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A B S T R A C T

Adiponectin has been demonstrated to be a mediator of insulin sensitivity; however, the underlined mechanisms
remain unclear. SESN2 is a stress-inducible protein that phosphorylates AMPK in different tissues. In this study,
we aimed to validate the amelioration of insulin resistance by globular adiponectin (gAd) and to reveal the role of
SESN2 in the improvement of glucose metabolism by gAd. We used a high-fat diet-induced wild-type and SESN2�/

� C57BL/6J insulin resistance mice model to study the effects of six-week aerobic exercise or gAd administration
on insulin resistance. In vitro study, C2C12 myotubes were used to determine the potential mechanism by
overexpressing or inhibiting SESN2. Similar to exercise, six-week gAd administration decreased fasting glucose,
triglyceride and insulin levels, reduced lipid deposition in skeletal muscle and reversed whole-body insulin
resistance in mice fed on a high-fat diet. Moreover, gAd enhanced skeletal muscle glucose uptake by activating
insulin signaling. However, these effects were diminished in SESN2�/� mice. We found that gAd administration
increased the expression of SESN2 and Liver kinase B1 (LKB1) and increased AMPK-T172 phosphorylation in
skeletal muscle of wild-type mice, while in SESN2�/� mice, LKB1 expression was also increased but the pAMPK-
T172 was unchanged. At the cellular level, gAd increased cellular SESN2 and pAMPK-T172 expression. Immu-
noprecipitation experiment suggested that SESN2 promoted the formation of complexes of AMPK and LKB1 and
hence phosphorylated AMPK. In conclusion, our results revealed that SESN2 played a critical role in gAd-induced
AMPK phosphorylation, activation of insulin signaling and skeletal muscle insulin sensitization in mice with
insulin resistance.
Introduction

Insulin resistance is a decrease in insulin sensitivity of target cells and
in the ability of tissue cells to take up and utilize glucose, which plays a
typical role in the pathogenesis of Type 2 diabetes mellitus (T2DM). Over
the past 40 years, the incidence of diabetes has increased significantly
worldwide. As of 2017, the prevalence of diabetes among Chinese adults
was 10.9% and the number of people with diabetes was 114 million.1,2

Currently, there are many studies dedicated to improving high-fat die-
t-induced insulin resistance with the aim of becoming a breakthrough in
the treatment of T2DM. The adipokine adiponectin has emerged as in-
sulin sensitizing adipokine and anti-inflammatory, insulin sensitizing
factor.3–5Adiponectin is present in human plasma as full-length adipo-
nectin (Acrp30) and as a C-terminal globular fragment (gAcrp30/gAd).6,7

The C-terminal globular fragment is produced by proteolytic cleavage
and is thought to be the pharmacologically active moiety.6 The
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physiological actions of adiponectin are initiated by binding with its
specific transmembrane receptor, mainly adiponectin receptor1 (adi-
poR1), in skeletal muscle. A wide variety of explanations for adipo-
nectin's glucose lowering and insulin sensitizing properties has been
proposed, which have been derived predominantly from in vitro and ex
vivo studies, including: suppression of gluconeogenesis,8,9 increased
AMPK/ACC-dependent fatty acid oxidation in liver and skeletal mus-
cle.3,7,8,10 However, consistent model for adiponectin's action in vivo is
lacking, and the mechanisms by which adiponectin ameliorates insulin
resistance are a matter of active debate.

Exercise is likewise considered to be one of the most important ap-
proaches to ameliorating insulin resistance since it results in numerous
adaptations in multiple tissues and organ systems.11 Studies have shown
that exercise-associated signals can directly activate exercise-responsive
signaling molecules, such as AMPK, to propagate the exercise signal.
Aerobic exercise induces alterations in cellular energy balance that can
result in exercise intensity-dependent activation of AMPK in skeletal
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Abbreviation

Sestrin2 SESN2
AMP-activated protein kinase AMPK
Globular adiponectin gAd
Liver kinase B1 LKB1
Type 2 diabetes mellitus T2DM
Adiponectin Acrp30
Adiponectin receptor1 AdipoR1
Threonine protein kinase 11 STK11
Wild type WT
Normal chow NC
High-fat diet HFD
HFD control HC

HFD exercise group HE
HFD gAd inject group HC þ gAd
Dulbecco's modified Eagle's medium DMEM
Poly vinylidene difluoride PVDF
Oral Glucose Tolerance Test OGTT
Area under curve AUC
Horseradish peroxidase HRP
Total cholesterol TC
Triglycerides TG
GlVucose transporter 4 GLUT4
GLUT4 Storage Vesicles GSV
Control Con
siRNA -SESN2 group si-SESN2
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muscle and promote energy metabolism and participate in the glucose
homeostasis regulation.12–14 It has been demonstrated that aerobic ex-
ercise typically restores plasma adiponectin, moreover, increases the
protein expression of AdipoR1 in skeletal muscle, which is closely related
to adiponectin signaling.15–17

Sestrins (Sestrin1, 2, and 3, gene name: Sesn) are a classical family of
stress-inducible proteins that regulate metabolism through sensing
nutrient levels and redox status in cells, tissues and organs.18 The SESN2
knockout has been associated with insulin resistance.19 Long-term
treadmill exercise in mice increases Sestrin2 protein expression in
quadriceps, and acute treadmill exercise also increases Sestrin2 protein
expression that associates with their effector AMPKα.20 It is well estab-
lished that SESN2 are involved in the AMPK signaling pathway in
different tissues or cell lines.12,18,21 Liver kinase B1 (LKB1), also called
Serine/Threonine protein kinase 11 (STK11), phosphorylates and acti-
vates the AMPK subfamily kinases and plays a crucial role in regulating
glucose homeostasis and energy metabolism in skeletal muscle.22 Some
studies have reported that sestrin2 can directly associate with AMPK and
promote AMPK phosphorylation by the upstream kinase LKB1 by acting
as a “scaffold” between them.20,23,24

It has been reported that two-week globular adiponectin treatment
ameliorates lipid-induced insulin resistance and increases absolute rates
of fatty acid oxidation and glucose oxidation in muscle.25 Themechanism
involved may be related to that gAd induces the translocation of LKB1
from the nucleus to the cytosol in L6 myoblasts,26 as well as in C2C12
myoblasts,27 suggesting that gAd works by regulating LKB1. And AMPK
as a direct target of LKB1 and its intimate relationship with SESN2 led us
to speculate that gAd may exert its effect of enhancing insulin sensitivity
through them. Interestingly, a new study shows that gAd treatment
induced a marked increase in SESN2 protein expression in MCF-7 cells
and SESN2 knockdown led to the prevention of gAd-stimulated AMPK
phosphorylation, suggesting that SESN2 mediates gAd-induced AMPK
phosphorylation.28

Given that prior studies have demonstrated that aerobic exercise or
globular adiponectin can improve insulin resistance in mice,11,25,29,30 we
hypothesized that the insulin-sensitizing properties of adiponectin might
be due to the activation of LKB1-AMPK pathway in skeletal muscle,
similar to exercise. To address this hypothesis, we performed a
comprehensive series of studies to assess the effects of six-week gAd
treatment or aerobic exercise on skeletal muscle, in a high-fat diet mouse
model of insulin resistance. Here, we demonstrate that six-week gAd
treatment or aerobic exercise improves whole-body insulin sensitivity in
insulin resistance mice via LKB1-SESN2-AMPK in skeletal muscle in
which SESN2 contributes to an essential role, leading to increased insulin
signaling. Taken together, these results provide a referable perspective
on the mechanisms by which gAd or aerobic exercise reverses insulin
resistance.
35
Materials and methods

Animals

All animal protocols were approved by the Tianjin Medical University
Animal Care. SESN2-knockout (KO) mice, which are characterized by a
generalized lack of SESN2, were maintained on a C57BL/6J background.
Four-week-old male WT and KO mice were housed at a constant tem-
perature (22 �C–24 �C) with a fixed 12-h light, 12-h dark cycle and free
access to food and water. After 1 week of acclimation, the mice were
randomly divided into an NC group (n ¼ 7, only WT mice) and an HFD
group (n ¼ 38, WT and KO mice), fed on normal chow (NC) and high-fat
diet (HFD) (60% calories from fat, Research Diets D12492), respectively,
for up to six weeks. Then, the HFD group randomized into HFD control
(HC), HFD exercise group (HE) and HFD gAd inject group (HC þ gAd),
and these three groups continually fed an HFD continually for up to 12
weeks. At the end of the intervention, n¼ 6,6,5,5,6,4 for WT-HC,WT-HE,
WT-HC þ gAd, SESN2�/�-HC, SESN2�/�-HE, SESN2�/�-HC þ gAd,
respectively. The mice from the exercise group were exercised on a
motor-driven rodent treadmill 5 days a week for a total of 6 weeks. The
mice initially ran at the intensity of 50% _VO2max for 30 min/day during
the first week; thereafter, the running intensity and time were increased
to 75% _VO2max (12 m/min) for 60 min/day. For adiponectin treatment,
mice were given intraperitoneal injections of globular adiponectin (5 μg/
kg of body weight, ProSpec) for six weeks. After 48 h of the last bout of
exercise, the mice were fasted for 12–16 h then anesthetized with iso-
flurane and sacrificed and the quadriceps muscle was dissected.

Oral Glucose Tolerance Test (OGTT), fasting serum insulin, and metabolic
parameters

Mice were fasted overnight prior to administration of OGTT. The test
started at 8 a.m. D-glucose (Sigma, USA) was dissolved in ddH2O and
administered orally to the fasted mice (2 g/kg of body weight) using a 20-
gauge stainless steel gavage feeding needle. Samples of whole blood
(10–20 μl each) were collected from a tail clip bleed immediately before
and 15, 30, 60 and, 120 min after administration of glucose. Blood
glucose levels were measured using the Blood Glucose Monitoring Sys-
tem (One Touch, Life Scan, USA). The blood samples were taken from
vena caudalis, insulin level was measured by insulin ELISA kit (MLbio,
China). Total cholesterol (TC) and triglycerides (TG) were determined by
enzymatic kits (Applygen, China).

Cell culture and treatments

C2C12 cells were cultured in Dulbecco's modified Eagle's medium
(DMEM) supplemented with 10% FBS and maintained at 37 �C in a hu-
midified atmosphere with 5% CO2. Cells were seeded in a six-well plate
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and differentiated in DMEMwith 2% horse serum for six days. For SESN2
knockdown experiments, C2C12 cells was transfected with negative
control or siRNA against SESN2 (GenePharma, Shanghai, China) using
Lipofectamine RNAiMAX (Invitrogen). For adenoviruses treatment,
C2C12 myotubes were infected with Ad-SESN2, using a multiplicity of
infection (MOI) of 100 and harvested 48 h post-infection on day 6 of
differentiation. For gAd treatment, gAd (0.5 μg/ml) was added to the
cells for 8 h at 37 �C. Media lacking gAd served as a vehicle control. All
experiments were run in triplicate.
Immunoblotting and immunoprecipitation

Protein extracts from C2C12 cell and skeletal muscle were prepared
with NP-40 lysis buffer (150 mM sodium chloride, 1.0% NP-40, 50 mM
Tris, pH 8.0, protease inhibitor cocktail, and phosphatase inhibitor
cocktail). The extract was diluted in SDS loading buffer and heated at 75
�C for 10 min. Equal amounts of protein were subjected to electropho-
resis in 10% SDS/PAGE at 110 V and transferred onto 0.45 μm poly
vinylidene difluoride (PVDF) membranes at 330 mA for 1.5 h. The
membranes were blocked by 5% nonfat milk for 1 h at room temperature
and incubated overnight at 4 �C with the primary antibody for SESN2
(Abcam, USA), pAMPK-Thr172, AMPKα, AKT, pAKT-Ser473, AS160,
pAS160-Thr642, GLUT4 (Cell Signaling Technology, USA), AdipoR1
(Santa, USA), LKB1 (Proteintech, China), β-tubulin (Utibody, China). The
immunoreactive proteins were detected with a chemiluminescent
horseradish peroxidase (HRP) substrate (Millipore, USA), analyzed with
a scanner and digitalized using the image analysis software (Quantity
One, Hercules, CA, USA). All results are representative of three inde-
pendent experiments. Anti-LKB1 primary antibody was cross-linked to
Dynabeads® Protein A (Invitrogen, Carlsbad, CA) according to the
manufacturer's protocol. Tissue lysates were precleared with IgG Dyna-
beads® Protein A for 10 min and then incubated with LKB1-Dynabeads.
Fig. 1. Globular adiponectin improves insulin sensitivity in mice fed on high-fat die
Fasting glucose (A), Oral Glucose Tolerance Test (OGTT) (B) and Area under curve (A
(NC) or high-fat diet (HFD) in wild-type mice (n ¼ 7/per group). Additionally, serum
completed, Fasting glucose (E) and serum insulin (F) were measured. (n ¼ 6,6,5,5,6,4
þ gAd, respectively). Meanwhile, OGTT showed exercise or gAd impact on blood gluc
p < 0.05 SESN2�/�-HC vs SESN2�/�-HE; d, p < 0.05 WT-HE vs SESN2�/�-HE; e, p < 0
�-HC þ gAd. Data are shown as means � standard deviation (SD). NC - normal chow,
gAd inject group, WT - wild type, SESN2 - Sestrin2.
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AMPKα2 immunoprecipitated complexes were washed five times with
washing buffer. Proteins were eluted by boiling in loading buffer and
then processed for Western blot analysis.
Statistical analysis

All data are expressed as means � standard error of the mean (SEM).
Significant differences were assessed by one-way or two way ANOVA
followed by the Student–Newman–Keuls test. The p < 0.05 was consid-
ered statistically significant.

Results

Globular adiponectin improved insulin sensitivity in mice fed on a high-fat
diet

As presented in Fig. 1A–D, after six weeks of HFD, C57BL/6J mice
developed notably higher fasting glucose and serum insulin levels and
caused impaired glucose tolerance, which was indicative of increased
insulin resistance compared with the NC group. Aerobic exercise or
globular adiponectin intervention reduced fasting glucose and serum
insulin levels in insulin-resistant mice (Fig. 1E and F). Consistent with
published reports, we observed significantly improved glucose tolerance
in wild-type mice after 6-week aerobic exercise compared with mice in
HC group (Fig. 1H). Meanwhile, six-week globular adiponectin treatment
exerted a similar effect. In SESN2�/� mice, neither exercise nor gAd
treatment produced significant changes to the fasting blood glucose. Both
interventions reduced serum insulin levels but were still significantly
increased compared to their corresponding WT groups. Further, in the
absence of SESN2, the improvement of glucose tolerance by exercise was
reduced. In addition, a high-fat diet impaired glucose tolerance in the
gAd treatment group was significantly reduced compared with the HC
t.
UC) below baseline blood glucose (C) were measured after 6-week normal chow
insulin (D) was also measured using ELISA Kit. After exercise or gAd intervention
for WT-HC, WT-HE, WT-HC þ gAd, SESN2�/�-HC, SESN2�/�-HE, SESN2�/�-HC
ose (G–I). a, p < 0.05 WT-HC vs WT-HE; b, p < 0.05 WT-HC vs WT-HC þ gAd; c,
.05 SESN2�/�-HC vs SESN2�/�-HC þ gAd; f, p < 0.05 WT-HC þ gAd vs SESN2�/

HFD - high-fat diet, HC - HFD control, HE - HFD exercise group, HC þ gAd - HFD
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group mice (Fig. 1I). However, unlike in WTmice, the ameliorative effect
of gAd on SESN2�/� mice was relatively feeble, as evidenced by the
significant difference in blood glucose levels between the two groups at
30-min points, showing a prolonged glycemic plateau. Taken together,
these results suggest that gAd treatment improves insulin resistance in
the high-fat diet mice similarly to aerobic exercise, and more notably that
SESN2 may be important in it.
Effects of exercise or globular adiponectin on energy metabolism in mice fed
on a high-fat diet

Aerobic exercise or gAd intervention did not modify the food intake
and energy intake in the two groups of wild-type and SESN2�/� mice
(Fig. 2A and B). While two interventions significantly reduced body
weight in mice fed a high-fat diet, mainly contributed by decreases in
ratio of fat mass rather than changes in the ratio of lean body mass
(Fig. 2C–E). The body weight of SESN2�/�mice was generally lower than
that of wild-type mice, which might be due to their lower initial body
weight. Exercise did not decrease the body weight of SESN2�/� mice, but
gAd still significantly induced weight loss in SESN2�/� mice. Besides, the
fat-reducing effect of both interventions remained. The serum was
collected and circulating TC and TG were measured with the ELISA kit.
As shown in Fig. 2F and G, aerobic exercise or gAd intervention signifi-
cantly reduced the serum triglyceride and total cholesterol levels in wild-
type mice. However, in SESN2�/� mice, aerobic exercise or gAd inter-
vention did not affect serum TG, but serum TG was significantly
Fig. 2. Effects of exercise or globular adiponectin on energy metabolism in mice fed
Wild-type and SESN2�/� mice were randomly allocated to sedentary or exercise gro
group (5 μg/kg body weight, 7 days/week), feeding with 60% high-fat diet. Average f
weight (C), fat mass/body weight (D) and lean mass/body weight (E) were measured
ELISA kits. Representative images of oil red staining within muscle fibers of each g
SESN2�/�-HE, SESN2�/�-HC þ gAd, respectively). Data are shown as mean � standa
gAd - HFD gAd inject group, WT - wild type, SESN2 - Sestrin2.
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increased in the SESN2�/�-HE group than in the WT-HE group, sug-
gesting that SESN2 may be involved in the process of lowering serum TG
levels by aerobic exercise. In contrast, TC levels in the SESN2�/�-HC þ
gAd group were significantly higher than those in the WT-HC þ gAd
group, suggesting that SESN2 may be involved in the regulation of serum
TC levels by gAd. Oil Red O staining of each group showed exercise or
gAd treatment led to decreased lipid deposition in quadriceps. However,
the SESN2 ablation prevented the protective effect of both interventions
on ectopic lipid deposition in skeletal muscle (Fig. 2H, S1).
Six-week exercise or gAd treatment modulated the insulin signaling pathway
in skeletal muscle

As Fig. 3A, C, D shown, exercise or gAd administration induced
increased adiponectin and adipoR1 protein levels in skeletal muscle in
wild-type mice, which is consistent with the previous studies.17,31,32

After SESN2 deletion, exercise did not increase the adipoR1 expression
like it did in WT mice. Although gAd still upregulated the expression of
adipoR1, the protein content of adipoR1 in SESN2�/�-HC þ gAd
remained lower than that in WT-HC þ gAd. To investigate the effects of
exercise or globular adiponectin treatment on the skeletal muscle insulin
signaling pathway, we examine pAKT-Ser473, AKT, pAS160-Thr642,
AS160 and glucose transporter 4 (GLUT4) protein content (Fig. 3B).
AKT has an important function in the insulin signaling pathway, and the
level of pAKT-Ser473 could represent the activation of this pathway. The
most abundant glucose transporter aiding in skeletal muscle glucose
on high-fat diet.
up (75% _VO2max intensity, 12 m/min, 1 h/day, 5 days/week) or gAd injection
ood intake and average energy intake were determined. Additionally, final body
. Serum total cholesterol (TC) (F) and triglycerides TG (G) were measured with
roup (H). (n ¼ 6,6,5,5,6,4 for WT-HC, WT-HE, WT-HC þ gAd, SESN2�/�-HC,
rd deviation (SD). *, p < 0.05. HC - HFD control, HE - HFD exercise group, HC þ



Fig. 3. Six-week exercise or gAd treatment modulated the insulin signaling pathway in skeletal muscle.
Representative Western blot (A–B) and densitometric quantification of adiponectin (C), adiponectin receptor1 (AdipoR1) (D), AKT, pAKT-Ser473 (E), AS160, pAS160-
Thr642 (F) and glucose transporter 4 (GLUT4) (G) in quadriceps of male WT and SESN2�/� mice following six-week exercise or gAd treatment. β-tubulin was used as
the internal control (n ¼ 3 per group). Data were presented as means � standard error of the mean (SEM); *, p < 0.05. HC - HFD control, HE - HFD exercise group, HC
þ gAd - HFD gAd inject group, WT - wild type, SESN2 - Sestrin2.
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uptake is GLUT4.33 Moreover, AS160 serves as a critical signaling junc-
tion in facilitating GLUT4 trafficking to the plasma membrane.34 In
wild-type mice, after six-week exercise or globular adiponectin treat-
ment, phosphorylation of AKT was increased in comparison with control,
whereas expression of total AKT did not change (Fig. 3E). Two in-
terventions inhibited the GAP activity of AS160 via its phosphorylation at
38
Thr642 (Fig. 3F). This allowed GTP loading of Rabs that aid in vesicular
trafficking of GLUT4 to the plasma membrane and thereby increased
glucose uptake. Moreover, the expression of GLUT4 were elevated in
skeletal muscle after exercise or gAd treatment (Fig. 3G). While in
SESN2�/�mice, aerobic exercise or gAd treatment did not alter the levels
of either AKT or AS160 phosphorylation. More remarkably, the protein
Fig. 4. SESN2 deletion affected the activa-
tion of LKB1/AMPK signaling pathway by
exercise or gAd in skeletal muscle.
Representative Western blot (A) and densi-
tometric quantification of LKB1 (B), SESN2
(C), AMPK, pAMPK-Thr172 (D) in quadri-
ceps of male WT and SESN2�/� mice
following six-week exercise or gAd treatment
(n ¼ 3/per group). β-tubulin was used as the
internal control. Data were presented as
means � standard error of the mean (SEM);
*, p < 0.05. HC - HFD control, HE - HFD
exercise group, HC þ gAd - HFD gAd inject
group, WT - wild type, SESN2 - Sestrin2,
AMPK - AMP-activated protein kinase, LKB1
- Liver kinase B1.
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level of GLUT4 was also not significantly changed. Taken together, our
findings suggest that the six-week exercise or globular adiponectin
treatment activates the insulin signaling pathway in skeletal muscle and
SESN2 plays an essential role in this process.

SESN2 deletion affected the activation of the LKB1/AMPK signaling
pathway by gAd in skeletal muscle

Considering the vital role of AMPK and SESN2 in skeletal muscle
metabolism, we hypothesized that AMPK and SESN2 might be important
in the improvement of insulin sensitivity by aerobic exercise or gAd.
Therefore, we examined the protein expression of AMPK and its upstream
kinase LKB1 and SESN2 in skeletal muscle (Fig. 4A). We found that
aerobic exercise or gAd significantly increased the content of LKB1 in
skeletal muscle of wild-type mice. However, ablation of SESN2 prevented
the increased LKB1 protein expression by aerobic exercise, indicating
that SESN2 is involved in the regulation of LKB1 in skeletal muscle by
aerobic exercise. Meanwhile, gAd tended to increase LKB1 protein con-
tent (p¼ 0.056) in SESN2 mice and no significant change compared with
its corresponding wild-type group (Fig. 4B), suggesting that LKB1 is
regulated by gAd independently of SESN2 in skeletal muscle. The
expression of SESN2was elevated by exercise or gAd (Fig. 4C). Moreover,
SESN2 expression was absent in SESN2�/� mice, confirming that the
SESN2 knockout mice model was successfully created. Consistent with
previous studies, gAd increased the AMPK phosphorylation in skeletal
muscle, resembled aerobic exercise, while knockout of SESN2 impaired
the phosphorylation of AMPK induced by both interventions.

SESN2 promoted the binding of LKB1 to AMPK in response to gAd
treatment in myotubes

To clarify the signaling mechanisms by which gAd activates AMPK in
C2C12 myotubes, we examined the role of SESN2 signaling. As shown in
Fig. 5A, gAd treatment induced a marked increase in SESN2 protein
expression and reached the peak at 8 h (Fig. 5A). Then we generated Ad-
SESN2 and siRNA-SESN2. Ad-SESN2 elevated SESN2 expression and
siRNA-SESN2 decreased the SESN2 content in myotubes (Sup Fig. 1).
Additionally, the content of LKB1 was significantly increased and was
independent of the expression of SESN2 in gAd treated myotubes (Fig. 5
B, C). Consistent with the previous studies, gAd treatment significantly
increased the phosphorylation level of AMPK, however, sestrin2 siRNAs
fully reversed the effect (Fig. 5 B, D). To further verify the relationship
between SESN2, LKB2 and AMPK, we conducted immunoprecipitation
experiments. LKB1 immune complexes revealed a significant increase in
LKB1-AMPK interactions after gAd treatment compared to the control
group, however, the absence of SESN2 prevented the binding between
LKB1 and AMPK. Then after overexpression of SESN2 in the rescue
group, we found that the binding of LKB1 and AMPK was increased
again. All these results suggest that SESN2 promotes the formation of
complexes of AMPK and LKB1, which causes subsequent phosphorylation
of AMPK. In subsequent experiments verifying the functional role of
SESN2 in the activation of the insulin signaling pathway by gAd,
increased phosphorylation of AKT and AS160 and protein amount of
GLUT4 by gAd were markedly prevention by gene silencing of SESN2 in
myotubes. Moreover, overexpression of SESN2 rescued the activation of
the insulin signaling pathway (Fig. S2). Collectively, these results reveal
that SESN2 plays a critical role in gAd-induced AMPK phosphorylation,
activation of insulin signaling pathway and insulin sensitization.

Discussion

Exercise is likely to exert beneficial effects on obesity-related dis-
eases, such as T2DM, and may contribute to healthy longevity.35,36

Strikingly, our study showed that gAd intervention led to the activation
of the insulin pathway, with the extent of their recovery found to be
similar to that in high-fat diet fed mice subjected to exercise, suggesting
39
that gAd may represent “exercise-mimetic”. Nonetheless, it is likely that
the physiological change linking exercise to adiponectin expression may
or may not occur, but exercise and adiponectin can exert positive
metabolic and muscular effects independent of each other.

In terms of improving systemic glucose metabolism, consistent with
previous studies, we found that gAd significantly reduced blood glucose
levels and improved impaired glucose tolerance in high-fat diet mice,
which is in agreement with the improvement of glucose metabolism by
aerobic exercise.37,38 Additionally, muscle lipid deposition is considered
to be an important determinant of insulin resistance in skeletal mus-
cle,39,40 since increases in intramyocellular lipid and intermyocellular
adipose tissue are associated with impaired skeletal muscle insulin
signaling. Our study found that either exercise or gAd intervention
reduced lipid ectopic deposition in the quadriceps muscle of mice and
that SESN2 was involved.

Any impairment in skeletal muscles’ AKT-AS160-GLUT4 axis leads to
dire consequences in terms of whole-body glucose homeostasis.34 In
basal condition, AKT are present in the cytoplasm. AS160, via its N-ter-
minal binds to GSVs (GLUT4 Storage Vesicles) and tethers GLUT4. AS160
has a functional GAP domain in its C-terminal against several Rab
GTPases that mediate vesicular traffic. This does not allow GDP-loaded
Rabs to mediate GLUT4 exocytosis under basal conditions. In an
insulin-stimulated condition, PI3K dependent increase in the pool of PIP3
attracts AKT by its PH domain to the plasma membrane. An activated
AKT phosphorylates AS160, hence inactivating its GAP activity and
promoting dissociation from GSVs. This allows GTP loading of Rabs that
aid in vesicular trafficking of GLUT4 to the plasma membrane. Moreover,
there was a study limited to AKT-Ser473 based on results in human
skeletal muscle indicating that insulin-stimulated AKT-Ser473 phos-
phorylation (as opposed to AKT-Thr308) was closely related to AS160
phosphorylation and glucose uptake.41

Because a high-fat diet is associated with abnormalities in glucose
metabolism, we next tested how gAd influences glucose homeostasis. We
observed herein that gAd successfully improved glucose metabolism in
mice fed on a high-fat diet, similarly to exercise, but this should be
carefully interpreted as a high-fat diet is not fully corresponding to
diabetes-mediated changes in glucose metabolism. Furthermore, based
on the fact that skeletal muscle contributes largely to glucose homeostasis
by facilitating glucose uptake as well as the critical role of activation of
the AKT/AMPK pathway in improving glucose metabolism,42 we evalu-
ated the effect of exercise or gAd intervention on AKT and its down-
stream molecules together with AMPK. In this study, given the role of
AS160 on GLUT4 translocation mentioned above, gAd effectively stim-
ulated phosphorylation of AKT and AS160, thereby enhancing glucose
uptake and GLUT4 translocation. Indeed, AMPK and AKT are generally
accepted to respond to exercise/muscle contraction and insulin/PI3K,
respectively.43–45 In conclusion, our results demonstrate that gAd is
effective in the improvement of glucose metabolism in skeletal muscle
cells in vitro and in vivo.

In the models of myocardial ischemia, SESN2 has been shown to act
as a “scaffold” between AMPK and LKB1, promoting phosphorylation of
the AMPK-Thr172 site by enhancing the binding of AMPK to LKB1.24,46 A
recent study found that gAd induced a significant increase in SESN2
protein expression and promoted the formation of SESN2-AMPK and
SESN2-LKB1 complexes in MCF-7 (human breast cancer) cells, while
SESN2 knockdown prevented gAd-induced AMPK phosphorylation in
MCF-7 cells.28 Several studies have described that gAd induced the
translocation of LKB1 from the nucleus to the cytosol in L6 myoblasts and
in C2C12 myoblasts.26,27 However, no study has revealed the relation-
ship between the SESN2/LKB1/AMPK triad in the process of insulin
sensitization by gAd in skeletal muscle. In this study, we found that gAd
administration increased the protein expression of SESN2 and LKB1 and
activated AMPK in an animal model, while in SESN2�/� mice, LKB1
protein content was also increased without activating AMPK. At a cellular
level, gAd spontaneously induced increased cellular SESN2 protein
expression and AMPK phosphorylation, along with detectable activation



Fig. 5. SESN2 promoted the binding of LKB1 to AMPK in response to gAd treatment in myotubes.
C2C12 myotubes were treated with gAd (0.5 μg/ml) for the indicated time periods. The expression level of SESN2 (A) was determined by Western blot analysis.
Representative Western blot and densitometric quantification of LKB1, pAMPK-Thr172 and AMPK in gAd treated myotubes (B–D). After transfection with SESN2
siRNA and Ad-SESN2, AMPK associated with LKB1 (E) was measured by immunoprecipitation assay in gAd treated myotubes (n ¼ 3 per group). β-tubulin was used as
the internal control. Data were presented as means � standard error of the mean (SEM); *, p < 0.05. SESN2 - Sestrin2, AMPK - AMP-activated protein kinase, LKB1 -
Liver kinase B1. si-SESN2 - siRNA -SESN2 group.
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of the AKT pathway. Importantly, the silencing of SESN2 prevented
AMPK phosphorylation by reducing the binding between LKB1 and
AMPK. Furthermore, overexpression of SESN2 rescued the diminished
phosphorylation of AMPK due to the absence of SESN2 in myotubes
treated with gAd. We conclude that SESN2 increases AMPK phosphory-
lation at Thr172 by promoting the binding between LKB1 and AMPK in
C2C12 myotubes treated with gAd.

Taken together, these results suggest that long-term injection of gAd
improves insulin resistance in HFD-fed mice, similar to aerobic exercise.
On the one hand, gAd activates the insulin signaling pathway to increase
glucose uptake in skeletal muscle. On the other hand, gAd activates
AMPK by promoting the binding of LKB1 and AMPK, which in turn
regulates energy metabolism. In contrast, SESN2 ablation affected the
insulin-sensitive effects of gAd by blocking the binding of LKB1 and
AMPK. Most importantly, our study provides a novel insight into the
mechanism by which gAd reverses skeletal muscle insulin resistance in
mice.
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