
including anti-oxidant, anti-inflammatory, and anti-tumor
effects [1, 2]. Moreover, several flavonoids with similar
chemical structure to DHM, such as quercetin and narin-
genin, have been shown to improve insulin sensitivity [3,
4]. However, little information is available regarding the
effects of DHM on skeletal muscle insulin sensitivity as
well as the underlying mechanism.

Autophagy, an evolutionarily conserved catabolic pro-
cess, has been identified as a homeostasis regulator through
removing excessive or unnecessary proteins and damaged
or aged organelles [5]. A recent study showed that au-
tophagy deficiency promoted T2D, indicating its protective
function. Both basal and glucose-stimulated insulin secre-
tion were significantly decreased in B-cells of Atg7-Pc!!
mice. And autophagy activity and expression of some key
autophagy genes were suppressed in the presence of insulin
resistance in hepatocytes [6]. Moreover, it has also been
demonstrated that autophagy is required for exercise-in-
duced muscle glucose homeostasis in mice [7]. Addition-
ally, previous studies have found that DHM can suppress
many types of cancer cells through autophagy induction
[8]. Therefore, in the present study, we investigated whe-
ther DHM could improve skeletal muscle insulin sensi-
tivity through autophagy induction.

Silent mating-type information regulation 2 homolog 3
(Sirt3), a member of the sirtuin family of NAD+-depen-
dent deacetylases, plays a key role in T2D through
regulation of insulin resistance in skeletal muscle [9].
Notably, Sirt3 expression is significantly decreased in the
muscles of mice with insulin-deficient diabetes [10].
Moreover, it has been demonstrated that Sirt3 functions as
a downstream target of peroxisome proliferator-activated
receptor (PPARY) coactivator-la (PGC-1a), which is di-
rectly regulated by adenosine monophosphate-activated
protein kinase (AMPK) and exerts multiple cellular func-
tions by inducing autophagy, especially mitophagy,
through deacetylating mitochondrial proteins [10]. Our
previous study highlights that DHM supplementation im-
proves physical performance under acute hypoxic condi-
tions partially by activating AMPK in skeletal muscles
[11]. Thus, we hypothesized that DHM could improve
skeletal muscle insulin sensitivity by inducing autophagy
through the AMPK-PGC-10-Sirt3 signaling pathway. To
verify this hypothesis, we tested the effects of DHM on
insulin sensitivity and the role of autophagy in skeletal

muscle in vitro and in vivo as well as the potential in-
volvement of the AMPK-PGC-1a-Sirt3 signaling pathway.
Our findings showed that DHM improved skeletal muscle
insulin sensitivity through the induction of autophagy
in vivo and in vitro, and the autophagy was in part medi-
ated by the activation of the AMPK-PGC-1a-Sirt3 signal-
ing pathway.

Methods and materials
Antibodies and reagents

3-Methyladenine (3-MA; M9281), Bafilomycin Al (BafAl;
B1793), Compound C (CC; P5499), Palmitate acid (PA;
P5585), antibodies against light chain 3 (LC3; L7543), and
minimum essential medium Eagle (MEM; M4526) were
purchased from Sigma-Aldrich. 2-[1,2-*H]-Deoxy-p-glu-
cose (NET328A001MC) was purchased from PerkinElmer.
A Cell Counting Kit (CCK-8; CK04) was purchased from
Dojindo Laboratories. Lipofectamine™ 2000 transfection
reagent (11668-019) was purchased from Invitrogen. Fetal
bovine serum (FBS; SH30370.03) was purchased from Hy-
clone Laboratories. Antibodies against p-PRKAA1/2 (p-
AMPKal1/2; sc-33524), PRKAA1/2 (AMPKal/2; sc-
74461), P-IRS-1(sc-17199-R) and IRS-1(sc-599), siRNAs
for autophagy-related gene 5 (Atg5; sc-41445), PGC-1o. (sc-
62784), AMPK (sc-45312), and the control (sc-44230) were
obtained from Santa Cruz Biotechnology. The GFP-LC3
plasmid was kindly provided by ADDGENE. Antibodies
against Atg5 (8540), Akt (9272), p-Akt (9271), and se-
questosome 1 (p62; 5114) were obtained from Cell Signaling
Technology. DHM (msat-120131108, HPLC >98 %) was
purchased from Chengdu MUST Bio-Technology Co., Ltd.

Animals and treatments

Male 129/Sv] (wild type, WT) and SIRT3—/— 129/Sv]
mice (Jackson Laboratory, Bar Harbor, ME, USA) at
3 months of age were maintained on a standard chow diet
(5053 PicoLab diet, Ralston Purina Company, St. Louis,
MO). DHM (50 mg/kg/day) was given by gavage once a
day for 3 months. At the end of the experiment, all mice
were fasted for 12 h and then anesthetized with pentobar-
bital sodium prior to the surgical procedures. All efforts
were made to minimize suffering. Skeletal samples were
collected for subsequent measurements. Animals were
maintained under a regular 12-h light period at a controlled
temperature (22 + 2 °C) and received chow and water
ad libitum. Animal care and treatments were conducted
according to established guidelines and protocols approved
by the Animal Care and Use Committee of the Third
Military Medical University (Chongging, China).
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Insulin tolerance test

All rats with free access to water and food were injected
intraperitoneally with insulin (1 IU/kg.BW) and blood
glucose was quantified in tail blood samples collected at 0
(prior to insulin administration), 30, 60, 90, and 120 min
after the administration of insulin.

Cell culture and treatments

Mouse skeletal muscle C2C12 myoblast cells were main-
tained in MEM containing 10 % FBS, 100 U/mL peni-
cillin, and 100 pg/mL streptomycin at 37 °C in a
humidified atmosphere with 5 % CO,. For differentiation
into myotubes, the medium was replaced with MEM con-
taining 2 % FBS for 5 days. These differentiated C2C12
myotubes were used for the different treatments.

PA preparation

PA was dissolved in 40 mL of 0.1 M NaOH at 70 °C. BSA
solution (1 %) was prepared in distilled water. Different
concentrations of palmitate were used for treatment of
C2C12 myotubes after conjugation with 1 % BSA on a
magnetic stirrer set at 40 °C.

Cell viability measurement

The CCK-8 detection kit was used to measure cell viability
as described before [12]. Briefly, C2C12 myotubes were
seeded in a 96-well microplate (Corning Life Sciences;
3650) ata density of 8000 cells/well and then treated with PA
for 16 h at a series of concentrations (0.15, 0.25, 0.5, 0.75,
and 1 mM) or pretreated with DHM for 2 h at a series of
concentrations (0.1, 0.5, 1, and 5 pM), then myotubes were
treated with PA (0.75 mM) for another 16 h. The control
group was treated with 0.2 % DMSO. Subsequently, CCK-8
solution (20 pL/well) was added to the wells and the plate
was incubated at 37 °C for 2 h. Viable myotubes were
counted by absorbance measurements with a monochroma-
tor microplate reader (Safire II; Tecan Group Ltd., Minne-
dorf, Switzerland) at a wavelength of 450 nm. The optical
density value at 450 nm was reported as the percentage of
cell viability in relation to the control group (set as 100 %).

Cell transfection

Control non-targeted siRNA or siRNA against ATGS,
PGC-1a, or AMPK and Lipofectamine 2000 were diluted in
reduced serum MEM according to the manufacturer’s
protocol. The final siRNA concentration was 100 nM and
plasmid concentration was 4 pg. C2C12 myotubes were
incubated with the transfection mixture for 10 h and then
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supplemented with fresh medium for an additional 24 h,
after which they were exposed to the indicated treatments.
The same method was used for transfection of GFP-LC3
plasmids.

Transmission electron microscopy

C2C12 myotubes were fixed in 3 % glutaraldehyde in
0.1 M MOPS buffer (pH 7.0) for 8 h at room temperature,
followed by incubation in 3 % glutaraldehyde/l1 %
paraformaldehyde in 0.1 M MOPS buffer (pH 7.0) for 16 h
at 4 °C. Myotubes were then postfixed in 1 % osmium
tetroxide for 1 h, embedded in Spurr’s resin, sectioned,
double stained with uranyl acetate and lead citrate, and
analyzed using a Zeiss EM 10 transmission electron
microscope.

3H-2-deoxyglucose uptake assays

At the end of treatment, C2C12 myotubes were washed
with glucose-free Krebs—Ringer phosphate HEPES
(KRPH) buffer containing 0.1 % fatty acid-free BSA (w/v)
followed by incubation in the same buffer for 30 min at
37 °C. C2C12 myotubes were stimulated with insulin
(10 nM) for 15 min followed by the addition of 0.5 pCi/
well of *H-2-deoxyglucose in KRPH buffer for 45 min at
37 °C, and then washed with KRPH and lysed using 0.1 %
SDS. The lysates were analyzed in a scintillation counter.

Western blotting

The protein samples extracted from C2C12 myotubes or
skeletal muscle of high-fat diet-fed rats were subjected to
sodium dodecyl sulfate polyacrylamide gel electrophoresis
and transferred to a polyvinylidene difluoride membrane.
Membranes were blocked with TBST containing 5 % milk
and incubated with the different primary antibodies, as
indicated, overnight at 4 °C. The membranes were then
incubated with horseradish peroxidase conjugated to sec-
ondary antibodies and visualized using an enhanced
chemiluminescence system. Densitometric analysis was
performed using Scion Image software.

Statistical analysis

Quantitative data are presented as mean =+ standard de-
viation (SD) of three experiments. Statistical analyses were
performed with Student’s ¢ test and one-way analysis of
variance using SPSS 13.0 statistical software (SPSS Inc.,
Chicago, IL, USA). A p value <0.05 was considered to be
statistically significant and the Tukey—Kramer post hoc test
was applied if p < 0.05.
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Results

DHM improved skeletal muscle insulin sensitivity
in vitro and in vivo

As shown in Fig. 1a—d DHM significantly increased p-IRS-
1 and p-AKT expressions as well as glucose uptake in a
dose-dependent manner in C2C12 myotubes. As insulin
plays an important role in the transport of glucose from the
blood into the cells, the insulin-sensitizing potential of
DHM was elucidated in Fig. le and f. Myotubes were
stimulated with or without 100 nM insulin for 20 min after
DHM treatment. DHM treatment markedly improved the
glucose uptake in C2C12 myotubes both in the presence or
absence of insulin stimulation. Moreover, single-DHM
treatment stimulated glucose uptake to a similar extent to
insulin, which was not significantly different from that in
DHM and insulin co-treated C2C12 myotubes. Addition-
ally, we also investigated the effect of DHM on insulin
sensitivity in skeletal muscle in mice. As shown in Fig. 1g
and h, DHM at 50 mg/kg per day markedly upregulated
p-IRS-1 and p-AKT expressions with or without insulin
stimulation. Simultaneously, improved insulin sensitivity
was also observed in DHM-fed mice as measured by the
insulin tolerance test (Fig. 1i). These results suggested that
DHM improved skeletal muscle insulin sensitivity in vitro
and in vivo.

DHM improved skeletal muscle insulin sensitivity
by inducing autophagy in vitro and in vivo

The effect of DHM on autophagy in C2C12 myotubes was
examined by measuring the following two autophagy-re-
lated markers via Western blotting: LC3-1I and p62. C2C12
myotubes were pretreated with different concentrations
(0.1, 0.5, and 1 uM) of DHM for 2 h. DHM dose-depen-
dently increased the expression of LC3-II and the degra-
dation of p62 (Fig. 2a, b). We also assessed the effect of
DHM on autophagy in mice. As shown in Fig. 2¢ and d,
DHM treatment markedly upregulated the expression of
LC3-II and the degradation of p62 in skeletal muscle tis-
sues compared with the control group.

To further confirm DHM-induced autophagy in skeletal
muscles, transmission electron microscopy (TEM), the
most valid method for both qualitative and quantitative
analysis of autophagy, [25] showed that more vacuoles
were present in DHM-treated myotubes, but the number
decreased when the cells were pretreated with 3-MA
(Fig. 2e, f). Moreover, myotubes were transfected with
GFP-LC3 plasmid and visualized by fluorescence mi-
croscopy. DHM significantly increased the number of au-
tophagic structures (GFP-LC3 dots), which then decreased

with pre-treatment of 3-MA (Fig. 2g, h). These results
suggested that DHM treatment upregulated autophagy in
myotubes.

Additionally, when autophagy was inhibited with 3-MA
(5 mM), a well-known inhibitor of the early autophagy
stages and BafA1l (10 nM), which inhibits the acidification
of organelles and, subsequently, autophagosome-lysosome
fusion as well as transfection of ATG5 siRNA, DHM-in-
duced improvement of insulin sensitivity was notably at-
tenuated in myotubes (Fig. 2i—n). We also find that that when
autophagy was inhibited by 3-MA and BafAl, DHM-in-
duced improvement of insulin sensitivity was abolished in
myotubes under insulin stimulation (Fig. 20, p). These re-
sults indicated that autophagy was required for the favorable
effect of DHM on skeletal muscle insulin sensitivity.

DHM-induced autophagy through regulating Sirt3
in skeletal muscle in vitro and in vivo

C2C12 myotubes were pretreated with different concentra-
tions (0.1, 0.5, and 1 uM) of DHM for 2 h. DHM dose-
dependently increased the expression of sirt3 (Fig. 3a,b). To
elucidate the role of Sirt3 in the metabolic effect of DHM, we
used siRNA-mediated knockdown (KD) in cultured C2C12
myotubes. As shown in Fig. 3c, the Western blotting result
revealed an over 90 % decrease of Sirt3 protein in the Sirt3
KD myotubes. Suppression of Sirt3 significantly abrogated
DHM-induced upregulation of LC3-II and down-regulation
of P62 (Fig. 3c, d), thereby decreasing the induction of
p-IRS-1, p-Akt expressions, and glucose uptake in response
to DHM in C2C12 myotubes (Fig. 3e and g).

We next assessed the effects of DHM on Sirt3 in mice. As
expected, DHM increased the expression of Sirt3 in vivo
(Fig. 4a, b). To further clarify the role of Sirt3 in the effect of
DHM on skeletal muscle insulin sensitivity, Sirt3—/— mice
were used. As shown in Fig. 4c—f, the effect of DHM on
autophagy and insulin signaling was abolished in skeletal
muscle of Sirt3—/— mice. Moreover, DHM could not sig-
nificantly improve insulin sensitivity in Sirt3—/— mice as
measured by the insulin tolerance test (Fig. 4g). Altogether,
these data indicated that DHM-induced autophagy and im-
proved insulin sensitivity in a Sirt3-dependent manner in
skeletal muscle in vitro and in vivo.

DHM regulated Sirt3 through the AMPK-PGC-1a
signaling pathway in skeletal muscle in vitro
and in vivo

It has been found that Sirt3 functions as a downstream
target of PGC-1a, which is directly regulated by AMPK.
Thus, we investigated the possible role of the AMPK-PGC-
la signaling pathway as a moderator for the effect of DHM
on Sirt3 regulation. As shown in Fig. 5a and b, DHM
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Fig. 1 DHM improved skeletal
muscle insulin sensitivity

in vitro and in vivo.

a Differentiated C2C12
myotubes were pretreated with
different concentrations (0.1,
0.5, and 1 pM) of DHM for 2 h.
a The expression of indicated
proteins was detected by
Western blotting. b The bar
graphs show the quantification
of the indicated proteins.

¢ Differentiated C2C12
myotubes were pretreated with
DHM (1 pM) for 2 h and
stimulated with or without

100 nM insulin for 20 min. The
expression of indicated proteins
was detected by Western
blotting. d The bar graphs show
the quantification of the
indicated proteins. e Glucose
uptake by C2C12 myotubes was
assessed as indicated in the
“Methods and Materials”
section. f Glucose uptake by
C2C12 myotubes was assessed
as indicated in the “Methods
and Materials” section. Mice
were treated with or without
50 mg/kg/day of DHM for

12 weeks then injected
intraperitoneally with or without
insulin (1 IU/kg BW). g The
expression of indicated proteins
was detected by Western
blotting. h The bar graphs show
the quantification of the
indicated proteins. i Insulin
tolerance was assessed as
indicated in the “Methods and
Materials” section. Values are
presented as mean £ SD.

n =3, *p < 0.05 versus the
control group; bp < 0.01 versus
the control group; ‘p < 0.01
versus DHM-treated group.
A.U. arbitrary units

significantly upregulated p-AMPK and PGC-la expres-
sions in a dose-dependent manner in C2C12 myotubes.
Similar results were observed in skeletal muscle tissues in
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<«Fig. 2 DHM improved insulin sensitivity by inducing autophagy in

skeletal muscle myotubes in vitro and in vivo. a Differentiated C2C12
myotubes were pretreated with different concentrations (0.1, 0.5, and
1 uM) of DHM for 2 h. Total C2C12 cell lysates were immunoblotted
with anti-p62, anti-LC3, and anti-B-actin antibodies. b The bar
graphs show the quantification of the indicated proteins. ¢ Mice were
treated with or without 50 mg/kg/day of DHM for 12 weeks. Muscle
tissue lysates were then immunoblotted with the antibodies described
in (A). d The bar graphs show the quantification of the indicated
proteins. € C2C12 myotubes were pretreated with 3-MA (5 mM)
followed by incubation with or without DHM (1 pM) for an
additional 2 h. Representative TEM depicting the ultrastructure of
myotubes. Arrows indicate autophagosomes. f The bar graphs show
the number of autophagosomes. g Representative confocal images of
GFP fluorescent puncta in C2C12 myotubes transfected with GFP-
LC3 plasmids for 24 h. h The number of GFP-LC3 dots in each cell
was counted. i Differentiated C2C12 myotubes were pretreated with
3-MA (5 mM) or BafA1l (10 nM) for 1 h, followed by incubation with
or without DHM (1 uM) for an additional 2 h. Total cell lysates were
detected by Western blot. j The bar graphs show the quantification of
the indicated proteins. k C2C12 myotubes were transfected with Azg5
siRNA and then treated with or without DHM (1 uM) for 2 h. The
expressions of the indicated proteins were detected by Western blot.
1 The bar graphs show the quantification of the indicated proteins.
m Myotubes treated as described in (i). The uptake of glucose by
C2C12 myotubes was measured as indicated in the “Methods and
Materials” section. n Myotubes treated as described in (h). The
uptake of glucose by C2C12 myotubes was measured by 3H-2-
deoxyglucose uptake assays. 0 Myotubes were treated as described in
(i), then stimulated with 100 nM insulin for 20 min. The expressions
of indicated proteins were detected by Western blotting. p The bar
graphs show the quantification of the indicated proteins. Values are
presented as mean &+ SD. n = 3, *p < 0.05 versus the control group;
bp < 0.01 versus the control group; “p < 0.01 versus DHM-treated
group; p <0.01 versus the insulin-stimulated control group;
#p < 0.01 versus DHM and insulin co-treated group. A.U. arbitrary
units

signaling and Sirt3 induction by DHM was further
evaluated using the AMPK siRNA and PGC-1o siRNA. As
shown in Fig. 5e and f, PGC-]o siRNA abrogated DHM-
induced Sirt3 expression. In addition, AMPK siRNA de-
creased the expression of PGC-Io and subsequent Sirt3
expression induced by DHM in C2C12 myotubes (Fig. 5g,
h). These results suggested that the activation of the
AMPK/PGC-1« signaling pathway played a key role in the
effect of DHM on Sirt3 regulation.

DHM improved PA-induced insulin resistance
in skeletal muscle myotubes

We also investigated the effect of DHM on skeletal muscle
insulin sensitivity in a PA-induced insulin resistance model
in C2C12 myotubes. To induce insulin resistance in muscle
cells, we treated differentiated C2C12 myotubes with dif-
ferent concentrations of PA (0.15, 0.25, 0.5, 0.75, and
1 mM) for 16 h. As shown in Fig. 6a, lower than 1 mM of
PA did not markedly suppress the cell viability of C2C12
myotubes, which was in line with the published data before
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Fig. 3 DHM-induced
autophagy by regulating Sirt3 in
C2C12 myotubes.

a Differentiated C2C12
myotubes were pretreated with
different concentrations (0.1,
0.5, and 1 pM) of DHM for 2 h.
Total lysates detected by
Western blot. b The bar graphs
show the quantification of the
indicated proteins. ¢ C2C12
myotubes were transiently
transfected with Sirt3 siRNA or
a scrambled control. Then, cells
were treated with or without
DHM (1 uM) for 2 h, the
expressions of indicated
proteins were detected by
Western blot. d The bar graphs
show the quantification of the
indicated proteins. e C2C12
myotubes were treated as
described in (c), then stimulated
with or without 100 nM insulin
for 20 min. Total lysates were
detected by Western blot. f The
bar graphs show the
quantification of the indicated
proteins. g C2C12 myotubes
treated as described in (e), the
uptake of glucose by C2C12
myotubes was measured by *H-
2-deoxyglucose uptake assays.
Values are presented as

mean + SD. n = 3, %p < 0.05
versus the control group;

®» < 0.01 versus the control
group; °p < 0.01 versus DHM-
treated group; *p < 0.01 versus
the insulin-stimulated control
group; #p < 0.01 versus DHM
and insulin co-treated group.
A.U. arbitrary units

[13-16]. And our previous results found that treatment with
0.75 mM PA for 16 h could markedly reduce insulin sen-
sitivity in C2C12 myotubes (data not shown). Thus,
0.75 mM PA and 16 h were selected for the subsequent
experiments. As expected, DHM and PA co-treatment also
had no significant effect on the cell viability of C2C12
myotubes. Moreover, DHM pre-treatment markedly re-
versed the PA-induced decrease in glucose uptake and
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p-IRS-1 and p-AKT expressions in C2C12 myotubes under
insulin-stimulated condition (Fig. 6b—d).

Assessment of autophagosome formation by TEM re-
vealed that DHM induced the formation of vacuoles in PA-
treated C2C12 myotubes (Fig. 6e and f). As shown in
Fig. 6g and h, C2C12 myotubes co-treated with DHM
(1 M) and PA (0.75 mM) displayed a significant increase
in the number of autophagic structures (GFP-LC3 dots)
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Fig. 4 DHM-induced
autophagy by regulating Sirt3 in
skeletal muscle in mice. WT or
Sirt3—/— mice were treated
with or without 50 mg/kg/day
of DHM for 12 weeks then
injected intraperitoneally with
or without insulin (1 IU/kg
BW). a Total tissue lysates from
skeletal muscle of WT mice
were immunoblotted with anti-
sirt3 and anti-f-actin antibodies.
b The bar graphs show the
quantification of the indicated
proteins. ¢ Muscle tissue lysates
from WT and Sirt3—/— mice
were measured by Western blot.
d The bar graphs show the
quantification of the indicated
proteins. e The expressions of
indicated proteins were detected
by Western blot. f The bar
graphs show the quantification
of the indicated proteins.

g Insulin tolerance was assessed
as indicated in the “Methods
and materials” section. Values
are presented as mean + SD.

n =3, *p < 0.05 versus the
control group; °p < 0.01 versus
the control group; “p < 0.01
versus DHM-treated group;

*p < 0.01 versus the insulin-
stimulated control group;

#p < 0.01 versus DHM and
insulin co-treated group. A.U.
arbitrary units
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compared with C2C12 myotubes treated with PA alone.
LC3-II and p62 immunoblotting showed significant induc-
tion of autophagy in DHM-treated myotubes (Fig. 6i, j).
Furthermore, we saw concomitant upregulation of
p-AMPK, PGC-1a, and Sirt3 expressions in PA-treated
C2C12 myotubes (Fig. 6k, 1). Collectively, our results
strongly suggested that the inverse association between
DHM intake and skeletal muscle insulin sensitivity is a re-
sult of DHM’s pro-autophagic action through the AMPK-
PGC-1a-Sirt3 signaling pathway.

Discussion

In the current study, we found that DHM could improve
insulin sensitivity in skeletal muscle in vitro and in vivo. To
the best of our knowledge, this is the first report demon-
strating that DHM could improve skeletal muscle insulin
sensitivity and that DHM could be developed as a novel
therapeutic agent for the prevention and treatment of T2D.

Autophagy is a lysosome-dependent mechanism by
which dysfunctional or damaged intracellular organelles
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Fig. 5 DHM-induced Sirt3
expression through activating
AMPK/PGC-1a in skeletal
muscle myotubes in vitro and
in vivo. a Differentiated C2C12
myotubes were pretreated with
different concentrations (0.1,
0.5, and 1 pM) of DHM for 2 h.
The expressions of indicated
proteins were determined by
Western blot. b The bar graphs
show the quantification of the
indicated proteins. ¢ Mice were
treated with or without 50 mg/
kg.d of DHM for 12 weeks.
Muscle tissue lysates were
measured by Western blot.

d The bar graphs show the
quantification of the indicated
proteins. Differentiated C2C12
myotubes were transfected with
PGC-1u (e) or AMPK

(g) siRNA as described in the
“Methods and Materials”
section before the addition of
DHM (1 puM) for another 2 h.
And the expression of indicated
proteins was detected by
Western blot. f and h The bar
graphs show the quantification
of the indicated proteins. Values
are presented as mean + SD.

n = 3, “p < 0.05 versus the
control group; °p < 0.01 versus
the control group; “p < 0.01
versus DHM-treated group.
A.U. arbitrary units

are broken down and recycled through the lysosomes. As a
putative adaptive catabolic process, autophagy plays an
important role in many human diseases [17]. Despite the
protective actions of autophagy in several human patholo-
gies, the role of autophagy in T2D, especially in insulin
resistance, is poorly understood. Recently, several studies
have shown that autophagy is activated in insulin-resistant
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pancreatic B-cells [18, 19]. In contrast, hepatic autophagy
was reported to be suppressed in insulin resistance [20, 21]
and autophagy was also inhibited in adipose tissue from
high-fat diet (HFD)-induced insulin-resistant mice [22].
Furthermore, autophagy in the muscle, hypothalamus, and
kidney of HFD-induced insulin-resistant mice was de-
creased [23-25]. Overall, although the mechanism for
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reduced autophagy is not clear, autophagy seems to be
suppressed in the insulin-resistant state. However, Kim and
his colleagues found that autophagy deficiency in skeletal
muscle could attenuate HFD-induced insulin resistance,
probably owing to leanness [26]. These results are in con-
trast to the previous suggestion that autophagy deficiency
would worsen glucose and lipid metabolism, indicating that
the role of autophagy in insulin resistance might be more
complicated than expected. Herein, we found that au-
tophagy was triggered in skeletal muscle after treatment

<«Fig. 6 DHM improved PA-induced insulin resistance by inducing

autophagy in skeletal muscle myotubes. a C2C12 myotubes were
treated with PA for 16 h at a series of concentrations (0.15, 0.25, 0.5,
0.75, and 1 mM) or pretreated with DHM for 2 h at a series of
concentrations (0.1, 0.5, 1, and 5 uM), then myotubes were treated
with PA (0.75 mM) for another 16 h. The cell viability was measured
by CCK-8 detection kit. b The glucose uptake by C2C12 myotubes
was assessed as indicated in the “Methods and Materials” section.
¢ Differentiated C2C12 myotubes were pretreated with 1 pM of DHM
for 2 h, then myotubes were treated with PA (0.75 mM) for another
16 h. Finally, myotubes were stimulated with or without 100 nM
insulin for 20 min. The expressions of indicated proteins were
detected by Western blot. (d The bar graphs show the quantification
of the indicated proteins. e Representative TEM images depicting the
ultrastructure of myotubes. Arrows indicate autophagosomes. f The
bar graphs show the number of autophagosomes. g Representative
confocal images of GFP fluorescent puncta in C2C12 myotubes
transfected with GFP-LC3 plasmids for 24 h. h The number of GFP-
LC3 dots in each cell was counted. i Total C2C12 cell lysates were
immunoblotted with anti-p62, anti-LC3, and anti-B-actin antibodies.
Jj The bar graphs show the quantification of the indicated proteins.
k The expressions of AMPK, p-AMPK, PGC-1a, sirt3, and B-actin
were determined by Western blot. 1 The bar graphs show the
quantification of the indicated proteins. Values are presented as
mean £ SD, n = 3. °p < 0.01 versus vehicle-treated control group;
°p < 0.01 versus PA-treated group; *p < 0.01 versus the insulin-
stimulated control group; *p < 0.01 versus PA and the insulin-
stimulated group. A.U. arbitrary units

with DHM in vitro and in vivo, and inhibition of autophagy
significantly abolished the DHM-induced improvement of
insulin sensitivity. These results seemed different from
those of Kim’s, but they were still an important complement
to the previous work, which provided new insight into the
potential mechanism underlying the anti-insulin resistance
effects of flavonoids including DHM, in which autophagy
may play an important role.

Furthermore, we examined the potential mechanisms of
DHM-induced autophagy in this study. The sirtuins are a
family of nicotinamide adenine dinucleotide (NAD +)-
dependent protein deacetylases [27] and regulate multiple
cellular processes including metabolic homeostasis. Sirt3 is
a mitochondrial sirtuin and regulates energy homeostasis
and oxidative metabolism, as well as oxidative stress and
cellular injury. [28, 29] Recently, a study showed that
expression of Sirt3 decreases in a diabetic mouse model.
And KD of Sirt3 in the C2C12 cell line results in impaired
insulin signaling [30]. In the present study, we found that
DHM increased Sirt3 expression in skeletal muscle in vitro
and in vivo. In addition, Sirt3 siRNA and the Sirt3—/—
genotype markedly abrogated DHM-induced autophagy,
thereby down-regulating insulin signaling and glucose
uptake induced by DHM. These results indicated that Sirt3
plays a critical role in DHM-induced autophagy in skeletal
muscle.

In addition to Sirt3, the mechanism of DHM-induced
Sirt3 activation was also investigated. Studies have
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Fig. 7 Proposed mechanisms of DHM-induced autophagy in skeletal
muscle myotubes. DHM improves insulin sensitivity by inducing
autophagy via the proposed pathways: DHM activates AMPK,
thereby increasing PGC-1a and Sirt3 expressions, and ultimately
inducing autophagy

demonstrated that Sirt3 functions as a downstream target of
PGC-1a, which is directly regulated by AMPK. AMPK is a
key player in the regulation of energy metabolism and is
considered to be a therapeutic target for T2D because of its
reported anti-insulin resistance properties. Fasting or nu-
trient excess may trigger the activation or inhibition of
AMPK, respectively, which leads to alteration of PGC-1a
activity. A previous report suggested that PGC-la
stimulated mouse Sirt3 activity in both muscle cells and
hepatocytes, indicating that PGC-1a acts as an endogenous
regulator of Sirt3 [31]. Our group has found that DHM
improved the physical performance under acute hypoxic
conditions by partially activating AMPK in skeletal muscle
[11]. We therefore postulated that DHM regulated Sirt3
expression through activation of the AMPK-PGC-1a axis.
As expected, our results showed that DHM triggered
AMPK phosphorylation, which is required for PGC-1la
expression in skeletal muscle in vitro and in vivo. And
PGC-10 or AMPK siRNA significantly decreased the ex-
pression of Sirt3 induced by DHM. These findings sug-
gested that the AMPK-PGC-1a signaling pathway could be
a key route in DHM-induced Sirt3 regulation.

In conclusion, the results of the present study indicated
that DHM improves skeletal muscle insulin sensitivity by
partially inducing autophagy via regulating the AMPK-
PGCla-Sirt3 signaling pathway (Fig. 7). Our findings
suggested a potential role for DHM in the prevention and
treatment of T2D as well as other insulin resistance-related
metabolic diseases such as nonalcoholic fatty liver disease.
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