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Peroxiredoxin I deficiency increases pancreatic
β‑cell apoptosis after streptozotocin stimulation
via the AKT/GSK3β signaling pathway
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Abstract. Apoptosis of pancreatic β‑cells is involved in the
pathogenesis of type I and II diabetes. Peroxiredoxin I (Prx I)
serves an important role in regulating cellular apoptosis;
however, the role of Prx I in pancreatic β‑cell apoptosis is not
completely understood. In the present study, the role of peroxiredoxin 1 (Prx I) during streptozotocin (STZ)‑induced apoptosis
of pancreatic β‑cells was investigated. The expression level of
Prx I was decreased by STZ treatment in a time‑dependent
manner, and apoptosis of Prx I knockdown MIN6 cells was
increased by STZ stimulation, compared with untransduced
MIN6 cells. Furthermore, an intraperitoneal injection of STZ
increased pancreatic islet damage in Prx I knockout mice,
compared with wild‑type and Prx II knockout mice. AKT and
glycogen synthase kinase (GSK)‑3β phosphorylation significantly decreased following Prx I knockdown in MIN6 cells.
However, phosphorylated β‑catenin and p65 levels significantly
increased after STZ stimulation, compared with untransduced
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cells. The results of the present study indicate that deletion of
Prx I mediated STZ‑induced pancreatic β‑cell death in vivo
and in vitro by regulating the AKT/GSK‑3β/β‑catenin signaling
pathway, as well as NF‑κB signaling. These findings provide a
theoretical basis for treatment of pancreatic damage.
Introduction
Diabetes is a disease that often manifests as hyperglycemia
and is caused both by genetic and environmental factors.
Diabetes is classified into type I and type II diabetes. Type I
diabetes is an autoimmune disease mediated by T lymphocytes, characterized by inflammation and selective damage to
pancreatic β‑cells, resulting in severe insulin deficiency (1,2).
Type II diabetes is characterized by chronic hyperglycemia
and insulin resistance caused by reduced sensitivity of liver,
muscle and adipose tissue to insulin (3).
An abnormal pancreatic β ‑cell count is a key factor in
the pathogenesis of type I and type II diabetes (4). Indeed,
the advanced stage of type I diabetes presents severe loss and
elimination of pancreatic β‑cells (5). Moreover, previous studies
reported that the pancreatic β ‑cell count was significantly
reduced in patients with type II diabetes (6,7). Thus, the regulation of pancreatic β‑cell proliferation, apoptosis and regeneration
affects the progression of diabetes (8,9).
Apoptosis and proliferation of pancreatic β‑cells are essential
to the maintenance of the blood glucose balance (10,11). In type I
diabetes, infiltrating immune cells produce several cytokines,
such as interleukin‑1β, interferon‑γ and tumor necrosis factor‑α.
Pro‑inflammatory cytokines activate signaling cascades, such
as NF‑κB signaling, that result in increased production of nitric
oxide, causing endoplasmic reticulum stress‑induced pancreatic
β‑cell apoptosis (12,13). Furthermore, increased cytokine levels
can also activate the JNK/p38 and STAT1 signaling pathways,
which promote mitochondria‑dependent cell apoptosis by
downregulating Bcl‑2 expression, which is essential for cytochrome c release, ultimately inducing β‑cell apoptosis (14‑16).
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Streptozotocin (STZ) is often used to establish hyperglycemia in animal models (17). STZ enters pancreatic β‑cells
through the glucose transporter GLUT2 and induces the production of reactive oxygen species (ROS), which, in turn, damages
DNA and leads to pancreatic β‑cell apoptosis (17,18). Previous
studies reported that STZ treatment significantly increased the
levels of intracellular ROS, Bax and cleaved‑caspase‑9 and ‑3
in MIN6 cells, thereby enhancing apoptosis (19‑21). Thus, STZ
stimulates β‑cell apoptosis in vitro.
Peroxiredoxins (Prxs) are crucial in maintaining the
balance of the redox system by maintaining intracellular
H 2O2 homeostasis via their peroxidase activity to decrease
ROS redox reactions in cells. Prx I regulates antioxidant
and oxidation‑sensitive signal transduction (22). A previous
study reported that the expression of Prx family members
was altered under various pathological conditions, such as
cancer and diabetes (23). In response to cytokine stimulation, both Prx I and Prx II expression levels are upregulated
in pancreatic β‑cells, which suggests a possible involvement
of Prx I and Prx II in the progression of type I diabetes.
Furthermore, it has been reported that Prx I is more sensitive
to cytokine stimulation than Prx II (24). Patients with type II
diabetes present higher plasma levels of Prx I, compared with
healthy individuals, which was reported as an indicator of
glycemic control in type II diabetes (25). Pancreatic β ‑cell
apoptosis and function decline have been implicated not
only in type I and type II diabetes, but also in pancreatic
transplantation (26).
In the present study, the role of Prx I in the progression of
type I diabetes was examined. The potential regulatory function of Prx I in STZ‑induced pancreatic β‑cell apoptosis was
investigated both in vivo and in vitro, using Prx I knockout
mice and MIN6 pancreatic cells.
Materials and methods
Animals. Male, 8‑week‑old wild‑type, Prx I‑/‑ and Prx II‑/‑ mice
(129/SvJ strain; n=6 in each group; Korea Research Institute of
Bioscience and Biotechnology) weighing 22‑25 g were used in
the present study. All mice were maintained in a pathogen‑free
facility at 20‑22˚C, with 50‑60% humidity and a 12‑h‑dark/light
cycle, and had free access to food and water. Mice received
50 mg/kg STZ by intraperitoneal injection (17,21,27,28) once
daily for five consecutive days to establish a type I diabetes
mice model. Mice were sacrificed by cervical dislocation
under deep anesthesia and the pancreas were sampled on
day 7 (17,18,21,29). All experiments were approved by The
Institutional Animal Care and Use Committee.
Cell culture. MIN6 cells were obtained from Shanghai Bogoo
Biological Technology Co., Ltd., and were maintained in
Dulbecco's modified Eagle medium (Gibco; Thermo Fisher
Scientific, Inc.) supplemented with 10% heat inactivated FBS
(Beijing Solarbio Science & Technology Co., Ltd.), 2 mM
L‑glutamine, 100 U/ml penicillin and streptomycin (Beijing
Solarbio Science & Technology Co., Ltd.) at 37˚C in a 5% CO2
humidified incubator. MIN6 cells were seeded in a 6‑well plate
at a density of 3x105 cells/well and cultured to 80‑90% confluence. Cells were stimulated with 5 µM STZ (Biosharp Life
Sciences) for another 24 h at 37˚C.

Establishment of Prx I‑knockdown stable cell line. For
the construction of lentivirus packaging Prx I short hairpin
(sh)RNA, control scrambled shRNA (5'‑TTCTCCGAACGT
GTCACGT TTC‑3') and shRNAs specifically targeting
Prx I (5'‑CAGTGATAGAGCCGAT‑3') were synthesized
and inserted into the pGLV3/H1/GFP+Puro lentiviral vector
(Shanghai GenePharma Co., Ltd.) (26). Prior to viral infection, MIN6 cells were seeded in 6‑wells plate at the density
of 3x105 cells/well and cultured to 70‑80% confluence.
Lentiviral particles were produced by transfecting 293T cells
(30‑40% confluence) with the 0.5 µg/ml expression plasmids
and 1.5 µg/ml packaging vectors (pGag/Pol, pRev; pVSV‑G;
Shanghai GenePharma Co., Ltd.) using the RNAi‑mate transfection reagent (Shanghai GenePharma Co., Ltd.), following
the manufacturer's protocol. After 72‑h transfection, the
supernatant containing lentiviral particles was collected
and centrifuged at 1,500 x g for 4 min at 4˚C, then filtered
with 0.45‑µm cellulose acetate filters to eliminate cell
debris. Lentiviral supernatants were then ultra‑centrifuged
at 48,400 x g for 2 h at 4˚C. Viral stock containing shPrx I
at a multiplicity of infection of 100 was added along with
5 µg/ml of polybrene (Shanghai GenePharma Co., Ltd.) to the
MIN6 cells. After 24 h, cells were inoculated in fresh culture
media. Transduced MIN6 cells were incubated in 10% FBS
DMEM containing 2 µg/ml puromycin for selection at 37˚C in
a 5% CO2 humidified incubator. After two rounds of selection,
transduced MIN6 cells were incubated in 10% FBS DMEM
without puromycin for 24 h and transduction efficiency was
confirmed by flow cytometry and western blot analysis.
FGF2 treatment. Transduced MIN6 cells were cultured
(3x105 cells/well) in a 6‑well plate. At 80‑90% confluence,
cells were treated with 20 ng/ml FGF2 (GenScript) for 2 h at
37˚C, followed by 5 µM STZ treatment for 24 h at 37˚C.
Flow cytometry. MIN6 cells transduced with shRNA
vectors expressing GFP were cultured in DMEM containing
10% FBS and 2 µg/ml puromycin for selection. After selection, 1x106 cells were harvested and added to individual tubes.
Data were acquired on a CytoFLEX flow cytometer and
GFP expression was analyzed using the CytExpertsoftware
(version 1.2.10.0, both from Beckman Coulter, Inc.).
Annexin V staining. MIN6 cells were cultured for 24 h in
6‑well plates at a concentration of 4x105 cells/well. Cells were
then treated with 5 mM STZ for the indicated times (0, 12
or 24 h) at 37˚C in a 5% CO2 humidified incubator. After
treatment, cells were washed with PBS, then incubated with
1 µl Annexin V‑phycoerythrin in 199 µl cell binding buffer
for 15 min at room temperature. After staining, the cells were
washed twice with PBS, then analyzed under a DM2500
fluorescence microscope (Leica Microsystems GmbH;
magnification, x100).
Western blot analysis. Total protein was extracted using
ice‑cold cell extraction buffer [20 mM HEPES (pH 7.0), 50 mM
NaCl, 10% Triton X‑100, 10% glycerol, 1 mM β‑ME, protease
inhibitor cocktail tablet] for 30 min. Lysates were centrifuged at
13,200 x g at 4˚C for 20 min. Total protein (2 µg/µl) was quantified using the Bradford assay. Proteins (2 µg/µl) were separated
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Figure 1. STZ regulates the expression of Prx I and apoptosis‑related proteins in the MIN6 cell line. (A) Protein expression of Prx I and Prx II after STZ
treatment was evaluated by western blotting in MIN6 cells. (B and C) Relative protein expression levels of Prx I and II. (D) Expression of apoptosis‑related
proteins Bad, Bcl‑2 and pro‑c3 were evaluated by western blotting. (E‑G) Relative protein expression levels of Bad, Bcl‑2 and pro‑c3. Data are presented as the
mean ± SD. n=6. *P<0.05, **P<0.01 and ***P<0.001. STZ, streptozotocin; Prx, peroxiredoxin; pro‑c3, pro‑caspase‑3.

via 12% SDS‑PAGE and transferred to a nitrocellulose filter
membrane (EMD Millipore). After incubation in 5% skimmed
milk blocking solution at room temperature for 1 h, the
membrane was probed overnight at 4˚C using primary antibodies. The blots were then incubated with anti‑Prx I (1:2,000;
cat. no. sc‑7381), Prx II (1:2,000; cat. no. sc‑515429), Bad (1:2,000;
cat. no. sc‑8044), Bcl‑2 (1:2,000; cat. no. sc‑7382), pro‑caspase‑3
(1:2,000; cat. no. sc‑373730), AKT (1:2,000; cat. no. sc‑8312),
phosphorylated (p)‑AKT (1:2,000; cat. no. sc‑7985‑R), glycogen
synthase kinase (GSK)‑3β (1:2,000; cat. no. sc‑377213), p‑GSK3β
(1:2,000; cat. no. sc‑81496), β‑catenin (1:2,000; cat. no. sc‑7963),
p‑β‑catenin (1:2,000; cat. no. sc‑57533), inhibitor of nuclear
factor‑κB α (IκB‑α; 1:2,000; cat. no. sc‑1643), p‑p65 (1:2,000;
cat. no. sc‑166748) and β‑actin (1:2,000; cat. no. sc‑47778)
antibodies. The membranes were washed five times with TBST
(0.2% Tween‑20) and incubated for 1 h at room temperature
with horseradish peroxidase‑conjugated secondary antibodies
(1:5,000; cat. nos. sc‑2004 and sc‑2005). All antibodies were
purchased from Santa Cruz Biotechnology, Inc. After washing
with TBST, the blots were developed using a chemiluminescence detection system (GE Healthcare). Band intensities were
quantified using the ImageJ software. (version 1.52a; National
Institutes of Health).
Hematoxylin and eosin (H&E) staining. Pancreatic tissues
were fixed in 4% paraformaldehyde overnight at room
temperature, then embedded in paraffin. Tissues were cut into
5‑µm sections for H&E staining. Following which, samples
were maintained in xylene solution for 20 min, 100% alcohol
for 1.5 min, 90% alcohol for 1 min, 80% alcohol for 1 min,
then 50% alcohol for 1 min. The sections were stained with

hematoxylin solution for 5 min at room temperature, then
treated by acid‑alcohol and 0.8% ammonia for 2 sec. The
sections were then stained with eosin solution for 20 sec,
95% alcohol for 1 min, 100% alcohol for 1 min, xylene
for 1 min, then sealed in neutral gum. The sections were
examined under a DM2500 fluorescence microscope (Leica
Microsystems GmbH; magnification, x200).
Statistical analysis. Statistical analysis was carried out using
two‑way ANOVA to analyze the changes across time and
differences between groups, followed by Tukey's post hoc test
(α =0.05). P<0.05 was considered to indicate a statistically
significant difference. Statistical analyses were conducted
using SPSS software (version 25; IBM Corp). Experiments
were performed in duplicate and were repeated at least
three times.
Results
STZ treatment downregulates Prx I expression and upregu‑
lates the expression of apoptosis‑related proteins in MIN6
cells. To understand the effect of STZ treatment on Prx I and
Prx II protein expression levels, MIN6 pancreatic cells were
treated with 5 or 10 mM STZ for 12 or 24 h. STZ significantly
downregulated expression levels of Prx I after 12 or 24 h of
treatment. However, Prx II protein expression in MIN6 cells
was not affected by STZ, except at a higher concentration and
following longer incubation times (10 mM for 24 h; Fig. 1A‑C).
Bad and Bcl‑2 protein expression levels were significantly
upregulated at all concentrations and time points compared
with the control group. Pro‑caspase‑3 protein expression was
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Figure 2. Prx I knockdown increases apoptosis of pancreatic β ‑cells. (A) Hematoxylin‑eosin staining analysis of pancreatic islets after STZ injection in
wild‑type, Prx I‑/‑ and Prx II‑/‑ mice. STZ‑treated mice displayed degeneration and shrinkage of Islets of Langerhans, illustrated by Islet amyloidosis with atrophied Islets β‑cells (arrows). *Indicates cytoplasmic vacuoles. Mouse genotype was confirmed by western blotting. Scale bar, 100 µm. (B) GFP expression was
detected by immunofluorescence (upper panel) and flow cytometry (lower panel) blank, scramble, and shPrx I MIN6 cell lines. (C) Expression levels of Prx I
in scramble and shPrx I‑transduced MIN6 cells. (D) Apoptosis was analyzed by Annexin V‑PE staining and observed using fluorescence microscopy after STZ
treatment in both scramble and shPrx I‑transduced MIN6 cells. (E) Bad, Bcl‑2 and pro‑c3 expression levels were evaluated by western blot analysis in scramble
and shPrx I‑transduced MIN6 cells following STZ treatment. Data are presented as the mean ± SD. n=6 in each group. *P<0.05, **P<0.01 and ***P<0.001. STZ,
streptozotocin; Prx, peroxiredoxin; pro‑c3, pro‑caspase‑3; GFP, green fluorescent protein; PE, phycoerythrin; WT, wild‑type; shRNA; short hairpin RNA.

also upregulated following incubation with 5 mM STZ for
12 h compared with the control group (Fig. 1D‑G). The results
indicated that Prx I was more sensitive to STZ treatment
compared with Prx II.
Prx I knockdown increases STZ‑induced β ‑cell death in vivo
and in vitro. To understand the effect of Prx I and Prx II
deletion on acute pancreatic damage in vivo, wild‑type,
Prx I‑/‑ and Prx II‑/‑ mice were injected with 50 mg/kg STZ
according to the aforementioned protocol. After treatment
the mice were sacrificed, and pancreatic damage was
examined with H&E staining. Degeneration and shrinkage
of pancreatic islet tissue was observed in Prx I knockout
mice after STZ treatment compared with the wild‑ and
Prx II knockout mice, suggesting that Prx I is essential for
protecting the pancreas islands against STZ stimulation
(Fig. 2A).
To understand the regulatory function of Prx I in pancreatic β ‑cells, MIN6 pancreatic cells were transduced with
Prx I knockdown constructs. A scramble vector was used
as a control. Transduction efficiency was quantified by GFP

expression using fluorescence microscopy and flow cytometry
(Fig. 2B). Based on GFP expression, transduction efficiency
was estimated to be 84.65 and 86.59% with scramble and
shPrx I, respectively (Fig. 2B). Transfection efficiency was
confirmed using western blotting, which showed that Prx I
expression was significantly reduced in shPrx I‑transduced
cells, compared with cells transduced with the scramble
control (Fig. 2C).
To investigate whether STZ‑mediated cell death was
detectable following Prx I knockdown, scramble and
shPrx I transduced MIN6 cells were treated with 5 mM
STZ for 12 or 24 h. Examination of Annexin V staining
by fluorescence microscopy indicated that STZ‑induced
cell apoptosis was increased in the shPrx I‑transduced
MIN6 cells, compared with scramble cells (Fig. 2D). The
expression of apoptosis‑related proteins was also examined following STZ treatment (Fig. 2E). STZ significantly
upregulated the expression of the proapoptotic protein Bad
in shPrx I‑transduced cells, compared with scramble cells.
However, expression of Bcl‑2, which is an anti‑apoptotic
protein, was significantly downregulated. The expression
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Figure 3. Effect of Prx I knockdown on the AKT/GSK‑3β/β‑catenin and NF‑κ B signaling pathways. (A) Western blot analysis of p‑AKT, AKT, p‑GSK3β,
p‑β‑catenin and β‑catenin protein expression in scramble and shPrx I‑transduced MIN6 cells following STZ stimulation. (B‑D) Relative protein expression
levels p‑AKT, p‑GSK3β, and p‑β‑catenin. (E) Western blot analysis of Iκ Bα and p‑p65 protein expression in scramble and shPrx I‑transduced MIN6 cells
following STZ stimulation. (F and G) Relative protein expression levels of Iκ Bα and p‑p65. Data are presented as the mean ± SD. *P<0.05, **P<0.01 and
***
P<0.001. STZ, streptozotocin; Prx, peroxiredoxin; GSK‑3β, glycogen synthase kinase‑3β; Iκ Bα, inhibitor of nuclear factor‑κ B α; p, phosphorylated; shRNA;
short hairpin RNA.

of pro‑caspase‑3 was also significantly downregulated after
24‑h STZ treatment.

and pro‑caspase‑3 expression increased compared with STZ
treatment alone (Fig. 4B‑E).

Prx I knockdown upregulates the AKT/GSK3 β/β ‑catenin
and NF‑ κ B signaling pathways. To understand the possible
molecular mechanism underlying the effects of Prx I on
STZ‑induced pancreatic β ‑cell apoptosis, activation of the
AKT/GSK3β/β ‑catenin and NF‑κ B signaling pathways in
shPrx I‑transduced cells following 12 or 24‑h STZ treatment
were assessed. The expression levels of p‑AKT and p‑GSK3β
were significantly reduced in shPrx I‑transduced cells,
compared with scramble. By contrast, β‑catenin phosphorylation was significantly upregulated following Prx I knockdown
and STZ treatment (Fig. 3A‑D).
Moreover, to verify the effect of Prx I on STZ‑induced
NF‑κ B signaling activation, scramble and Prx I‑knockdown
MIN6 cells were treated with STZ for the indicated times. STZ
treatment significantly reduced the expression levels of Iκ Bα,
which may suggest increased degradation of Iκ Bα, compared
with scramble cells. In addition, p65 phosphorylation was
significantly increased in shPrx I‑transduced cells, compared
with scramble (Fig. 3E‑G).

Discussion

FGF2 treatment reverses STZ‑induced MIN6 cell apoptosis
in Prx I‑knockdown MIN6 cells. To the best of the authors'
knowledge, FGF2 can efficiently activate the AKT signaling
pathways (30). Thus, to understand the regulatory role of Prx I
on the AKT signaling pathway following STZ stimulation,
shPrx I‑transduced MIN6 cells were pre‑treated with FGF2
for 2 h, followed by STZ treatment for 24 h. Pre‑treatment
with FGF2 reduced STZ‑induced cellular apoptosis in
shPrx I‑transduced cells, compared with scramble (Fig. 4A).
Furthermore, FGF2 also reversed the effects STZ, Bad expression decreased following treatment with FGF2, whereas Bcl‑2

Streptozotocin was originally isolated from Streptomyces
achromogenes, and has been used as an antibiotic and
anticancer drug. Presently, STZ is more commonly used in
drug therapy for rare neuroendocrine tumors (31). STZ can
induce diabetes in experimental animals by intravenous or
intraperitoneal injection and is widely used in the study of
diabetes (32). STZ is taken up by cells through the GLUT2
glucose transporter, and has a selective destructive effect on
pancreatic β‑cells (33). In animal models, high doses of STZ
leads to extensive destruction of pancreatic β‑cells, thereby
increasing blood glucose levels and urine output, thus replicating the characteristics of type I diabetes (34). However,
multiple small doses of STZ in combination with a high‑fat
diet partly destroy pancreatic cell function, and as peripheral
tissues become insensitive to insulin; the observed pathological changes are closer to those of type II diabetes (29).
Pancreatic β‑cell injury is key in the development and progression of diabetes, and damage to the pancreatic β‑cells results
in reduced insulin secretion, thereby accelerating the development of diabetes (35). STZ induces pancreatic β‑cell apoptosis
mainly through ROS, reactive nitrogen species and DNA
damage (36). Moreover, pancreatic β‑cells are highly sensitive to ROS‑mediated damage, which can directly induce cell
apoptosis (37). Additionally, ROS can also indirectly damage
the pancreatic β ‑cell via the signaling pathways that affect
insulin synthesis and secretion (38).
As STZ induces diabetes by increasing the production of
ROS and inhibiting the oxidative stress defense system (39),
understanding the relationship between antioxidant defense
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Figure 4. Effect of FGF2 treatment on STZ‑induced cell apoptosis in shPrx I‑transduced MIN6 cells. (A) shPrx I MIN6 cells were pretreated with 20 µM FGF2
for 30 min followed by STZ treatment. Apoptosis was analyzed by Annexin V‑PE staining and observed with fluorescence microscopy. Scale bar, 100 µm.
(B) Western blot analysis of Bad, Bcl‑2 and pro‑c3 expression in shPrx I‑transduced MIN6 cells after FGF2 and STZ treatment. (C‑E) Relative protein expression levels of Bad, Bcl‑2 and pro‑c3. Data are presented as the mean ± SD. *P<0.05 and ***P<0.001. STZ, streptozotocin; Prx, peroxiredoxin; FGF2, fibroblast
growth factor‑2; PE, phycoerythrin; shRNA, short hairpin RNA; pro‑c3, pro‑caspase‑3.

systems and ROS‑induced pancreatic β ‑cell injury would
provide invaluable insight into the pathogenesis of diabetes. In
the present study, treatment with STZ significantly downregulated Prx I, but not Prx II, and altered the expression levels of
apoptotic proteins, suggesting a possible involvement of Prx I
in STZ‑induced β‑cell apoptosis.
Peroxiredoxins represent a large and highly conserved
family of peroxidases, which reduce peroxides with a conserved
cysteine residue (40). It has been reported that Prx VI‑knockout
mice have impaired insulin signaling, which leads to reduced
muscle glucose uptake (41). Prx III protects pancreatic β‑cells
from stress‑related apoptosis (42). Moreover, Prx II also
exhibits a protective role in pancreatic β‑cells under oxidative stress (43). Collectively, these previous studies indicate
that members of the Prx family may play a pivotal role in the
development of diabetes. The results of present study suggested
that both Prx I‑/‑ and Prx II‑/‑ mice pancreatic β ‑cells were
destroyed following STZ treatment. This result demonstrated
that both Prx I and Prx II may protect pancreatic β‑cells from
STZ‑induced cell apoptosis. Notably, Prx I was more sensitive
to STZ stimulation. Sensitivity of Prx I to other compounds has
also been reported in related studies. For instance, treatment of
INS‑1E β‑cells with oleate and palmitate resulted in a significant increase in Prx I expression (44,45). In the present study,
the protective role of Prx I was also confirmed by silencing
Prx I expression with lentivirus vectors in the MIN6 cell line.
Therefore, Prx I may play a pivotal role in protecting pancreatic
β‑cells against STZ‑induced cell apoptosis.
The AKT signaling pathway is crucial in regulating the
proliferation and apoptosis of pancreatic β ‑cells. Activated
AKT can phosphorylate substrates for various biological
processes, thus regulating insulin‑mediated glucose transport,
protein and glycogen synthesis, as well as cell proliferation,
differentiation and survival (46‑48). It was previously demonstrated that Akt2‑deficient mice present mild glucose
intolerance and insulin resistance, and some of them developed

diabetes (49). A previous study also reported that AKT could
promote cell survival (50). AKT‑mediated phosphorylation
of GSK‑3 and forkhead transcription factors (including forkhead box O1) may also promote cell survival via downstream
targets (51). For example, AKT‑mediated inactivation of GSK‑3
reduces GSK‑3‑mediated phosphorylation of β‑catenin, leading
to increased cell survival (52). In some cell types, β‑catenin
can be transferred from the cytosol to the nucleus after phosphorylation of GSK‑3. GSK‑3‑mediated phosphorylation of
β‑catenin promotes its degradation. In various cancer cells,
decreased phosphorylation of GSK3‑β (ser9) leads to reduced
Bcl‑2/Bcl‑xL expression and elevated expression of Bax/Bad,
which regulate apoptosis (40,53,54). Phosphorylated AKT
can inhibit the phosphorylation GSK3‑β (ser21) and GSK3‑β
(ser9), and inhibit their activity (54). The present study demonstrated that the expression of p‑AKT and p‑GSK3‑β (ser9)
was significantly decreased in Prx I‑knockdown MIN6 cells
after STZ treatment. Notably, the addition of FGF2, which can
upregulate the AKT signaling pathway, significantly inhibited
STZ‑induced cell apoptosis in Prx I‑knockdown MIN6 cells,
and reversed the effects of STZ on apoptosis‑related protein
expression. These results indicate that the AKT signaling
pathway may be an important signaling pathway that is stimulated by STZ in β‑cell apoptosis, and the function of Prx I on
regulating STZ‑induced cell death may also occur via the same
mechanism. Nevertheless, the possible regulatory mechanism
of Prx I on STZ‑induced β‑cell apoptosis requires further study,
and future studies should investigate the regulatory mechanisms
affecting the NF‑κB signaling pathway, mitochondrial function
and cellular ROS‑related pathways. Furthermore, such study
should extend to both type I and type II diabetes pathogenesis.
In summary, deletion of Prx I increased STZ‑induced
pancreatic β ‑cell apoptosis in MIN6 cells, and exacerbated
STZ‑induced pancreatic damage in vivo. The increase in
apoptosis as a result of Prx I knockdown may occur via the
AKT/GSK/β ‑catenin and NF‑κ B signaling pathways. The
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present findings provide a novel insight for treatment of
pancreatic damage caused by oxidative stress.
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