Received: 26 January 2019 | Accepted: 4 March 2019

DOI: 10.1002/fsn3.1006

ORIGINAL RESEARCH

WILEY

Metformin-induced autophagy and irisin improves INS-1 cell
function and survival in high-glucose environment via AMPK/
SIRT1/PGC-1a signal pathway

Qingxue Li%? | ShaohuiJia® | LeiXu® | BiaoLi® | Ning Chen!

Tianjiu Research and Development
Center for Exercise Nutrition and Foods,
Hubei Key Laboratory of Sport Training
and Monitoring, College of Health

Science, Wuhan Sports University, Wuhan,
China

2School of Sports and Health, Linyi
University, Linyi, China

3Graduate School, Wuhan Sports University,
Wuhan, China

Correspondence

Ning Chen, Tianjiu Research and
Development Center for Exercise Nutrition
and Foods, Hubei Key Laboratory of Sport
Training and Monitoring, College of Health
Science, Wuhan Sports University, Wuhan,
China.

Email: nchen510@gmail.com

Funding information

National Natural Science Foundation of
China, Grant/Award Number: 31771318;
Outstanding Youth Scientific and
Technological Innovation Team from Hubei
Provincial Department of Education, Grant/
Award Number: T201624

1 | INTRODUCTION

Abstract

In order to explore the protective function of metformin on pancreatic p cells to al-
leviate insulin resistance and underlying mechanisms, INS-1 cells were cultured into
normal control (N), high glucose (H), high glucose and metformin (H + Met), high glu-
cose and chloroquine (H + CQ), and high glucose and Ex527 (H + Ex527) groups, re-
spectively. Upon 24-hr cultivation, the proliferation and glucose-stimulated insulin
secretion (GSIS) of INS-1 cells were determined, and the expression of irisin and other
proteins associated with AMPK/SIRT1/PGC-1a signal pathway, autophagy, and apop-
tosis was evaluated. Compared with the N group, the cells from the H group revealed
lower proliferation, GSIS, and expression of irisin and proteins associated with
AMPK/SIRT1/PGC-1a signal pathway and autophagy, but higher expression of pro-
teins associated with apoptosis; in contrast, metformin could significantly rescue
lower cell proliferation, GSIS, and expression of proteins associated with AMPK/
SIRT1/PGC-1a signal pathway and autophagy, as well as irisin, and suppress apopto-
sis in high-glucose environment. Meanwhile, autophagy inhibitor CQ and SIRT1 in-
hibitor Ex527 can block above functions of metformin. Therefore, metformin can
promote INS-1 cell proliferation, enhance GSIS, and suppress apoptosis by activating
AMPK/SIRT1/PGC-1a signal pathway, up-regulating irisin expression, and inducing

autophagy in INS-1 cells in high-glucose environment.
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of the secretion of insulin and play an important role in controlling
glucose homeostasis. Absolute or relative lacking of islet p cells will

Diabetes mellitus is a chronic metabolic syndrome with the charac-
teristics of insulin resistance or hyperglycemia caused by absolute or
relative insufficiency of insulin secretion and/or deficient function of
islet p cells. According to its pathogenesis, diabetes mellitus can be
divided into type | diabetes mellitus (TIDM) and type Il diabetes mel-
litus (T2DM) (Thent, Das, & Henry, 2013). Islet B cells are in charge

eventually lead to the occurrence of diabetes mellitus. Therefore,
elucidating molecular mechanisms for regulating the function of
islet p cells will have a unique significance for the prevention and
treatment of diabetes. Metformin is a widely used drug of T2DM,
and its antidiabetic characteristics should be inhibiting hepatic glu-
coneogenesis and improving insulin sensitivity in peripheral tissues
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(Adak, Samadi, Unal, & Sabuncuoglu, 2018). Based on previous in
vivo studies, metformin also can increase glucose oxidation in MIN6
pancreatic B cells, promote insulin release in mouse isolated pancre-
atic islets (Hashemitabar, Bahramzadeh, Saremy, & Nejaddehbashi,
2015), and alleviate functional, biochemical, and ultrastructural ab-
normalities in human islet cells exposed to glucotoxic condition. But
so far, the effect and underlying mechanisms of metformin on f cells
remain unclear.

Autophagy is a highly conserved process to eliminate aged and
miss-folded proteins or damaged organelles for maintaining cel-
lular homeostasis and promoting cell survival (Levine & Kroemer,
2008,2009; Zhang & Chen, 2018). The dysfunction of autophagy
may induce a series of diseases, such as diabetes mellitus, cancer,
aging-related diseases, and neurodegenerative diseases (Chen &
Karantza, 2011; Chen & Karantza-Wadsworth, 2009; Fan et al.,
2016; Kou & Chen, 2017; Yang et al., 2017). Deficient function of
islet p cells is a major pathological features of diabetes mellitus, but
autophagy plays an important role in regulating the structure and
functions of p cells through clearing senescent cells and damaged
proteins or organelles, and protecting islet f cells against apoptosis
(Las & Shirihai, 2010). However, the protective role and the induced
autophagy of metformin, as well as corresponding underlying mech-
anisms in islet f cells, still need to be further investigated.

Maintaining energy homeostasis is one of the major strategies
for preventing and treating diabetes mellitus and other metabolic
syndromes. AMP-activated protein kinase (AMPK), as a highly con-
served serine/threonine kinase, plays a major role in the regulation
of energy metabolism though modulating various regulatory signal
pathways (Li, Zhong, Wang, & Zhu, 2017). The reduced expression
and activity of AMPK are common in skeletal muscle and fat tissues
of animal models with obesity, T2DM, and metabolic syndromes;
therefore, either physiological or pharmacological activation of
AMPK can mitigate insulin resistance and execute the prevention
and treatment of diabetes mellitus (Ruderman, Carling, Prentki, &
Cacicedo, 2013). Currently, some metabolic stimuli, such as regular
exercise and energy restriction, can induce the increase of AMP/
ATP ratio, thus activating AMPK and executing important roles in
the treatment of diabetes mellitus through regulating autophagy or
myokines (Chen, Li, Liu, & Jia, 2016; Dunstan, 2011; Li, Fan, & Chen,
2018; Yang et al., 2016). Metformin can accomplish the therapeu-
tic efficacy of diabetes mellitus by activating AMPK (Ruderman et
al., 2013) and inducing autophagy in distinct tissues (Yao, Zhang, &
Chen, 2016). For islet p cells, the protective effect of AMPK is also
correlated with its functional induction of autophagy, and the defi-
cient or inhibited AMPK can impair autophagy and accelerate the
apoptosis of islet p cells (Wu, Wu, Yang, Wei, & Zou, 2013). Because
many contradictions regarding the protective effect of metformin-
induced AMPK on islet B cells are reported (Jiang et al., 2014), its
molecular mechanisms need to be further explored and clarified.

Sirtuin 1 (SIRT1), a NAD*-dependent class Ill histone deacetyl-
ase, can result in the deacetylation of peroxisome proliferator-acti-
vated receptor gamma coactivators-1a (PGC-1a), p53, forkhead box
O (FOXO), nuclear factor kappa-light-chain-enhancer of activated

B cells (NF-xB), and other transcription factors, thereby regulating
a series of cellular processes including gene silencing, energy me-
tabolism, antistress, cell survival, and DNA damage repairing (Dong,
2012). SIRT1 involves the regulation of insulin gene transcription
and glucose-stimulated insulin secretion (GSIS) in pancreatic p cells
and also protects f cells against inflammation-induced apoptosis
(Lee et al., 2009). So the declined expression and activity of SIRT1
may affect insulin secretion and induce f-cell apoptosis, thus cor-
respondingly resulting in T2DM. As a multifunctional regulatory
factor, PGC-1a regulates a variety of cellular processes including
mitochondrial biogenesis, gluconeogenesis, glucose transport, fatty
acid oxidation, peroxisome remodeling, oxidative phosphorylation,
and muscle fiber-type transformation (Corona & Duchen, 2015).
Decreased expression of PGC-1a in rodent peripheral organs in-
cluding liver, muscle, and adipose tissue is associated with insulin
resistance and glucose intolerance (Sczelecki et al., 2014). Islets from
human T2DM or B cells cultured in high-glucose medium usually
have reduced expression of PGC-1a and damaged GSIS (Ling et al.,
2008), suggesting the important regulatory role of PGC-1a on B-cell
function. Therefore, the restoration of PGC-1a activity may provide
an inspiring strategy for the treatment of T2DM.

Currently, a series of circulating factors for inducing compensa-
tory increase of islet p-cell number are observed to maintain normal
function of islet § cells in T2DM (El Ouaamari et al., 2013). Irisin,
a newly discovered myokine, is released after the hydrolysis of fi-
bronectin type Ill domain-containing protein 5 (FNDC5) regulated by
PGC-1a and plays important roles in regulating energy metabolism
(Bostrom et al., 2012; Chen et al., 2016). Irisin can be detected in
skeletal muscle, peripheral nerve (epineurium) axons, myelin, testis,
pancreas, liver, spleen, and stomach, suggesting that irisin may play
a critical role in regulating metabolism in these tissues (Aydin et al.,
2014). But so far, the regulation and underlying mechanisms of met-
formin on irisin are less reported.

Based on the functions of autophagy and the important roles of
AMPK/SIRT1/PGC-1a signal pathway in the regulation of islet p cells
(Chen et al., 2013), we make a hypothesis that the protective effect
and corresponding mechanisms of metformin on pancreatic p cells
may be correlated with induced autophagy and up-regulated irisin
through activating AMPK/SIRT1/PGC-1a signal pathway. In the pres-
ent study, INS-1 cells were cultured in the environments with normal
glucose, high glucose, high glucose combined with metformin, high
glucose combined with autophagy inhibitor chloroquine, and high glu-
cose combined with SIRT1 inhibitor Ex527, respectively. The expres-
sion of proteins associated with AMPK/SIRT1/PGC-1a signal pathway,

autophagy, and apoptosis was evaluated to validate our hypothesis.

2 | MATERIALS AND METHODS

2.1 | Chemicals and reagents

RPMI 1640 medium, fetal bovine serum, penicillin, and streptomycin
were purchased from Gibco (Gibco, New York, NY, USA). HEPES, -
Glutamine, B-mercaptoethanol, and Krebs-Ringer bicarbonate buffer
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(KRB, pH 7.2) were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Sodium pyruvate was purchased from Sinopharm Chemical Reagent Co.,
Ltd. (Shanghai, China). Insulin ELISA kit was purchased from Shanghai
LAN Biological Technology Co., Ltd. (Shanghai, China). Cell Counting
Kit-8 (CCK-8) was purchased from Dojindo (Dojindo, Kumamoto,
Japan). RIPA buffer and phenylmethylsulfonyl fluoride (PMSF) were
purchased from Beyotime Institute of Biotechnology (Jiangsu, China).
BCA kit was purchased from Walterson Biotechnology Inc. (Beijing,
China). Primary antibodies including phosphor-AMPK, AMPK, SIRT1,
Atg7, p62, Beclinl, LC-3, Bcl-2, and Bax (1:1,000), as well as GAPDH
(1:10,000), were purchased from Cell Signaling Technology (Danvers,
MA, USA). PGC-1a (1:1,000) and irisin (1:1,000), as well as horserad-
ish peroxidase-conjugated secondary antibody (1:10,000), were pur-
chased from Abcam (Cambridge, MA, USA). Chemiluminescence (ECL)

reagent was purchased from Thermo Scientific (NH, USA).

2.2 | Cell culture

INS-1 cells (No. CRB-130515) were purchased from Saigi Biological
Engineering Co., Ltd. (Shanghai, China) and cultured in RPMI-1640
medium containing 11.1 mmol/L glucose supplemented with 10%
fetal bovine serum (FBS), 100 U/ml penicillin, 100 pg/ml strepto-
mycin, 10 mmol/L HEPES, 2 mmol/L 1-Glutamine, 1 mmol/L so-
dium pyruvate, and 50 pmol/L B-mercaptoethanol in an atmosphere
of 5% CO, at 37°C, as described previously (Liu, Liu, et al., 2015).
According to the experimental design, the cells were cultured in six-
well plates for 24 hr, and then, primary culture medium was replaced
with normal culture medium (RPMI-1640 medium with 11.1 mmol/L
glucose, N), high-glucose culture medium (RPMI-1640 medium with
33.3 mmol/L glucose, H), metformin (RPMI-1640 medium with
33.3 mmol/L glucose and 5 umol/L metformin, H + Met), chloro-
quine (RPMI-1640 medium with 33.3 mmol/L glucose and 5 pmol/L
chloroquine, H + CQ), and SIRT1 inhibitor Ex527 (RPMI-1640 me-
dium with 33.3 mmol/L glucose and 0.1 umol/L Ex527, H + Ex527),
respectively, for another 24-hr cultivation.

2.3 | Cell proliferation assay

The cells were seeded in 96-well plates at the density of 10° cells/
well for 24 hr and then treated with different prepared medium for
another 24-hr cell cultivation. CCK-8 kit was used to determine cell
proliferation according to the manufacturer's instructions. The cell
A /(A A, ¥ 100%, where

, were the absorbance at 450 nm from

survival rate = (Aexperiment -
Aexperiment‘ Ablank’ and A

the experimental group, blank group, and control group, respectively.

control

control

2.4 | GSIStest

The cells were seeded in 96-well plates at the density of 10° cells/well
for 24 hr and then treated with different prepared medium for another
24-hr cell cultivation. After 24-hr cultivation, the cells were incubated
with KRB buffer (pH 7.2) for 1 hr, and then removed the buffer and
incubated in KRB buffer with 2.8 mmol/L glucose (low glucose) at 37°C

for 1 hr. The supernatant was collected. Then, the cells were incubated
with KRB containing 16.7 mmol/L glucose (high glucose) for 1 hr and
the supernatant was collected again. The insulin in the supernatant
was measured by insulin ELISA kit. The insulin-releasing stimulation
index (ISI) = GSIS/BIS, GSIS, and basal insulin secretion (BIS) are the
concentrations of insulin in KRB buffer containing 16.7 and 2.8 mmol/L
glucose, respectively (Liu, Liu, et al., 2015).

2.5 | Western blot analysis

After GSIS test, 3 ml of precooling PBS was added to six-well culture plate
and washed two times. Then, 200 pl of RIPA buffer containing PMSF
was added to each well and lysed on ice for 5 min. After blowing and
collecting, the cells were subjected to homogenization, ultrasonic treat-
ment, and centrifugation at 6,700 g for 10 min at 40°C. Then, the super-
natant was collected and total protein concentration was measured by
BCA kit. All proteins were sequentially subjected to the denaturation in
the presence of sample buffer at 95°C water bath for 5 min, and 20 pg of
total protein was loaded and separated by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE), transferred to nitrocellulose
membrane, and incubated with appropriate primary antibodies including
phosphor-AMPK, AMPK, SIRT1, PGC-1a, irisin, Atg7, p62, Beclin1, LC-3,
Bcl-2, Bax, and GAPDH (1:1,000), and horseradish peroxidase-conju-
gated secondary antibody (1:10,000), and then visualized by ECL reagent
and imaged by ultrasensitive fluorescence/chemiluminescence imaging

system ChemiScope6300 (CLINX Science Instruments, Shanghai, China).

2.6 | Statistical analysis

The biochemical parameters were expressed as mean + standard de-
viation (M % SD). SPSS 17.0 curative statistical processing software
(IBM SPSS Inc., Chicago, IL, USA) was used for statistical analysis.
One-way ANOVA was used for the single-factor analysis, and the
statistically significant difference was considered at p < 0.05.

3 | RESULTS

3.1 | High glucose reduced INS-1 cell proliferation

INS-1 cells were cultured in RPMI-1640 medium containing 11.1,
16.7, 25, and 33.3 mmol/L glucose for 12, 24, 36, and 48 hr, re-
spectively. As shown in Figure 1a, INS-1 cell proliferation revealed
a significant decline when cultured in the medium containing
33.3 mmol/L glucose for 24 hr, suggesting the optimal glucose con-

centration at 33.3 mmol/L for the model establishment.

3.2 | Effects of drug types and concentrations
on the proliferation of INS-1 cells

In order to screen the optimal concentration, INS-1 cells were divided
into normal control group (N group), high glucose group (H group),
high glucose and metformin group (H + Met group), high glucose and
chloroquine group (H + CQ group), and high glucose and Ex527 group
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FIGURE 1 Effects of interventions
using high glucose (a) and different
drug concentrations (b, ¢, and d) on
cell proliferation of INS-1 cells were
evaluated by Cell Counting Kit-8 (CCK-8)
kit. Insulin-releasing stimulation index
(1S1) was enhanced by metformin and
reduced by high glucose, chloroquine,
and Ex527 (e). H + CQ: high glucose
culture with 5 pmol/L chloroquine;

H + Ex527: high glucose culture with

0.1 pmol/L Ex527; H + Met: high glucose

culture with 5 pmol/L metformin; H: high

ISI (GSIS/BIS)

Relative cell viability

glucose culture; N: normal glucose culture
medium. The ISI = GSIS/BIS, GSIS, and BIS
represented the concentration of insulin

(H + Ex527 group). The cells in the N and H groups were cultured in
RPMI-1640 medium containing 11.1 and 33.3 mmol/L glucose, respec-
tively. The cells in the H + Met and H + CQ groups were cultured in
high-glucose medium containing 1, 5, 10, 20, and 40 pmol/L metformin
or chloroquine. The cells in the H + Ex527 group were cultured in high-
glucose medium containing 0.1, 0.5, 1, 5, and 10 pmol/L Ex527. Then,
INS-1 cell proliferation rate was estimated by CCK-8 kit after 24-hr in-
tervention. As shown in Figure 1b-d, the proliferation of INS-1 cells re-
vealed a significant decrease in the H group when compared with the N
group (p < 0.05). Cell proliferation revealed an initial increase and a se-
quential decrease with the increase of metformin concentration in the
H + Met group, and a significant increase at the metformin concentra-
tion of 5 and 10 pmol/L when compared with the H group. In contrast,
cell proliferation was reduced progressively along with the increase
of CQ or Ex527 concentration and revealed the significant reduction
at CQ and EX527 concentration of 5 and 0.1 pmol/L, respectively.
Therefore, high glucose containing 5 pmol/L metformin, 5 pmol/L CQ,
and 0.1 pmol/L Ex527 was selected for the following experiments.

in Krebs-Ringer bicarbonate (KRB) buffer
containing 16.7 and 2.8 mmol/L glucose,
respectively. *p < 0.05 compared with the
N group and #p < 0.05 compared with the
H group

3.3 | Reduced ISI from high glucose,
chloroquine, and Ex527 stimulation was rescued
by metformin

INS-1 cells were subjected to 24-hr cultivation in H, H + Met,
H + CQ, and H + Ex527 medium, respectively. GSIS was estimated
by insulin ELISA kit. As shown in Figure 1e, high glucose resulted in
the significant reduction of SIS when compared with the N group
(p < 0.05), and more reduction during combinatorial treatment
with CQ and Ex527 (p < 0.01). Although no significant difference
in the H + Met group and the H group, the increasing trend of SIS
could be observed in the H + Met group. Therefore, high glucose,
inhibited autophagy, and reduced SIRT1 activity can reduce SIS
of INS-1 cells; in contrast, metformin can rescue the reduced ISI
of INS-1 cells to some extents. Considering chloroquine (Liu, Liu,
& Yu, 2016) and Ex527 (Wu et al., 2012) as the specific inhibitor
for autophagy and SIRT1, and metformin can prevent from apop-
tosis through activating AMPK (Jung, Lee, Lee, & Kim, 2012), we
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hypothesized that the alteration of INS-1 cell survival and function
in high-glucose environment was correlated with AMPK/SIRT1/
PGC-1a signal pathway and autophagy. Thus, the change in the ex-
pression of proteins associated with AMPK/SIRT1/PGC-1a signal
pathway, autophagy, and apoptosis was also evaluated.

3.4 | Reduced autophagy and enhanced apoptosis
induced by high glucose, chloroquine, and Ex527 were
rescued by metformin

In order to verify our hypothesis, the expression levels of the
proteins associated with autophagy and apoptosis in each group
were evaluated. As shown in Figure 2a,b, Atg7 and Beclinl in
INS-1 cells from the H, H+ CQ, and H + Ex527 groups were
down-regulated, while p62 was up-regulated when compared

with the normal group, which was reversed by metformin. In
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addition, based on the increased LC3-1I/LC3-I ratio and p62 in
INS-1 cells from the H and H + CQ groups, and down-regulated
p62 in INS-1 cells in the presence of metformin, metformin can
remove denatured or miss-folded proteins for maintaining cel-
lular homeostasis through regulating dysfunctional autophagy or
abnormal autophagy flux.

Similarly, the expression levels of Bcl-2 and Bax were also de-
termined. Bcl-2 exhibited an obviously lower expression level in
INS-1 cells from the H+ CQ and H + Ex527 groups when com-
pared with the H and H + Met groups, and Bax revealed the lowest
expression level in the H + Met group when compared with other
groups. Bcl-2/Bax ratio revealed a significant decrease in INS-1
cells from the H, H + CQ, and H + Ex527 groups, which was res-
cued by metformin, as shown in Figure 2c,d. These results suggest
that inducing autophagy can suppress high-glucose-induced apop-
tosis of INS-1 cells.
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FIGURE 2 The expression of the proteins associated with autophagy (a and b), apoptosis (c and d), and AMPK/SIRT1/PGC-1« signal
pathway (e and f). The expression of proteins was evaluated by Western blot (a, ¢, and e), and relative expression of each protein was
statistically analyzed by optical density of bands (b, d, and f). The data were expressed as mean + standard deviation (M % SD) from
independent experiments performed in triplicate. *p < 0.05, **p < 0.01, and ***p < 0.001 represented the significant difference, very
significant difference, and every highly significant difference when compared with the N group; #p < 0.05, #p < 0.01, and ##p < 0.001
represented the significant difference, very significant difference, and every highly significant difference when compared with the H group



LI ET AL

‘ INS-1 cell function and survival ‘

1
T2DM

FIGURE 3 Metformin-induced autophagy and irisin improves
INS-1 cell function and survival in high-glucose medium through
activating AMPK/SIRT1/PGC-1a signal pathway. High glucose
down-regulated AMPK/SIRT1/PGC-1a signal pathway, irisin, and
autophagy, induced apoptosis, and reduced INS-1 cell function

and survival, thus inducing diabetes mellitus. Autophagy inhibitor
CQ and SIRT1 inhibitor Ex527 could suppress AMPK/SIRT1/
PGC-1a signal pathway, irisin, and autophagy, induce apoptosis, and
exacerbate diabetes mellitus

3.5 | AMPK/SIRT1/PGC-1« signal pathway was
involved in metformin-mediated autophagy and
apoptosis of INS-1 cells

In order to explore whether inducing autophagy and suppressing ap-
optosis of INS-1 cells was correlated with the activation of AMPK/
SIRT1/PGC-1a signal pathway, the expression levels of proteins in-
cluding SIRT1, p-AMPK, AMPK, PGC-1a, and irisin were evaluated
by Western blot. As shown in Figure 2e,f, the reduced p-AMPK/
AMPK ratio and the expression levels of SIRT1 and irisin in INS-1
cells from the H group were enhanced significantly upon metformin
intervention. On the other hand, CQ and Ex527 significantly inhib-
ited the expression of PGC-1a and irisin in INS-1 cells cultured under
high-glucose environment. Therefore, the survival and functional
improvement of INS-1 cells exposed to high glucose can be res-
cued by metformin-induced autophagy and irisin through regulating
AMPK/SIRT1/PGC-1a signal pathway.

4 | DISCUSSION

Diabetes has become the major health problem in modern society,
which can stimulate cardiovascular diseases and other complications

(Ng et al., 2014). The number and function of islet B cells are closely

related to the occurrence and development of diabetes, which are
reduced under hyperglycemia condition (Calegari et al., 2012).
Therefore, the strategies and underlying mechanisms of improving
the capacity or function of islet p cells should be explored for the
prevention and management of diabetes. As a radiation-induced
rat pancreatic islet tumor cells, INS-1 cells share similar function for
GSIS and stable continuous proliferation capacity of rat pancreatic 8
cells. Therefore, INS-1 cell is the optional cell model. In the present
study, INS-1 cells were cultured in RPMI-1640 medium containing
11.1 mmol/L glucose, and this cultivation environment is consistent
with other studies (Kim, Han, & Yoo, 2016). In order to explore the
effects of different high-glucose cultivation systems and cultivation
time on INS-1 cells, we conducted the cultivation of INS-1 cells in
high-glucose environment and found that INS-1 cell proliferation
was declined with the increase of glucose concentration and the pro-
longation of culture time. Compared with the normal control group,
INS-1 cell proliferation was declined significantly when cultured in
the medium containing 33.3 mmol/L glucose for 24 hr, which is also
consistent with previous studies (Tuo, Wang, Li, & Chen, 2011).

Autophagy regulates the function of insulin-sensitive tissues
such as skeletal muscle, liver, visceral fat, and subcutaneous fat, as
well as islet f cells (Yang et al., 2017), while deficient autophagy will
lead to the impairment of islet p-cell function and mass, thus eventu-
ally leading to the incidence of diabetes (Marrif & Al-Sunousi, 2016).
Several signal pathways involving in the regulation of autophagy,
such as AMPK/mTOR signal pathway, have been confirmed to play
an important role in protecting islet p cells (Varshney, Gupta, & Roy,
2017). The inhibition of AMPK can result in the impaired autophagy
of islet p cells, thus correspondingly leading to excessive apoptosis
(Wu et al., 2013), which is also similar with the attenuation of a-synu-
clein level due to the induction of autophagy through SIRT1 activa-
tion in the chronic MPTP/P-induced mouse model with Parkinson's
disease during treadmill exercise (Koo & Cho, 2017), and the reduced
atrophy of skeletal muscle in D-gal-induced aging rats during ampel-
opsin-induced autophagy through activating AMPK/SIRT1/PGC-1a
signaling cascade (Kou et al., 2017).

AMP-activated protein kinase is a nutrient and energy sensor
for maintaining cellular energy balance, and its inhibited activity
is correlated with the occurrence and development of diabetes
mellitus. According to this proposal, many medications and treat-
ments including metformin have been developed and widely used
for treating T2DM. Several studies have confirmed that metformin
for improving blood glucose homeostasis and promoting insulin re-
lease is associated with the activation of AMPK (Long & Zierath,
2006). Therefore, the activation of AMPK may represent a thera-
peutic approach to improve insulin action and prevent a decrease in
B-cell function during the progression of T2DM (Pold et al., 2005).
But so far, the protective effect of AMPK on islet p cells is still de-
bated. As a multifunctional transcription factor, SIRT1 involves in
mitochondrial biogenesis, glycolipid metabolism, and insulin se-
cretion, thereby resulting in a complex correlation between SIRT1
and AMPK. For example, exogenous cAMP can activate AMPK
and SIRT1 and may be related to the anti-aging effect of calorie



LI ET AL

restriction (Wang et al., 2015). The reduced insulin secretion stim-
ulated by glucose is observed in SIRT1 knockout mice (Bordone et
al., 2006), and the overexpression of SIRT1 gene can result in the
declined blood cholesterol and fasting blood glucose, and increased
insulin sensitivity in SIRT1 transgenic mice (Bordone et al., 2007).
Similarly, the overexpression of SIRT1 alleviates the toxicity of RIN
cells and reduces nitric oxide (NO) production and the expression
of inducible nitric oxide synthase (iNOS) (Lee et al., 2009). SIRT1
can also directly bind to uncoupling protein 2 (UCP2) promoter and
inhibit the expression of UCP2 gene in INS-1 cells, thus improving
insulin secretion of islet p cells. Moreover, the inhibited expression
of SIRT1 upon siRNA can increase UCP2 level, block insulin secre-
tion, and limit ATP generation after glucose stimulation. Therefore,
SIRT1 regulates insulin secretion by regulating the expression of
UCP2in B cells (Chen et al., 2013). During exploring the interactions
and functions of SIRT1 and its target proteins in the development
of insulin resistance, the reduced expression of SIRT1 and PGC-1a
is observed in pancreatic f cells of Sprague Dawley (SD) rats with
insulin resistance induced by high-glucose and high-fat diet, while
caloric restriction stimulates the expression of SIRT1 and PGC-1a.
Thus, SIRT1 and its downstream transcription factor PGC-1a may
play a protective effect on islet p cells in rat pancreas (Chen et al.,
2013). Irisin can significantly improve glucose tolerance in obese
mice and inhibit hepatic gluconeogenesis and increases glycogen
synthesis in T2DM and hepatocytes (Liu, Shi, et al., 2015), which
provides the new hope of irisin as the target for the prevention
and treatment of T2DM. As a downstream regulator of PGC-1a, the
protective function of irisin may be dependent on the activation of
AMPK/SIRT1/PGC-1a signal pathway.

Metformin is a widely used drug in the treatment of T2DM, and
its antidiabetic characteristics should be correlated with inhibiting
hepatic gluconeogenesis and increasing insulin sensitivity of periph-
eral tissues (Adak et al., 2018). In vivo studies, metformin increases
glucose oxidation in MIN6 pancreatic p cells (Jiang et al., 2014),
stimulates insulin release in isolated pancreatic islets from mice
(Hashemitabar et al., 2015), and prevents functional, biochemical,
and ultrastructural abnormalities in human islet cells exposed to glu-
cotoxic condition. These effects can be critical in the treatment of
T2DM (Mousavi et al., 2015). In the present study, metformin res-
cued GSIS and proliferation of INS-1 cells exposed to high-glucose
environment. In order to explore the correlation between autoph-
agy and apoptosis on these protective effects of metformin, the
expression levels of the proteins associated with autophagy and
apoptosis were evaluated in INS-1 cells intervened with high glucose
and various drugs. The results showed that metformin could signifi-
cantly activate autophagy through up-regulating Atg7 and Beclini,
and accelerating p62 degradation, thereby significantly inhibiting
apoptosis through increasing Bcl-2/Bax ratio and down-regulating
Bax when compared with the normal control group. So, high-level
glucose inhibited autophagy and induced apoptosis, which was re-
stored by metformin. Recent studies have demonstrated that the
activation of AMPK by metformin plays an important role in cell me-
tabolism and improves cell viability and function (Adak et al., 2018).
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Resveratrol (a SIRT1 activator) also has the characteristics of antidi-
abetic by increasing energy expenditure, which is regulated by the
activity of AMPK, SIRT1, and PGC-1a (Vetterli, Brun, Giovannoni,
Bosco, & Maechler, 2011). In our study, cotreatment with metformin
significantly enhanced p-AMPK/AMPK ratio and protein expression
of SIRT1 in high-glucose-stimulated INS-1 cells, suggesting that the
activation of AMPK/SIRT1/PGC-1a signal pathway may exert a pro-
tective effect against diabetes. In previous studies, appropriate in-
crease in circulating irisin can rescue insulin sensitivity of C57BL/6
mice with diet-induced insulin resistance (Lopez-Legarrea et al.,
2014). Similarly, irisin can cause the reduced apoptosis of INS-1 cells
induced by high glucose and the increased secretion of insulin (Liu
et al., 2017). In the present study, the significantly decreased irisin
was also detected during the exposure to high-glucose environment,
while restored by metformin. Therefore, metformin may play an im-
portant role in the maintenance and protection of pancreatic tissues
and islet B cells through up-regulating AMPK/SIRT1/PGC-1a-medi-
ated irisin.

In order to further validate the relevance of activating AMPK/
SIRT1/PGC-1a signal pathway, inducing autophagy, and reduc-
ing pancreatic islet cell apoptosis, the changes in ISI and protein
expression associated with autophagy, apoptosis, and AMPK/
SIRT1/PGC-1a signal pathway were also detected in INS-1 cells
intervened with CQ and Ex527. As an autophagy inhibitor, CQ
can hamper the fusion of autophagosomes and lysosomes, and
result in the elevated LC3-I1/LC3-I ratio (Chen, Melchior, Wu, &
Guo, 2014). In addition, Ex527, as a selective inhibitor of SIRT1,
can inhibit deacetylase activity of SIRT1 effectively. For further
exploring the protective effects of autophagy and SIRT1 on INS-1
cells, CQ and Ex527 were selected and the validation studies were
conducted. The results showed that high-level glucose inhibited
cell proliferation, ISl, and autophagy and induced apoptosis, while
cotreatment with Ex527 or CQ further inhibited cell proliferation,
ISI, and autophagy and induced cell apoptosis. However, impaired
autophagy and enhanced apoptosis were restored by metformin,
which is consistent with previous studies describing the progres-
sive diminution in the number of islet § cells through apoptosis
(Marrif & Al-Sunousi, 2016), and the deficient autophagy could de-
crease the number and function of islet  cells (Kim et al., 2014).
As for the expression of proteins associated with AMPK/SIRT1/
PGC-1a signal pathway and irisin, cotreatment with Ex527 and CQ
markedly inhibited the expression of SIRT1, PGC-1«, and irisin.
Therefore, autophagy mediated by AMPK/SIRT1/PGC-1a signal
pathway may play an important role in the maintenance and pro-

tection of pancreatic § cells.

5 | CONCLUSION

As a widely used antidiabetic drug, metformin may also exert the
protective effect on islet § cells from high-glucose-induced dam-
age by activating autophagy and up-regulating irisin via AMPK/
SIRT1/PGC-1a signal pathway (Figure 3), which will provide a novel
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theoretical evidence that inducing autophagy through activating
AMPK/SIRT1/PGC-1a signal pathway is a potential interventional

strategy for the prevention and treatment of diabetes mellitus.

ACKNOWLEDGMENTS

This work was financially supported by the National Natural Science
Foundation of China (No. 31771318), Chutian Scholar Program,
Hubei Superior Discipline Groups of Physical Education and Health
Promotion, and Outstanding Youth Scientific and Technological
Innovation Team (T201624) from Hubei Provincial Department
of Education, as well as the Innovative Start-up Foundation from
Wuhan Sports University to NC.

ETHICAL APPROVAL

This study does not involve any human or animal testing.

CONFLICT OF INTEREST

These authors have declared no conflict of interest.

ORCID
Ning Chen https://orcid.org/0000-0002-8191-6744
REFERENCES

Adak, T., Samadi, A., Unal, A. Z., & Sabuncuoglu, S. (2018). A reappraisal
on metformin. Regular Toxicology and Pharmacology, 92, 324-332.
https://doi.org/10.1016/j.yrtph.2017.12.023

Aydin, S., Kuloglu, T., Aydin, S., Kalayci, M., Yilmaz, M., Cakmak, T, ...
Ozercan, I. H. (2014). A comprehensive immunohistochemical ex-
amination of the distribution of the fat-burning protein irisin in bi-
ological tissues. Peptides, 61, 130-136. https://doi.org/10.1016/j.
peptides.2014.09.014

Bordone, L., Cohen, D., Robinson, A., Motta, M. C., Van Veen, E., Czopik,
A., ... Luo, J. (2007). SIRT1 transgenic mice show phenotypes re-
sembling calorie restriction. Aging Cell, 6, 759-767. https://doi.
org/10.1111/j.1474-9726.2007.00335.x

Bordone, L., Motta, M. C., Picard, F., Robinson, A., Jhala, U. S., Apfeld, J.,
... Szilvasi, A. (2006). Sirt1 regulates insulin secretion by repressing
UCP2 in pancreatic beta cells. PLoS Biology, 4, e31. https://doi.
org/10.1371/journal.pbio.0040031

Bostrom, P., Wu, J., Jedrychowski, M. P,, Korde, A., Ye, L., Lo, J. C,, ...
Long, J. Z. (2012). A PGC1-alpha-dependent myokine that drives
brown-fat-like development of white fat and thermogenesis. Nature,
481, 463-468. https://doi.org/10.1038/nature10777

Calegari, V. C., Abrantes, J. L., Silveira, L. R., Paula, F. M., Costa, J. M. Jr,
Rafacho, A., ... Boschero, A. C. (2012). Endurance training stimulates
growth and survival pathways and the redox balance in rat pancre-
atic islets. Journal of Applied Physiology, 1985(112), 711-718. https://
doi.org/10.1152/japplphysiol.00318.2011

Chen, N., & Karantza, V. (2011). Autophagy as a therapeutic target in can-
cer. Cancer Biology & Therapy, 11, 157-168. https://doi.org/10.4161/
cbt.11.2.14622

Chen, N., & Karantza-Wadsworth, V. (2009). Role and regulation of au-
tophagy in cancer. Biochimica Et Biophysica Acta (BBA) - Molecular

Cell Research, 1793,
bbamcr.2008.12.013
Chen, N,, Li, Q,, Liu, J., & Jia, S. (2016). Irisin, an exercise-induced myok-
ine as a metabolic regulator: An updated narrative review. Diabetes/
Metabolism Research and Reviews, 32, 51-59. https://doi.org/10.1002/

dmrr.2660

Chen, S., Melchior Jr, W. B., Wu, Y., & Guo, L. (2014). Autophagy in drug-
induced liver toxicity. Journal of Food and Drug Analysis, 22, 161-168.
https://doi.org/10.1016/j.jfda.2014.03.007

Chen, Y.R,, Lai, V. L., Lin,S.D., Li,X. T, Fu, Y. C., & Xu, W. C. (2013). SIRT1
interacts with metabolic transcriptional factors in the pancreas of in-
sulin-resistant and calorie-restricted rats. Molecular Biology Reports,
40, 3373-3380. https://doi.org/10.1007/s11033-012-2412-3

Corona, J. C., & Duchen, M. R. (2015). PPARgamma and PGC-1alpha as
therapeutic targets in Parkinson's. Neurochemical Research, 40, 308-
316. https://doi.org/10.1007/s11064-014-1377-0

Dong, X. C. (2012). Sirtuin biology and relevance to diabetes treat-
ment. Diabetes Management, 2, 243-257. https://doi.org/10.2217/
dmt.12.16

Dunstan, D. (2011). Diabetes: Exercise and T2DM-move muscles
more often! Nature Reviews Endocrinology, 7, 189-190. https://doi.
org/10.1038/nrendo.2011.35

El Quaamari, A., Kawamori, D., Dirice, E., Liew, C. W., Shadrach, J. L., Hu,
J., ... Wagers, A. J. (2013). Liver-derived systemic factors drive beta
cell hyperplasia in insulin-resistant states. Cell Reports, 3, 401-410.
https://doi.org/10.1016/j.celrep.2013.01.007

Fan, J., Kou, X., Jia, S., Yang, X., Yang, Y., & Chen, N. (2016). Autophagy as
a Potential Target for Sarcopenia. Journal of Cellular Physiology, 231,
1450-1459. https://doi.org/10.1002/jcp.25260

Hashemitabar, M., Bahramzadeh, S., Saremy, S., & Nejaddehbashi, F.
(2015). Glucose plus metformin compared with glucose alone on
beta-cell function in mouse pancreatic islets. Biomedical Reports, 3,
721-725. https://doi.org/10.3892/br.2015.476

Jiang, Y., Huang, W., Wang, J., Xu, Z., He, J., Lin, X,, ... Zhang, J. (2014).
Metformin plays a dual role in MIN6é pancreatic beta cell func-
tion through AMPK-dependent autophagy. International Journal of
Biological Sciences, 10, 268-277. https://doi.org/10.7150/ijbs.7929

Jung, T. W., Lee, M. W, Lee, Y. J., & Kim, S. M. (2012). Metformin pre-
vents endoplasmic reticulum stress-induced apoptosis through
AMPK-PI3K-c-Jun NH2 pathway. Biochemical and Biophysical
Research Communications, 417, 147-152. https://doi.org/10.1016/j.
bbrc.2011.11.073

Kim, H. S., Han, T. Y., & Yoo, Y. M. (2016). Melatonin-mediated intra-
cellular insulin during 2-deoxy-d-glucose treatment is reduced
through autophagy and EDC3 protein in insulinoma INS-1E cells.
Oxidative Medicine and Cellular Longevity, 2016, 2594703. https://doi.
org/10.1155/2016/2594703

Kim, J., Cheon, H., Jeong, Y. T., Quan, W.,, Kim, K. H., Cho, J. M., ... Kim,
J. H. (2014). Amyloidogenic peptide oligomer accumulation in au-
tophagy-deficient beta cells induces diabetes. Journal of Clinical
Investigation, 124, 3311-3324. https://doi.org/10.1172/jci69625

Koo, J. H., & Cho, J. Y. (2017). Treadmill exercise attenuates alpha-sy-
nuclein levels by promoting mitochondrial function and autophagy
possibly via sirtl in the chronic MPTP/P-induced mouse model of
parkinson's disease. Neurotoxicity Research, 32, 532-533.

Kou, X., & Chen, N. (2017). Resveratrol as a Natural Autophagy Regulator
for Prevention and Treatment of Alzheimer's Disease. Nutrients, 9,
927. https://doi.org/10.3390/nu9090927

Kou, X., Li, J,, Liu, X., Yang, X., Fan, J., & Chen, N. (2017). Ampelopsin
attenuates the atrophy of skeletal muscle from d-gal-induced aging
rats through activating AMPK/SIRT1/PGC-1alpha signaling cascade.
Biomedicine & Pharmacotherapy, 90, 311-320.

Las, G., & Shirihai, O. S. (2010). The role of autophagy in beta-cell lipotox-
icity and type 2 diabetes. Diabetes, Obesity and Metabolism, 12(Suppl
2), 15-19. https://doi.org/10.1111/j.1463-1326.2010.01268.x

1516-1523. https://doi.org/10.1016/j.


https://orcid.org/0000-0002-8191-6744
https://orcid.org/0000-0002-8191-6744
https://doi.org/10.1016/j.yrtph.2017.12.023
https://doi.org/10.1016/j.peptides.2014.09.014
https://doi.org/10.1016/j.peptides.2014.09.014
https://doi.org/10.1111/j.1474-9726.2007.00335.x
https://doi.org/10.1111/j.1474-9726.2007.00335.x
https://doi.org/10.1371/journal.pbio.0040031
https://doi.org/10.1371/journal.pbio.0040031
https://doi.org/10.1038/nature10777
https://doi.org/10.1152/japplphysiol.00318.2011
https://doi.org/10.1152/japplphysiol.00318.2011
https://doi.org/10.4161/cbt.11.2.14622
https://doi.org/10.4161/cbt.11.2.14622
https://doi.org/10.1016/j.bbamcr.2008.12.013
https://doi.org/10.1016/j.bbamcr.2008.12.013
https://doi.org/10.1002/dmrr.2660
https://doi.org/10.1002/dmrr.2660
https://doi.org/10.1016/j.jfda.2014.03.007
https://doi.org/10.1007/s11033-012-2412-3
https://doi.org/10.1007/s11064-014-1377-0
https://doi.org/10.2217/dmt.12.16
https://doi.org/10.2217/dmt.12.16
https://doi.org/10.1038/nrendo.2011.35
https://doi.org/10.1038/nrendo.2011.35
https://doi.org/10.1016/j.celrep.2013.01.007
https://doi.org/10.1002/jcp.25260
https://doi.org/10.3892/br.2015.476
https://doi.org/10.7150/ijbs.7929
https://doi.org/10.1016/j.bbrc.2011.11.073
https://doi.org/10.1016/j.bbrc.2011.11.073
https://doi.org/10.1155/2016/2594703
https://doi.org/10.1155/2016/2594703
https://doi.org/10.1172/jci69625
https://doi.org/10.3390/nu9090927
https://doi.org/10.1111/j.1463-1326.2010.01268.x

LI ET AL

Lee, J. H., Song, M. Y., Song, E. K., Kim, E. K., Moon, W. S., Han, M. K,
... Park, B. H. (2009). Overexpression of SIRT1 protects pancreatic
beta-cells against cytokine toxicity by suppressing the nuclear fac-
tor-kappaB signaling pathway. Diabetes, 58, 344-351.

Levine, B., & Kroemer, G. (2008). Autophagy in the pathogenesis of dis-
ease. Cell, 132, 27-42.

Levine, B., & Kroemer, G. (2009). Autophagy in aging, disease and death:
The true identity of a cell death impostor. Cell Death & Differentiation,
16, 1-2. https://doi.org/10.1038/cdd.2008.139

Li, B., Fan, J., & Chen, N. (2018). A novel regulator of type Il diabetes:
MicroRNA-143. Trends in Endocrinology & Metabolism, 29, 380-388.
https://doi.org/10.1016/j.tem.2018.03.019

Li, J., Zhong, L., Wang, F., & Zhu, H. (2017). Dissecting the role of AMP-
activated protein kinase in human diseases. Acta Pharmaceutica
Sinica B, 7, 249-259. https://doi.org/10.1016/j.apsb.2016.12.003

Ling, C., Del Guerra, S., Lupi, R., Ronn, T., Granhall, C., Luthman, H., ...
Del Prato, S. (2008). Epigenetic regulation of PPARGC1A in human
type 2 diabetic islets and effect on insulin secretion. Diabetologia, 51,
615-622. https://doi.org/10.1007/s00125-007-0916-5

Liu, J., Liu, S., Chen, Y., Zhao, X., Lu, Y., & Cheng, J. (2015). Functionalized
self-assembling peptide improves INS-1 beta-cell function and prolif-
eration via the integrin/FAK/ERK/cyclin pathway. International Journal
of Nanomedicine, 10, 3519-3531. https://doi.org/10.2147/ijn.s80502

Liu, L., Liu, J., & Yu, X. (2016). Dipeptidyl peptidase-4 inhibitor
MK-626 restores insulin secretion through enhancing autoph-
agy in high fat diet-induced mice. Biochemical and Biophysical
Research Communications, 470, 516-520. https://doi.org/10.1016/j.
bbrc.2016.01.116

Liu, S., Du, F, Li, X., Wang, M., Duan, R., Zhang, J., ... Zhang, Q. (2017).
Effects and underlying mechanisms of irisin on the proliferation and
apoptosis of pancreatic beta cells. PLoS One, 12, e0175498.

Liu, T. Y., Shi, C. X., Gao, R., Sun, H. J,, Xiong, X. Q,, Ding, L., ... Kang,
Y. M. (2015). Irisin inhibits hepatic gluconeogenesis and increases
glycogen synthesis via the PI3K/Akt pathway in type 2 diabetic
mice and hepatocytes. Clinical Science, 129, 839-850. https://doi.
org/10.1042/cs20150009

Long, V. C., & Zierath, J. R. (2006). AMP-activated protein kinase sig-
naling in metabolic regulation. Journal of Clinical Investigation, 116,
1776-1783. https://doi.org/10.1172/jci29044

Lopez-Legarrea, P, De Lalglesia, R., Crujeiras, A. B., Pardo, M., Casanueva,
F. F., Zulet, M. A., & Martinez, J. A. (2014). Higher baseline irisin con-
centrations are associated with greater reductions in glycemia and
insulinemia after weight loss in obese subjects. Nutrition & Diabetes,
4, e110. https://doi.org/10.1038/nutd.2014.7

Marrif, H. |, & Al-Sunousi, S. |. (2016). Pancreatic beta cell mass
death. Frontiers in Pharmacology, 7, 83. https://doi.org/10.3389/
fphar.2016.00083

Mousavi, S. M., Niazmand, S., Hosseini, M., Hassanzadeh, Z., Sadeghnia,
H. R., Vafaee, F., & Keshavarzi, Z. (2015). Beneficial effects of
Teucrium polium and metformin on diabetes-induced memory im-
pairments and brain tissue oxidative damage in rats. International
Journal of Alzheimer's Disease, 2015, 493729. https://doi.org/10.1155/
2015/493729

Ng, M., Fleming, T., Robinson, M., Thomson, B., Graetz, N., Margono,
C., ... Abera, S. F. (2014). Global, regional, and national prevalence
of overweight and obesity in children and adults during 1980-2013:
A systematic analysis for the Global Burden of Disease Study 2013.
The Lancet, 384, 766-781.

Pold, R., Jensen, L. S., Jessen, N., Buhl, E. S., Schmitz, O., Flyvbjerg, A,
... Brand, C. L. (2005). Long-term AICAR administration and exercise
prevents diabetes in ZDF rats. Diabetes, 54, 928-934.

Ruderman, N. B., Carling, D., Prentki, M., & Cacicedo, J. M. (2013). AMPK,
insulin resistance, and the metabolic syndrome. Journal of Clinical
Investigation, 123, 2764-2772.

CWILEY-7®

Sczelecki, S., Besse-Patin, A., Abboud, A., Kleiner, S., Laznik-Bogoslavski,
D., Wrann, C. D., ... Estall, J. L. (2014). Loss of Pgc-lalpha expres-
sion in aging mouse muscle potentiates glucose intolerance and sys-
temic inflammation. American Journal of Physiology. Endocrinology and
Metabolism, 306, E157-E167.

Thent, Z. C., Das, S., & Henry, L. J. (2013). Role of exercise in the man-
agement of diabetes mellitus: The global scenario. PLoS One, 8,
e80436-e80460.

Tuo, Y., Wang, D., Li, S., & Chen, C. (2011). Long-term exposure of
INS-1 rat insulinoma cells to linoleic acid and glucose in vitro af-
fects cell viability and function through mitochondrial-medi-
ated pathways. Endocrine, 39, 128-138. https://doi.org/10.1007/
$12020-010-9432-3

Varshney, R., Gupta, S., & Roy, P. (2017). Cytoprotective effect of kae-
mpferol against palmitic acid-induced pancreatic beta-cell death
through modulation of autophagy via AMPK/mTOR signaling path-
way. Molecular and Cellular Endocrinology, 448, 1-20. https://doi.
org/10.1016/j.mce.2017.02.033

Vetterli, L., Brun, T., Giovannoni, L., Bosco, D., & Maechler, P. (2011).
Resveratrol potentiates glucose-stimulated insulin secretion in
INS-1E beta-cells and human islets through a SIRT1-dependent
mechanism. Journal of Biological Chemistry, 286, 6049-6060. https://
doi.org/10.1074/jbc.m110.176842

Wang, Z., Zhang, L., Liang, Y., Zhang, C., Xu, Z., Zhang, L., ... Jiang, J.
(2015). Cyclic AMP mimics the anti-ageing effects of calorie restric-
tion by up-regulating sirtuin. Scientific Reports, 5, 12012. https://doi.
org/10.1038/srep12012

Wu, J., Wu, J. J,, Yang, L. J., Wei, L. X., & Zou, D. J. (2013). Rosiglitazone
protects against palmitate-induced pancreatic beta-cell death
by activation of autophagy via 5'-AMP-activated protein ki-
nase modulation. Endocrine, 44, 87-98. https://doi.org/10.1007/
s12020-012-9826-5

Wu, L., Zhou, L., Lu, Y., Zhang, J., Jian, F., Liu, Y., ... Li, G. (2012). Activation
of SIRT1 protects pancreatic beta-cells against palmitate-in-
duced dysfunction. Biochimica Et Biophysica Acta (BBA) - Molecular
Basis of Disease, 1822, 1815-1825. https://doi.org/10.1016/j.
bbadis.2012.08.009

Yang, J. S., Lu, C. C,, Kuo, S. C, Hsu, Y. M., Tsai, S. C,, Chen, S. Y., ...
Chen, C. J. (2017). Autophagy and its link to type Il diabetes mellitus.
BioMedicine, 7, 8.

Yang, X. Q. Yuan, H., Li, J,, Fan, J. J., Jia, S. H., Kou, X. J., & Chen, N.
(2016). Swimming intervention mitigates HFD-induced obesity of
rats through PGC-1alpha-irisin pathway. European Review for Medical
and Pharmacological Sciences, 20, 2123-2130.

Yao, F., Zhang, M., & Chen, L. (2016). 5'-Monophosphate-activated pro-
tein kinase (AMPK) improves autophagic activity in diabetes and di-
abetic complications. Acta Pharmaceutica Sinica B, 6, 20-25. https://
doi.org/10.1016/j.apsb.2015.07.009

Zhang, Y., & Chen, N. (2018). Autophagy is a promoter for aero-
bic exercise performance during high altitude training. Oxidative
Medicine and Cellular Longevity, 2018, 3617508. https://doi.
org/10.1155/2018/3617508

How to cite this article: Li Q, Jia S, Xu L, Li B, Chen N.
Metformin-induced autophagy and irisin improves INS-1 cell
function and survival in high-glucose environment via
AMPK/SIRT1/PGC-1a signal pathway. Food Sci Nutr.
2019;7:1695-1703. https://doi.org/10.1002/fsn3.1006



https://doi.org/10.1038/cdd.2008.139
https://doi.org/10.1016/j.tem.2018.03.019
https://doi.org/10.1016/j.apsb.2016.12.003
https://doi.org/10.1007/s00125-007-0916-5
https://doi.org/10.2147/ijn.s80502
https://doi.org/10.1016/j.bbrc.2016.01.116
https://doi.org/10.1016/j.bbrc.2016.01.116
https://doi.org/10.1042/cs20150009
https://doi.org/10.1042/cs20150009
https://doi.org/10.1172/jci29044
https://doi.org/10.1038/nutd.2014.7
https://doi.org/10.3389/fphar.2016.00083
https://doi.org/10.3389/fphar.2016.00083
https://doi.org/10.1155/2015/493729
https://doi.org/10.1155/2015/493729
https://doi.org/10.1007/s12020-010-9432-3
https://doi.org/10.1007/s12020-010-9432-3
https://doi.org/10.1016/j.mce.2017.02.033
https://doi.org/10.1016/j.mce.2017.02.033
https://doi.org/10.1074/jbc.m110.176842
https://doi.org/10.1074/jbc.m110.176842
https://doi.org/10.1038/srep12012
https://doi.org/10.1038/srep12012
https://doi.org/10.1007/s12020-012-9826-5
https://doi.org/10.1007/s12020-012-9826-5
https://doi.org/10.1016/j.bbadis.2012.08.009
https://doi.org/10.1016/j.bbadis.2012.08.009
https://doi.org/10.1016/j.apsb.2015.07.009
https://doi.org/10.1016/j.apsb.2015.07.009
https://doi.org/10.1155/2018/3617508
https://doi.org/10.1155/2018/3617508
https://doi.org/10.1002/fsn3.1006

