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Abstract
Insufficient pancreatic β-cell mass or insulin-producing β-cells are implicated in all forms of diabetes mellitus. However, the
molecular mechanisms underlying β-cell destruction are complex and not fully defined. Here we observed that activation of
STAT3 is intensely and specifically inhibited in β-cells under hyperglycemic conditions. By knocking out
STAT3 specifically in mouse β-cells, we found that the loss of STAT3 sensitized mice to three low doses of STZ
stimulation resulting in hyperglycemia. Mechanistically, accumulating PTEN, induced by STAT3 deficiency, directly
represses phosphorylation of AKT, which negatively modulates transcription factor activation, dysregulates β-cell function,
positively promotes apoptotic signaling, and finally induces β-cell apoptosis. Notably, the defective secretion of insulin and
β-cells apoptosis was completely rescued by PTEN ablation in STAT3-null islets or PTEN inhibitor bpv(phen) treatment.
Thus our data suggest that STAT3 is a vital modulator of β-cell survival and function, highlighting a critical role for STAT3
in the negative regulation of PTEN-AKT signaling pathway associated with β-cell dysfunction and apoptosis.

Introduction

Pancreatic β-cell destruction is the primary cause of type 1
diabetes (T1D) and a pivotal factor underlying β-cell mass
reduction in type 2 diabetes (T2D) [1, 2]. Both T1D and

T2D are characterized by impaired insulin secretion and
resultant hyperglycemia. Though hyperglycemia can be
controlled, no agent halts the disease progression by tar-
geting the endogenous β-cells [3], which are exceptionally
vulnerable to apoptotic damages under stress [4–6]. Thus
preventing pancreatic β-cell apoptosis is an attractive
intervention to conquer serious hyperglycemia. However,
the molecular mechanisms of β-cell apoptosis remain
elusive.

Signal transducer and activator of transcription 3
(STAT3), a member of the STAT protein family [7, 8], has
been implicated in the regulation of apoptosis [9, 10].
STAT3 exerts its antiapoptotic action and facilitates
malignant cell proliferation through induction of survival
genes, repression of tumor-suppressor genes, inhibition of
death receptors, or regulation of nuclear factor-κB pathway
[11–13]. Intriguingly, several other studies show that
STAT3 promotes apoptosis in distinct biological processes
such as inducing apoptosis after major histocompatibility
complex-1 ligation on T cells [14]. Inhibition of
STAT3 suppresses epithelial apoptosis and delays mam-
mary gland involution [15].

Previous studies have uncovered that STAT3 is highly
related to metabolic diseases [16]. STAT3 in the hypotha-
lamus [17] and liver [18] is essential for glucose
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homeostasis. Excessive STAT3 signaling aggravates the
development of skeletal muscle insulin resistance [19] and
STAT3 in T cells [20] is responsible for adipose tissue
inflammation during diet-induced obesity causing insulin
desensitization. Recently, STAT3 has been shown to be
dispensable for pancreatic β-cell development and function
[21], whereas STAT3 knockout (KO) mice express glucose
intolerance and insulin secretion defects, likely due to
altered pancreatic microvasculature rather than directly
targeting β-cells [22]. In the infant pancreas, STAT3-
activating mutation causes premature endocrine differ-
entiation and hence pancreatic hypoplasia [23]. However,
STAT3 activation after cytokine treatment induces α-to-β-
cell reprogramming and regenerates β-cell mass in adult
diabetic mice [24]. In chronic pancreatitis, STAT3 mod-
ulates cell cycle and protects β-cells from DNA damage
[25], but others showed STAT3 is critical for transforming
growth factor-β1-mediated β-cell epithelial–mesenchymal
transition [26]. Although diverse functions of STAT3 have
been reported in islet cells, the relationship between STAT3
and the regulation of β-cell survival has not been explored.

Here we show that pancreatic STAT3 activation is
severely inhibited in β-cell-damaged models and condi-
tional ablation of STAT3 remarkably sensitized β-cells to
streptozocin (STZ)-induced apoptosis and hyperglycemia.
Using STAT3/phosphatase and tensin homolog (PTEN)
double conditional KO mice and applying pharmacological
inhibitors of PTEN and AKT, our data further suggest that
STAT3-PTEN signaling is critical for the progression of
hyperglycemia by regulating AKT activity. Moreover, we
also show that inactivating of PTEN by a small molecule
inhibitor bpv(phen) protects β-cells against STZ-induced
destruction in STAT3-deficient mice, which offers an
opportunity for precision intervention in STAT3 mutation
hyperglycemia.

Results

The activation of pancreatic STAT3 is inhibited in
damaged β-cells

To explore whether STAT3 activation is correlated
with β-cell insults, we exposed cultured INS-1 cells, a
rat β-cell line, to a serial concentration of glucose
mimicking hyperglycemic milieu [27]. Interestingly,
phosphorylated STAT3 (pSTAT3) was remarkably
decreased in cells treated with high glucose concentration
(33.3 mM), while the phosphorylation of STAT1 and
STAT6 remained unchanged (Fig. 1a). Similar to chronic
effects of high glucose, pSTAT3 was downregulated after
STZ-triggered DNA damage and hydrogen peroxide
(H2O2)-induced acute oxidative stress (Fig. 1b, c),

suggesting that the activation of STAT3 is inhibited in β-
cells under stress.

The pSTAT3 reduction was further tested using STZ-
induced β-cell destruction in vivo. The random glucose
levels of STZ-induced mice were measured before sacrifice,
and the mice were divided into two hyperglycemia (≥11.1
or 16.7 mM) groups (Fig. 1d). Notably, immunohis-
tochemistry (IHC) staining results showed that the expres-
sion level of pSTAT3 in β-cells was gradually
downregulated during disease progression (Fig. 1e).
Meanwhile, the pSTAT3 expression in islets isolated from
hyperglycemic mice exhibited a remarkable loss compared
with normal mice, while neither pSTAT1 nor pSTAT6 was
altered (Fig. 1f). However, no obvious difference in
pSTAT3 expression was observed in high-fat diet (HFD)-
fed mice comparing to the control mice treated with normal
chow (Fig. 1g, h). Collectively, these results demonstrated
inactivation of STAT3 in damaged β-cells.

Ablation of STAT3 increases hyperglycemia and β-
cell apoptosis induced by STZ

To understand the biological relevance of pancreatic
STAT3 inhibition, we generated β-cell-specific STAT3 KO
mice (β-STAT3KO) [28]. Loss of STAT3 expression in β-
cells of β-STAT3KO mice indicated the effective disruption
of STAT3 compared with either wild-type or Stat3flox/flox

mice (Fig. S1a) and significantly increased body weight
compared to wild-type (WT) mice (Fig. S1b). First, we
tested the effect of STAT3-specific deletion on the devel-
opment of HFD-induced obesity mice. We fed β-STAT3KO
mice and their littermates a normal diet or an HFD for
16 weeks (Fig. S1c). Consequently, both weight gain and
food intake (data not shown) in β-STAT3KO mice were
comparable with those in WT mice during HFD (Fig. S1d).
Moreover, both β-STAT3KO and WT mice exhibited
slightly increased blood glucose and impaired glucose tol-
erance after HFD treatment (Fig. S1e, f), which accorded
with C57BL/6J mice characteristics [29], with compensated
islet mass, normal β-cell function, and integrated islets
(Fig. S1g, h). These results suggest that STAT3 deficiency
has no impact on β-cell compensatory proliferation during
HFD-induced obesity.

Next, we sought to test whether STAT3 deletion, in turn,
accelerates hyperglycemia pathogenesis. We challenged
WT and β-STAT3KO mice both with a single high dose and
multiple low doses (three times, 3MLD) of STZ and mon-
itored plasma glucose levels every 3 days (Fig. 2a). Strik-
ingly, 3MLD-STZ injections [30] induced persistent blood
glucose elevation in β-STAT3KO mice, while WT
mice remained unaffected (Fig. 2b). However, a single high
dose of STZ treatment showed no difference in plasma
glucose between β-STAT3KO and WT mice (Fig. S2a).

STAT3 dictates β-cell apoptosis by modulating PTEN in streptozocin-induced hyperglycemia 131



Additionally, 3MLD-STZ-treated β-STAT3KO mice sig-
nificantly lost more body weight than WT mice from day 12
(Fig. S2b). The fasting plasma insulin level in 10 min was
higher in β-STAT3KO mice than in littermates (Fig. S2c).
However, the 3MLD-STZ treatment delayed glucose
clearance and impaired insulin secretion after glucose
challenging in β-STAT3KO mice compared with the control
group (Fig. 2c, d). Meanwhile, insulin tolerance tests (ITTs)
showed similar blood glucose reduction after insulin

injection between 3MLD-STZ-treated β-STAT3KO and
WT mice (Fig. S2d), implying that the impaired glucose
tolerance of β-STAT3KO mice was not due to changes in
peripheral insulin sensitivity. To further assess the role of
STAT3 in regulating β-cells, we harvested mice at day 24
and analyzed β-cell mass. Contrasting to a slight loss of β-
cell mass in WT mice, β-STAT3KO mice suffered from a
plunge in β-cell mass after 3MLD-STZ induction (Fig. 2e).
Furthermore, IHC analysis suggested that, compared to WT

Fig. 1 Signal transducer and activator of transcription 3 (STAT3)
activation is inhibited in damaged β-cells. a–c INS-1 cells were
exposed to normal (11.1 mM) and high glucose conditions (22.2 mM,
33.3 mM) glucose for 72 h (a) or 1 mM, 2 mM streptozocin (STZ) (b)
or 100 μM, 200 μM H2O2 (c) in the presence of 11.1 mM or 33.3 mM
glucose for 8 h. The protein level of STAT1, pSTAT1, STAT3,
pSTAT3, STAT6, and pSTAT6 were detected by western blotting. Glc
glucose. β-Actin or GAPDH was used as the loading control. d–f Ten-
week-old male wild-type (WT) mice were injected with 150 mg kg−1

STZ or 130 mg kg−1 STZ (i.p.) or vehicle for single dose after fasting
overnight (n= 10 mice/group). i.p., intraperitoneal. d Random blood
glucose levels of vehicle and STZ-induced mice (n= 5 mice/group)
24 days after vehicle or STZ injection. Cont control (vehicle), H1
hyperglycemia (≥11.1 mM), H2 hyperglycemia (≥16.7 mM). e Immu-
nohistochemistry and quantification for STAT3 and pSTAT3 in islet

sections from control mice, as well as STZ-induced hyperglycemia
(H1 and H2) mice at day 24. Scale bar, 200 μm. f Islets were isolated
from vehicle mice and hyperglycemic mice (≥16.7 mM) at day 24.
Western blotting was used to detect the protein expression (n= 5
mice/group). g, h Four-week-old male WT mice fed a normal chow
diet or a high-fat diet (HFD) for 16 weeks. g Blood glucose levels of
HFD-induced and chow-fed mice (n= 5 mice/group) performed at
week 16. h Immunohistochemistry and quantification for STAT3 and
pSTAT3 in islet sections from control mice and HFD-induced mice at
week 16. Scale bar, 200 μm. Immunoreactivity was assessed by
quantitative morphometry with automated image analysis (Image-Pro
plus, Version6.0). Data represent the mean ± s.d., *P < 0.05, **P <
0.01; ###P < 0.001 (Student’s t test in g, h, one-way analysis of var-
iance with Tukey’s multiple comparisons test in d, e)
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mice, islets from 3MLD-STZ-treated β-STAT3KO mice
were architecturally distorted, containing significantly lower
insulin staining and a smaller β-cell fraction (Fig. 2f). These
defects likely clarify the resulting deficiency in compensa-
tory insulin secretion and developing hyperglycemia.

To elucidate how STAT3 deletion affects β-cell disrup-
tion, we evaluated apoptosis and proliferation in β-cells. As
STAT3 modulates β-cell apoptosis under a β-cell toxic
environment in vitro (Fig. S2e), we hypothesized that
STAT3 deficiency may aggravate hyperglycemia

progression in vivo. Results showed that WT mice exhib-
ited slight cell apoptosis after STZ treatment, but β-
STAT3KO mice revealed a remarkable apoptosis increase
(Fig. 2g–i, Fig. S2f). The proliferation rate of β-cells was
higher in 3MLD-STZ-treated WT mice than in saline-
treated WT mice, indicating the compensatory capacity in
response to physiological challenges. STAT3 KO sig-
nificantly inhibited β-cell proliferation after 3MLD-STZ
treatment (Fig. 2i, bottom, Fig. S2g). Compared to 3MLD-
STZ-treated WT mice, β-STAT3KO mice exhibited much

Fig. 2 Signal transducer and activator of transcription 3 (STAT3)-
deficient mice are more sensitive to streptozocin (STZ) treatment.
a Ten-week-old male β-STAT3KO (KO) mice (n= 21) and their lit-
termates (n= 22) were injected with 40 mg kg−1 STZ (i.p.) or vehicle
for 3 consecutive days after fasting overnight. b Blood glucose levels
of KO mice and their littermates at the indicated time points. i.p.,
intraperitoneal. c Glucose tolerance test (i.g.) was performed at day 21;
blood glucose was measured at 0, 15, 30, 60, 90, 120, and 180 min.
i.g., intragastric. d Plasma insulin levels were measured at 0 and 30
min after glucose gavage at day 23. *P < 0.05 (STZ-KO 0 min vs.
STZ-WT 0 min); ##P < 0.01 (STZ-KO 30 min vs. STZ-WT 30 min).
e β-Cell mass from KO mice and their littermates injected with vehicle
or STZ at day 24. f Left, the pancreas of KO mice and their littermates
injected with vehicle or STZ were at day 24 and immunostained for
Insulin and Glucagon, respectively. Scale bars, 200 μm (inset), 1 mm

(top), 100 μm (bottom). Right, quantification of the percentage of
Insulin+ α-cells and Glucagon+ β-cells (n= 8 mice/group). g Western
blotting was carried out to detect apoptosis in mouse islets from KO
and WT mice. GAPDH, loading control. h Immunostaining of Cleaved
Caspase 3 (CC3) with Insulin in the WT and KO mice pancreas at day
24. Scale bar, 100 μm. i Quantification of the percentage of CC3+ cells
and Ki67+ cells among insulin+ β-cells at day 24 (n= 8 mice/group).
j Quantitative reverse transcription PCR was carried out to analyze β-
cell identity genes in pancreatic islets from 3MLD-STZ-induced or
vehicle-treated KO mice and WT mice at day 24 (n= 5 mice/group).
Gapdh, control. All values are expressed as mean ± s.d., *P < 0.05,
**P < 0.01, ***P < 0.001; ##P < 0.01, ###P < 0.001 (Student’s t test in
b–d, i and j, one-way analysis of variance with Tukey’s multiple
comparisons test in e, f)
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lower expression levels of β-cell-specific genes (Mafa,
Pax6, Nkx6.1, and Pdx1) [31], which are critically engaged
in the biosynthesis of β-cells (Fig. 2j). We next investigated
whether immunoregulation [32] is involved in β-STAT3KO
mice responses before/after STZ treatment and found
equivalent levels of t helper type 1 (Th1) and Th17 cell
populations from pancreatic lymph nodes (PLNs) between
normal β-STAT3KO and control mice (Fig. S3a). Con-
trasting to classical multiple low doses (five times, 5MLD)
of STZ-induced inflammation in WT mice [33], histological
analysis showed that both 3MLD-STZ-injected WT and β-
STAT3KO mice exhibited no inflammatory infiltrate in
islets (Fig. S3b–d). Collectively, these data indicated that β-
cell-specific deletion of STAT3 exacerbated progressive
hyperglycemia in 3MLD-STZ-treated mice through
destruction of functional β-cells and increasing apoptosis.

Depletion of PTEN alleviates β-cell dysfunction
induced by STAT3 deficiency in 3MLD-STZ mice

In order to identify the regulatory genes responsible for β-
cell apoptosis induced by STAT3 deficiency, we used
quantitative reverse transcription PCR (qRT-PCR) analysis
to validate well-known targets [34], such as glucose
metabolism-related genes, insulin signaling pathway, and
diabetes-regulated genes (Fig. 3a). Among them, some
genes such as Mst1 [27] and Chop [5], critical in the pro-
gression of diabetes, exhibited higher expression in STZ-
treated STAT3-deficient mice than that in WT mice, while
STZ administration inhibited Mtor [35] and Glut2 gene
expression, indicating impaired β-cell homeostasis and
insulin processing. Although MyD88 [36] expression is
obviously increased in β-STAT3KO mice than WT litter-
mates, it was comparable between two groups after 3MLD-
STZ treatment (Fig. 3a). Enzyme-linked immunosorbent
assay (ELISA) and qRT-PCR analysis displayed no differ-
ence in MyD88-related inflammatory factors between STZ-
induced WT and β-STAT3KO mice (Fig. S4a, b). More-
over, MyD88 deficiency had no effect on β-cell apoptosis
induced by STAT3 knockdown and incubation with glucose
(Fig. S4c). Interestingly, the tumor-suppressor Pten was the
most significantly upregulated gene in 3MLD-STZ-treated
β-STAT3KO mice.

PTEN, a regulator of cell cycle and apoptosis, is an
important negative modulator of insulin signaling [37].
Hence, we asked whether PTEN could override islet func-
tion due to STAT3 deficiency. We employed small inter-
fering RNA (siRNA) against STAT3 and observed a
remarkable PTEN accumulation at both transcriptional and
translational levels (Fig. 3b, c, Fig. S5a). Consistent with
our results in vitro, STAT3 KO caused elevated PTEN
levels in β-cells of β-STAT3KO mice and further accumu-
lated after STZ treatment in vivo (Fig. 3d, e).

We next explored whether PTEN deficiency could
reverse glucose intolerance and β-cell apoptosis in β-
STAT3KO mice. Cumulative expression of PTEN by
deletion of STAT3 was abolished in islets of Ins2CrePtenflox/
floxStat3flox/flox mice [38] (hereafter referred to as β-STAT3-
PTENDKO) (Fig. S5b, c). As expected, random plasma
glucose levels (Fig. 3f) and glucose intolerance (Fig. 3g) in
3MLD-STZ-induced β-STAT3-PTENDKO mice were lar-
gely reversed by genetic disruption of PTEN comparing to
β-STAT3KO mice. In addition, β-STAT3KO mice had
architecturally distorted islets and apoptotic β-cells with
high PTEN expression in most CC3+ β-cells (Fig. S5d).
PTEN deficiency could completely prevent β-cell apoptosis
and structural destruction of pancreas islets in β-STAT3-
PTENDKO mice (Fig. 3h). Therefore, PTEN deletion could
reverse impaired glucose intolerance and β-cell apoptosis
induced by STAT3 deficiency upon 3MLD-STZ treatment,
demonstrating that PTEN is a vital downstream effector of
STAT3 in the regulation of β-cell survival and function.

AKT mediates the alleviation of β-cell dysfunction
and glucose intolerance by depleting PTEN in β-
STAT3KO mice

Next, we examined the effects of PTEN on regulatory ele-
ments of islet-enriched PDX1 and MAFA in 293FT cells.
Luciferase reporter assays showed that STAT3 knockdown
resulted in attenuated promoter activity of PDX1 and
MAFA, whereas the repressive activity was significantly
diminished by inhibition of PTEN with bpv(phen) [39]
(Fig. 4a, Fig. S6a). Additionally, no difference in the
expression of β-cell-specific transcription factors was
observed between islets from β-PTENKO mice treated with
STZ or vehicle (Fig. S6b). However, STAT3-PTEN double
knockout (DKO) protected mice from STZ treatment and
displayed an obvious mRNA increase of β-cell-related
transcription factors compared to β-STAT3KO mice
(Fig. 4b), further confirming that STAT3 could regulate
gene expression of β-cell-specific genes through PTEN.
Consistent with our previous observation, 3MLD-STZ-
treated β-STAT3KO mice exhibited a decreased nuclear
localization of PDX1 in β-cells, while its proportion was re-
established in 3MLD-STZ-treated β-STAT3-PTENDKO
mice (Fig. 4c). Therefore, β-cell-specific genes were dic-
tated by STAT3-PTEN signaling both in vitro and in vivo.

Given that PTEN could antagonize survival/proliferative
paradigm and consequently decrease the activity of down-
stream AKT, which is critical for β-cell survival [40, 41],
we hypothesized that the dysfunction of β-cells in 3MLD-
STZ-treated β-STAT3KO mice is mediated by PTEN-AKT
signaling. Western blotting analysis showed that STZ
treatment led to PTEN protein build-up and AKT inacti-
vation after STAT3 KO, with increased Cleaved Caspase
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Fig. 3 Depletion of phosphatase and tensin homolog (PTEN) alleviates
β-cell dysfunction induced by signal transducer and activator of tran-
scription 3 (STAT3) deficiency in 3MLD-STZ mice. a Ten-week-old
male knockout (KO) mice and their littermates were injected with 40
mg kg−1 streptozocin (STZ, i.p.) for 3 consecutive days after fasting
overnight. i.p., intraperitoneal. Quantitative reverse transcription PCR
(qRT-PCR) quantification showing the expression of selected genes in
pancreatic islets (n= 5 mice/group). Gapdh, control. b, c INS-1 cells
were transfected with siSTAT3 #1 or control siRNA (siNC) and
treated with or without 33.3 mM glucose for 48 h. 11.1 mM, normal
condition as control; 33.3 mM, high glucose. qRT-PCR (b) and wes-
tern blotting (c) were used to detect STAT3 and PTEN. GAPDH,
control. ***P < 0.001 (11.1 mM+ siNC vs. 11.1 mM+ siSTAT3 #1);
##P < 0.01, ###P < 0.001 (33.3 mM+ siNC vs. 33.3 mM+ siSTAT3
#1). d Islets were isolated from different groups (wild-type (WT), KO,
STZ-induced WT, and STZ-induced KO mice) at day 24, the

expression of STAT3 and PTEN were examined by western blotting.
e Representative immunostaining image and quantitative analysis for
Insulin (red) and PTEN (green) at day 24 (n= 8 mice/group). Scale
bar, 100 μm. f–h Ten-week-old male β-STAT3-PTENDKO (DKO)
mice, KO mice, and their littermates were injected with 40 mg kg−1

STZ (n= 10, 15, 10) or vehicle (n= 10 mice/group) for 3 consecutive
days after fasting overnight. f Random blood glucose was checked at
the indicated times. g Glucose tolerance test experiment was per-
formed at day 21 to detect the blood glucose at 0, 15, 30, 60, 90, 120,
and 180 min. h Immunostaining (left) and quantification (right) of the
percentage of Insulin (red) and Glucagon (green) or CC3 (green) from
KO and DKO mice at day 27 (n= 5 mice/group). Scale bar, 100 μm.
All values are expressed as mean ± s.d., **P < 0.01, ***P < 0.001;
##P < 0.01, ###P < 0.001 (Student’s t test in b, e–g, one-way analysis of
variance with Tukey’s multiple comparisons test in a, h)
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3/Cleaved poly ADP-ribose polymerase (PARP) and
decreased PDX1/Nkx6.1. Notably, PTEN deficiency
reversed AKT activity and protected β-cells from apoptosis
(Fig. 4d). IHC results also proved pAKT signal

disappearance in islets of 3MLD-STZ-treated β-STAT3KO
mice and increased pAKT expression after PTEN KO
(Fig. 4e). To further validate the importance of AKT in β-
cell function regulated by STAT3 and PTEN, we used the

Fig. 4 Signal transducer and activator of transcription 3 (STAT3)-
phosphatase and tensin homolog (PTEN) regulates β-cell survival and
function through AKT activation. a 293FT cells were transfected with
luciferase reporters driven by PDX1 or MAFA promoter together with
siNC or siSTAT3 and treated with/without bpv(phen) as indicated for
24 h. b–e Ten-week-old male DKO mice, knockout (KO) mice, and
their littermates were injected with 40 mg kg−1 streptozocin (STZ) or
vehicle for 3 consecutive days after fasting overnight (n= 10 mice/
group). b Quantitative reverse transcription PCR was performed to
analyze β-cell identity genes in islets from DKO mice, KO mice and
their littermates at day 24 (n= 5 mice/group). Gapdh, control. Values
are expressed as mean ± s.e. c Representative images of immunola-
beling (left) and quantification (right) for PDX1 (green) and Insulin
(red) from DKO mice, KO mice and their littermates at day 24 (n= 5
mice/group). Scale bar, 100 μm. d Pancreatic islet cells isolated from
the above mice were subjected to immunoblotting against STAT3,
PTEN, AKT, pAKT, PDX1, Nkx6.1, Cleaved Caspase 3, and Cleaved

poly ADP-ribose polymerase (PARP) 27 days after last STZ.
GAPDH, loading control. e Immunohistochemistry for pAKT in sec-
tions from mouse pancreases at day 24. Scale bar, 200 μm. f,g Ten-
week old-male DKO mice (n= 5), KO mice (n= 6), and their litter-
mates (n= 5) were injected with 40 mg kg−1 STZ or vehicle for 3
consecutive days after fasting overnight, then treated with AZD5363
(i.g., 200 mg kg−1 daily) from day 11 to day 27, and sacrificed at day
27. f Blood glucose levels of randomly fed of DKO, KO mice, and the
relative wild-type littermates with or without AZD5363 treatment. The
arrow represents the first day of AZD5363 administration. g Blood
glucose levels were measured at day 21 by glucose tolerance test (i.g.)
at 0, 15, 30, 60, 90, 120, and 180 min. Immunoreactivity was assessed
by quantitative morphometry with automated image analysis (Image-
Pro plus, Version6.0). i.g., intragastric. All values are expressed as
mean ± s.d., *P < 0.05, **P < 0.01, ***P < 0.001; #P < 0.05, ###P <
0.001 (Student’s t test in a, f, g, one-way analysis of variance with
Tukey’s multiple comparisons test in b, c)
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AKT-specific inhibitor AZD5363 [42], which suppressed
AKT phosphorylation over time (Fig. S6c). The results
showed that all 3MLD-treated animals exhibited elevated
glucose levels and glucose intolerance after AZD5363
administration (Fig. 4f, g). Moreover, AZD5363-treated
hyperglycemic β-STAT3KO mice exhibited much graver β-
cell apoptosis compared to the WT mice after STZ injec-
tion, and PTEN depletion in β-STAT3KO mice largely
reversed β-cell apoptosis (Fig. S6d). qRT-PCR data
revealed that AZD5363 treatment slightly decreased the
expression of β-cell-specific genes (Mafa, Pax6, Nkx6.1,
and Pdx1) in STZ-treated WT mice. Furthermore, hyper-
glycemic STAT3-null mice exhibited a significant decrease
in transcriptional activities after AZD5363 treatment
(Fig. S6e). Together, these results demonstrate that AKT is
downstream of PTEN, mediating β-cell impaired functions
and apoptosis in 3MLD-STZ-induced β-STAT3KO mice.

PTEN inhibitor rescues β-cell survival and disrupted
function by 3MLD-STZ treatment in β-STAT3KO mice

As PTEN depletion combats β-cell apoptosis and restores β-
cell function in 3MLD-STZ-induced β-STAT3KO mice,
PTEN inhibitors may suppress the hyperglycemia progres-
sion. Hence, we began exploring the effect of bpv(phen) on
classical β-cell damaged models both induced by a large
dose and 5MLD of STZ in WT mice. Since the severely
elevated blood glucose levels were not mitigated by bpv
(phen) injection (Fig. S7a, b), bpv(phen) was used when
3MLD-STZ-induced β-STAT3KO mice started hypergly-
cemia (Fig. 5a, Fig. S7c). Interestingly, β-STAT3KO mice
without bpv(phen) injection developed fasting hyperglyce-
mia, while bpv(phen) treatment markedly decreased plasma
glucose levels, similar to WT mice (Fig. 5b). Additionally,
bpv(phen) treatment reversed the body weight loss of β-
STAT3KO mice during persistent hyperglycemia (Fig. 5c).
As expected, bpv(phen) treatment could restore the level of
both blood glucose and plasma insulin to normality in
3MLD-STZ-injected β-STAT3KO mice (Fig. 5d, e). Con-
sistently, bpv(phen)-treated mice prevented β-cell mass
reduction, islet architecture disruption, abnormal β-cell
fraction, and decreased insulin secretion (Fig. 5f, g).
Moreover, western blotting (Fig. 5h) and immuno-
fluorescence (Fig. 5i, Fig. S7d) analysis confirmed the
extent of β-cell survival and proliferation, accompanied by
markedly reduced β-cell apoptosis, increased Nkx6.1/PDX1
expression (Fig. 5h), and over four-fold Ki67+ cells in islets
of bpv(phen)-treated hyperglycemic β-STAT3KO mice vs.
those of untreated β-STAT3KO littermates (Fig. 5i).
Importantly, AKT activation was rescued after bpv(phen)
injection in contrast to the robust inactivation seen in STZ-
induced β-STAT3KO mice (Fig. 5j), according to the results
in β-STAT3-PTENDKO mice. The percentage of PDX1 in

β-cells was also restored by bpv(phen) treatment (Fig. 5k, l).
To confirm this finding, we examined the levels of β-cell
critical transcription factors such as Mafa, Pax6, Nkx6.1,
and Pdx1, which were attenuated by STZ injection and
exhibited normal or higher expression in pancreatic islets of
bpv(phen)-treated β-STAT3KO mice (Fig. 5m). Overall,
these results suggested that the PTEN inhibitor bpv(phen)
effectively lowers blood glucose levels and ameliorates
hyperglycemia symptoms in 3MLD-STZ-treated β-
STAT3KO mice by restoring β-cell survival and function.

In order to explore whether bpv(phen) alleviates STZ-
induced β-cell apoptosis through AKT signaling in β-
STAT3KO mice, we used AKT inhibitor AZD5363 to
arrest this function. AZD5363 treatment blocked the rescue
of blood glucose and glucose intolerance by bpv(phen)
treatment in 3MLD-STZ-induced β-STAT3KO mice
(Fig. 6a, b). AZD5363 also induced disruptions in islet
structure where α-cells invaded the interior and conse-
quently increased β-cell apoptosis (Fig. 6c, d). Additionally,
AZD5363 abolished the normalization of PDX1 levels by
bpv(phen) treatment in the β-cells of 3MLD-STZ-treated β-
STAT3KO mice (Fig. 6e), suggesting that bpv(phen)
relieves hyperglycemia through activation of AKT in
STAT3-depleted mice.

Discussion

Our results demonstrate that STAT3 dysfunction pro-
foundly contributes to defective insulin secretion and β-cell
apoptosis under stress. Inactivation of PTEN by genetic
deletion or pharmacological inhibition preserves β-cell
function and combats STZ insults in STAT3-deficient
mice through its regulation of AKT and downstream effects.

It is critical to illuminate molecular underpinnings of β-
cell apoptosis for its role as a vital culprit underlying
hyperglycemia progression. Our work shows that pancreatic
STAT3 serves as a negative modulator for severe hyper-
glycemia by using 3MLD-STZ-induced mouse model,
which is different from previous studies examining glucose
metabolism in normal β-STAT3KO mice [17, 21]. Also
notably, we only observed the effect of pancreatic STAT3
ablation on hyperglycemia susceptibility after 3MLD-STZ
injection but not with a single high dosage, suggesting that
STAT3 is more sensitive to progressive and constant sti-
mulation [43] rather than acute toxicity with serious β-cell
damage [44]. Intriguingly, 3MLD-STZ-treated WT mice
recruited few inflammatory cells and exhibited proliferative
capacity to resist β-cell apoptosis without suffering from
T1D or even hyperglycemia [30]. Consistent with previous
studies [45, 46], 5MLD-STZ-induced mice showed severe
invasive insulitis and β-cell destruction and failed to pro-
liferate and expand islets [47], ultimately leading to
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Fig. 5 bpv(phen) rescues β-cell survival and function disrupted by
3MLD-STZ-treatment in β-STAT3KO mice. a Ten-week-old male
knockout (KO) mice (n= 16) and their littermates (n= 15) were
injected with 40 mg kg−1 streptozocin (STZ, i.p.) or vehicle for 3
consecutive days after fasting overnight, daily injected with 2 mg kg−1

bpv(phen, i.p.) or vehicle from day 11 to day 27. i.p., intraperitoneal.
b Blood glucose levels were checked at the indicated times of KO
mice or wild-type (WT) littermates. The arrow represents the first day
of bpv(phen) administration. c Body weight monitored every 3 days.
d Blood glucose was analyzed after 0, 15, 30, 60, 90, 120, and 180 min
in glucose tolerance test (i.g.) experiment at day 21. e Insulin secretion
was measured before (0 min) and 30 min after glucose gavage at day
23. ***P < 0.001 (STZ-KO 0min vs. STZ-KO-bpv 0 min); ###P <
0.001 (STZ-KO 30 min vs. STZ-KO-bpv 30 min). f β-cells mass from
KO mice and their littermates at day 27. g Representative images (left)
of α-cell (green) and β-cell (red) staining in islets from different groups
and quantification (right) at day 27 (n= 5 mice/group). Scale bar,
100 μm. h Islets were isolated from WT and KO male mice treated

with STZ or combined with bpv(phen) (n= 5 mice/group) at day 27.
Western blotting was used to detect Nkx6.1, PDX1, Cleaved Caspase
3, and Cleaved poly ADP-ribose polymerase (PARP). GAPDH,
loading control. i Quantification of the percentage of Ki67+ pancreatic
β-cells from KO and WT mice (n= 5 mice/group). j Immunohisto-
chemical staining of pAKT in pancreatic sections. Scale bar, 200 μm.
k, l Representative images (k) of PDX1 (green) and Insulin (red)
staining in islets from different groups and quantification analysis (l)
(n= 5 mice/group). Scale bar, 100 μm. m Quantitative reverse tran-
scription PCR analysis of β-cell identity gene expression in islets from
KO mice, bpv(phen)-injected KO mice, and their control mice (n= 5
mice/group) at day 27. Gapdh, control. Immunoreactivity was assessed
by quantitative morphometry with automated image analysis (Image-
Pro plus, Version6.0). All values are expressed as mean ± s.d., *P <
0.05, **P < 0.01, ***P < 0.001; #P < 0.05, ##P < 0.01, ###P < 0.001
(Student’s t test in b–e, one-way analysis of variance with Tukey’s
multiple comparisons test in f, g, i, l, m)
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hyperglycemia (Figs. S3b, c and S8a–d). As we know, β-
cells can compensate the reduced efficiency of insulin
action and keep normal blood glucose in diet-induced
obesity [48], which is consistent with our results (Fig. S1g)

and partly explains that STAT3 is not directly involved in β-
cell proliferation. In conclusion, we showed that pancreatic
STAT3 plays a critical role in protecting β-cells from
external stimulation-induced apoptosis and further

Fig. 6 Disruption of AKT abolishes alleviated hyperglycemia by deleted
phosphatase and tensin homolog (PTEN) in knockout (KO) mice. a–e
Ten-week old-male KO mice and their littermates were injected with
40mg kg−1 streptozocin (STZ, i.p.) for 3 consecutive days after fasting
overnight, then treated with bpv(phen) (i.p., 2 mg kg−1 once daily) alone
or with AZD5363 (i.g., 200 mg kg−1 once daily) and at day 27 (n= 9
mice/group). a Random-fed blood glucose was monitored every 3 days
of KO mice or the respective wild-type (WT) littermates. The arrow
represents the first day of bpv(phen) administration or with AZD5363.
b Plasma glucose was measured after 0, 15, 30, 60, 90, 120, and
180 min in glucose tolerance test (i.g.) experiment at day 21.
c Representative staining and quantification analysis for Insulin (red)
and Glucagon (green) in islets from different groups at day 27 (n= 5
mice/group). Scale bar, 100 μm. d Representative images and statistics
of anti-CC3 (green) and anti-Insulin (red) immunostaining (n= 5

mice/group). Scale bar, 100 μm. e Immunofluorescence and percentage
of anti-PDX1 (green) and anti-Insulin (red) immunostaining (n= 5
mice/group). Scale bar, 100 μm. f Left, in the normal milieu, activated
signal transducer and activator of transcription 3 (STAT3) inhibits
PTEN and promotes AKT phosphorylation, thereby prevents β-cells
from apoptosis and triggers β-cell-related gene transcriptions, which is
involved in β-cell function. Right, the proposed model for the role of
STAT3-PTEN signaling axis in β-cells. In hyperglycemic stimuli or β-
cells suffering from oxidative/DNA damage, which inhibits STAT3
activation, PTEN is heavily accumulated, and AKT activation is
impaired that then triggers Cleavage of Caspase 3 and acceleration of
β-cell death. β-Cell-related gene transcription factors are also impaired,
further disturbing β-cell survival and function. i.p., intraperitoneal;
i.g., intragastric. All values are expressed as mean ± s.d., ***P < 0.001
(Student’s t test)
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explained why depletion of STAT3 in β-cells only affects
STZ-induced hyperglycemia rather than HFD-induced
obesity.

Knocking out STAT3 gene using an Ins2/RIP-Cre
transgene led to mild obesity and glucose intolerance
(Fig. S1b, f), which is likely connected to the resulting
STAT3 deletion from neurons expressing the leptin receptor
[17]. β-STAT3KO mice have similar or slightly decreased
insulin level compared to WT mice, which, however,
showed hyperinsulinemia after glucose gavage (Fig. S2c).
We noticed that β-STAT3KO mice were glucose intolerant
compared to controls in chow diet, but this effect was sig-
nificantly increased by treatment with the β-cell-specific
cytotoxic STZ (Fig. 2c), suggesting that STAT3 plays a
critical role in β-cell apoptosis. Furthermore, we showed
that STAT3 knockdown caused remarkable apoptosis
increases upon STZ exposure in vitro (Fig. S2e), which
could partially explain the specific function of STAT3 in β-
cell survival and apoptosis in vivo. Additionally, Ins2/RIP-
Cre mice are widely used to study the function of certain
genes for β-cells [35, 49, 50]. In conclusion, our results
showed that STAT3 mainly acts in β-cells rather than leptin
receptor-positive neurons under apoptotic damages.

In major insulin-related organs, PTEN deficiency
improves glucose metabolism and induces resistance to
diabetes in patients and rodents [51–54]. We found that
PTEN is obviously accumulated in 3MLD-STZ-induced β-
STAT3KO mice, consistent with recent studies, suggesting
that a similar STAT3-PTEN regulatory relation exists in
cancer [55, 56] and other diseases [57, 58]. However, such
relationship in β-cell destruction-induced hyperglycemia is
poorly understood. We corroborated that the cumulative
increase of PTEN is the main reason for rising blood glu-
cose and glucose intolerance when suffering from STZ
treatment in β-STAT3KO mice, and PTEN blockage would
prevent β-cell apoptosis and restore cell function. Because
PTEN inhibitors are not as efficient as genetic KO, PTEN
KO exhibited lower plasma glucose than pharmacological
inhibition of PTEN in STZ-induced β-STAT3KO mice. The
vital consequence of PTEN accumulation leads to the
inactivation of AKT signaling, which upregulates insulin
transcription, insulin secretion, β-cell growth, and survival
[59]. Because of different AKT activation states among
STZ-induced mice, AZD5363-injected β-STAT3KO mice
displayed much more severe hyperglycemia, poor glucose
tolerance, and numerous apoptotic β-cells while β-STAT3-
PTENDKO mice presented minimal phenotypic changes.
Consistently, recent studies have suggested crosstalk
between AKT and islet-enriched transcription factors
[60, 61] and also implicated AKT in orchestrating apoptosis
[34, 62]. Together, our findings demonstrate that STAT3
regulates β-cell apoptosis by disrupting PTEN-AKT path-
way under multiple stresses.

Despite the potentially huge clinical benefits of func-
tional β-cells, none of the currently used hypoglycemic
agents target maintenance of endogenous β-cells [3]. Some
small molecule compounds were reported to stimulate β-cell
proliferation, improve glucose production, and regulate islet
autoimmunity [63–65]. However, it is quite common for
patients to be insensitive or have a serious adverse reaction
to clinical therapeutics [66, 67]. Therefore, novel precision
medicines for a special population with higher risks for
hyperglycemia are more clinically beneficial. From human
single-cell transcriptomes, we found that STAT3 expression
in β-cells presents large individual difference between
human beings [68] that enlightened us on exploring pre-
ferable strategies for effective control of hyperglycemic
patients in whose β-cells inactivating STAT3 mutation
occur. To examine the impact of reducing PTEN signaling
in the pathways above, we utilized a PTEN inhibitor bpv
(phen) to assess its effects on hyperglycemia induced by
3MLD-STZ and found that bpv(phen) could reverse 3MLD-
STZ-induced β-STAT3KO mice β-cell apoptosis, promote
β-cell proliferation, and improve glycemia control, without
affecting normal hyperglycemic mice or control mice. We
speculate that PTEN overaccumulation is required for bpv
(phen) treatment which suggests that it can accurately be
used for inactivating STAT3-mutant patients with little side
effect of hypoglycemia.

In summary, our findings uncovered that dysfunctional
STAT3-PTEN-AKT pathway is a critical mediator for
defective β-cell function and apoptosis in STZ-induced
hyperglycemia, and pharmacological interventions targeting
this signaling pathway, such as inhibition of PTEN activity,
may be a potential strategy to develop new drugs to achieve
precision treatment for potential inactivating STAT3-mutant
patients.

Methods

Experimental animals

All animal models were on a C57BL/6J background.
Homozygous STAT3 floxed mice (Stat3flox/flox) were cros-
sed with Ins2-Cre mice to generate heterozygous Ins2-Cre-
STAT3 floxed mice (Ins2creStat3flox/+), which were then
intercrossed with Stat3flox/flox mice to generate β-STAT3KO
(Ins2creStat3flox/flox) mice. A similar mating strategy was
used for generating β-cell-specific STAT3-PTEN DKO
mice (Ins2creStat3flox/floxPtenflox/flox, referred to β-STAT3-
PTENDKO) and β-cell-specific PTEN KO mice (Ins2creP-
tenflox/flox, referred to β-PTENKO). Stat3flox/flox and Ins2-Cre
mice were obtained from the Model Animal Research
Center of Nanjing University, and Ptenflox/flox mice were
obtained from Jackson Laboratory. All animal care and
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experimental procedures were conducted in accordance
with the rules and regulations of the Institutional Animal
Care &Use Committee (IACUC) of Zhejiang University,
with ethical approval numbers IACUC-16003 and IACUC-
17023.

For MLD-STZ experiments, 10-week-old male β-
STAT3KO mice, β-PTENKO mice, DKO mice, their WT
littermates, or WT mice were fasted for 12 h and injected
with STZ (40 mg kg−1, Sigma) freshly dissolved in 50 mM
sodium citrate buffer (pH 4.5) for 3 or 5 consecutive days.
For STZ single injection, 10-week-old male WT mice were
fasted for 12 h and injected with a single dose of STZ at 130
or 150 mg kg−1. For the HFD experiments, 4-week-old β-
STAT3KO mice and their WT littermates were fed a stan-
dard laboratory chow or an HFD [27, 69] (fat, carbohydrate,
and protein content was 58, 26, and 16 kcal%, respectively)
for 16 weeks, and body weight and blood glucose levels
were recorded weekly. For both models, random blood was
obtained from the tail vein of nonfasted mice, and glucose
was measured through a Glucometer (Bayer).

Glucose tolerance test (GTT) and ITT and
measurement of insulin secretion

GTTs and ITTs were performed after 12-h fast. Briefly, the
fasted mice were infused with glucose (Sinopharm Che-
mical Reagent Co., Ltd, 2 g kg−1) by oral gavage or sub-
cutaneously injected with insulin (Novolin, Novo Nordisk,
0.5 U kg−1) for GTT and ITT, respectively. For GTT, blood
samples were taken at time points 0, 15, 30, 60, 90, 120,
and 180 min for glucose measurements. For ITT, blood
samples were measured before (0 min) and after (15 and 30
min) injection of insulin. Plasma insulin levels were mea-
sured before (0 min) and after (5, 10, 30 min) glucose
gavage and tested using the Mouse Insulin Elisa Kit (EMD
Millipore).

Islet isolation, cell culture, and transfection

Islets from β-STAT3KO mice, β-STAT3-PTENDKO mice,
and their WT littermates were isolated as described pre-
viously [70]. Briefly, pancreases were perfused with col-
lagenase P (Sigma, 0.5 mg ml−1) via an indwelling needle,
followed by digestion at 38 °C for 10 min. The digested
pancreases were filtered with a 600-μm cell strainer, fol-
lowed by washing and density gradient separation method.
INS-1 cells (Institute of Basic Medicine, Chinese Academy
of Medical Sciences) were cultured in complete RPMI-1640
medium (Gibco) supplemented with 10 mM HEPES
(Gibco), 1 mM sodium pyruvate (Gibco), and 50 μM β-
mercaptoethanol (Sigma). HEK 293FT cells (Cyagen
Biosciences Inc) were cultured using Dulbecco’s modified
Eagle’s medium (Gibco). All media included 1%

penicillin–streptomycin and 10% fetal bovine serum
(Gemini). The cell lines used for experiments had been
passaged no more than 20 times and cells were monitored
for mycoplasma contamination every 6 months.

All siRNA (Genepharma) transfection was performed
using jet medium and jet Primer (Polyplus). HEK
293FT cells were transiently transfected according to the
manufacturer’s protocols. INS-1 cells were electroporated
with the Letrans Kit for Cell Lines (LAIZEE; cat#LZT010)
through the Nucleofector II Device (Lonza) according to the
manufacturer’s instruction. Cells were harvested at 24–48 h
after transfection. The sequences used were as follows: Rat
siSTAT3 #1 (sense: 5′-CCCGCCAACAAAUUAAGAA
TT-3′; anti-sense: 5′-UUCUUAAUUUGUUGG CGGGTT-
3′), #2 (sense: 5′-GCAGGAUCUAGAACAGAAATT-3′;
anti-sense: 5′-UUUCUGUUCUAGAUCCUGCTT-3′), Rat
siMyD88 (sense: 5′-GGACUUUCC UAGUAUCCUATT-
3′; anti-sense: 5′-UAGGAUACUAGGAAAGUCCTT-3′).

Compound intervention

bpv (phen, Santa Cruz) was dissolved in dimethyl sulfoxide
(DMSO) at a concentration of 4 mM (1000× stock). Glu-
cose was dissolved in 1640 medium at a concentration of
33.3 M (1000× stock). H2O2 (Sinopharm Chemical Reagent
Co., Ltd) was dissolved in 1640 medium at a concentration
of 200 mM (1000× stock). STZ was dissolved in 1640
medium immediately at a concentration of 1 mM or 2 mM
before use in vitro.

bpv(phen) was dissolved in 0.9% NaCl solution and
AZD5363 was dissolved in special solvent (10% DMSO
25% w/v Kleptose HPB). For mice, the corresponding
vehicle (0.9% NaCl) and bpv (phen, 2 mg kg−1) were given
intraperitoneally, and AZD5363 (TargetMol, 200 mg kg−1)
and vehicle (10% DMSO 25% w/v Kleptose HPB) were
administrated by oral gavages.

Histology and islet morphometry

Mouse pancreases were fixed in 4% paraformaldehyde and
embedded in paraffin or embedded in O.C.T. compound
(Tissue-Tek). Pancreas sections (4 μm) were deparaffinized,
rehydrated, and incubated overnight at 4 °C with antibodies
for IHC [71]. Pancreas cryosections (8 μm) were incubated
with blocking buffer (phosphate-buffered saline with 5%
normal goat serum and 0.3% Triton-100) for 1 h for
immunofluorescence. The primary antibodies were as fol-
lows: anti-Insulin (ab6995, 1:200), anti-Glucagon
(ab10988, 1:100), anti-Ki67 (ab16667, 1:50), anti-PTEN
(ab79156, 1:100), anti-pSer473-AKT (ab81283, 1:500), and
anti-CD3 (ab5690, 1:100) antibodies from Abcam; anti-
STAT3 (9139, 1:100), anti-STAT3 (12640, 1:100), anti-
pTyr705-STAT3 (9145, 1:500), anti-pTyr705-STAT3
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(4113, 1:500), anti-Cleaved Caspase 3 (9661, 1:100), anti-
PTEN (9559, 1:100), anti-PDX1 (5679, 1:100), anti-Insulin
(3014, 1:200), and anti-Glucagon (2760, 1:500) antibodies
from Cell Signaling Technology (CST). The secondary
antibodies were as follows: anti-rabbit secondary antibody
(Beijing Zhongshan Biotechnology, PV-6001), anti-mouse
secondary antibody (Beijing Zhongshan Biotechnology,
PV-6002), Alexa Fluor® 488 anti-rabbit IgG secondary
antibody (Invitrogen, A-11008), Alexa Fluor® 568 anti-
rabbit IgG secondary antibody (Invitrogen, A-10042),
Alexa Fluor® 488 anti-mouse IgG secondary antibody
(Invitrogen, A-21202), and Alexa Fluor® 568 anti-mouse
IgG secondary antibody (Invitrogen, A-10037). According
to the previously reported methods [34, 72], at least 8
evenly 20 mm apart sections throughout the entire pancreas
were taken from each mouse. Mean percentage of β-cell
fraction per pancreas was calculated as the ratio of insulin+

area to the whole pancreatic tissue area. β-Cell mass was
obtained by multiplying the β-cell ratio by the pancreas
weight. Images were acquired with a Leica DMI3000
fluorescence microscope or Zeiss LSMS 10 Meta micro-
scope or Leica DM2500 microscope.

Immunoblotting

Immunoblotting analysis of proteins in cell lysates was
performed as previously described [71]. The primary
antibodies were as follows: anti-STAT1 (9172, 1:1000),
anti-pTyr701-STAT1 (9167, 1:1000), anti-STAT3 (9139,
1:1000), anti-pTry641-STAT6 (9361, 1:1000) antibodies,
anti-pTyr705-STAT3 (9145, 1:1000), anti-pSer473-AKT
(4060, 1:1000), anti-Cleaved Caspase 3 (9661, 1:1000),
anti-Cleaved PARP (5625, 1:1000), anti-PTEN (9559,
1:1000) and anti-PDX1 (5679, 1:1000) antibodies were
from CST; anti-STAT6 (ab54461, 1:1000) and anti-
Nkx.6.1 (ab221544, 1:1000) antibodies were from
Abcam; anti-AKT (sc-8312, 1:1000), anti-MyD88 (sc-
74532, 1:1000), anti-α-Tubulin (sc-53646, 1:1000), anti-
β-Actin (sc-1615, 1:1000) and anti-GAPDH (sc-25778,
1:1000) antibodies were from Santa Cruz. Appropriate
secondary antibodies and ECL were performed to visua-
lize chemiluminescence (ECL, Amersham Biosciences,
Castle Hill, Australia). For the quantification, CC3+ cells
were counted as apoptotic islet cells if they co-localized
with Insulin or were located within the Insulin+ islet area
[73]. The vertical coordinates were shown as “% CC3+

cells of total islets nuclei” according to a previous study
[74] (20 islets were counted from each animal).

Flow cytometric analysis

Single-cell suspensions from PLNs were obtained by
mechanical disruption and incubated for 30 min at 4 °C with

anti-CD4 (BD Biosciences, 5233919) for staining of surface
markers. For intracellular staining of cytokines, cells were
stained with anti-CD4, followed by staining with anti-IFN-
γ, anti-IL-17A (Biolegend, B213720, B201753) and incu-
bation for 30 min at 4 °C. After staining, cells were washed
and analyzed in a BD FACS-Calibur cytometer (Becton
Dickinson, San Jose, CA).

RNA extraction and RT-PCR

Total RNA was isolated from tissues and cells using Trizol
reagent (Invitrogen) according to the manufacturer’s pro-
tocols, and cDNA synthesis was performed by using the
TransScript Kit (TransGen Biotech). qRT-PCR was carried
out as described previously [75] with ABI Fast 7500 Real-
time PCR instrument (Perkin-Elmer Applied Biosystems),
and the relative mRNA levels were normalized to internal
control such as Gapdh. The PCR primer sequences are
available upon request.

Construction of the luciferase reporter vector and
luciferase assay

The promoter regions of Pdx1 from −1865 to −1033 bp
and Mafa from −1961 to −1132 bp of the transcription
start site were amplified via PCR by using KOD DNA
Polymerase (Toyobo, Japan). Amplicons were inserted
into the pGL4.14 [LUC2/Hygro] Vector (Promega, USA)
at the 5′ side of the LUC2 sequence. HEK 293FT cells
were transfected with luciferase reporters siSTAT3 and
pRL-TK renilla luciferase vector (Promega) and assayed
24 h posttransfection for luciferase activities by using
a Dual-Luciferase Reporter Assay Kit (Promega)
according to the manufacturer’s instructions. The luci-
ferase intensity was detected using Varioskan Flash (BD).
Results were normalized to the Renilla luciferase control
and expressed relative to the average value of the
controls.

Statistical analysis

Data analysis was performed using the GraphPad Prism
Software Version 5.0a (GraphPad, San Diego, CA) and
SigmaPlot.v10.0 (Systat Software Inc). Quantitative
image analysis of IHC was performed using the Image-
pro Plus 6.0 analysis software (Media Cybernetics). Data
were presented as mean ± s.d. All experiments were
repeated at least three times with representative data
shown. Statistical significance was determined by
unpaired two-side Student’s t test or one-way analysis of
variance. 0.01 < *P < 0.05, 0.01 < **P < 0.001, and
***P < 0.001 represents a significant difference in all
statistical comparisons.
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All relevant data are available from the authors on request.
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