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Abstract
Interleukin (IL)-17A, a proinflammatory cytokine produced by T-helper (Th)17 cells, has been

associated with autoimmune diseases. Type 1 diabetes (T1D) is caused either due to muta-

tion of insulin gene or developed as an autoimmune disease. Studies have shown that IL-

17A expression is upregulated in the pancreas in T1D patients and animal models. However,

role or importance of IL-17A in T1D pathogenesis needs elucidation. Particularly, evidence

for a direct injury of IL-17A to pancreatic b cells through activating IL-17 receptor A (IL-

17RA) is lacking. Ins2Akita (Akita) mouse, a T1Dmodel with spontaneous mutation in insulin 2

gene leading to b-cell apoptosis, was crossed with IL-17A-knockout mouse and male IL-

17A-deficient Akita mice were used. Streptozotocin, a pancreatic b-cell-specific cytotoxin,

was employed to induce a diabetic model in MIN6 cells, a mouse insulinoma cell line. IL-17A

expression in the pancreas was upregulated in both Akita and streptozotocin-induced dia-

betic mice. IL-17A-knockout Akita mice manifested reduced blood glucose concentration

and raised serum insulin level. IL-17A deficiency also decreased production of the proin-

flammatory cytokines tumor necrosis factor (TNF)-a, IL-1b, and interferon (IFN)-c in Akita

mice. IL-17RA expression in MIN6 cells was upregulated by IL-17A. IL-17A enhanced

expression of TNF-a, IL-1b, IFN-c, and inducible nitric oxide synthase (iNOS) and further

increased streptozotocin-induced expression of the inflammatory factors in MIN6 cells. IL-

17A exacerbated streptozotocin-induced MIN6 cell apoptosis and insulin secretion impair-

ment. Blocking IL-17RA with anti-IL-17RA-neutralizing antibody reduced all these deleteri-
ous effects of IL-17A on MIN6 cells. Collectively, IL-17A deficiency alleviated hyperglycemia, hypoinsulinemia, and inflammatory

response in Akita mice that are characteristic for T1D. IL-17A exerted an alone and synergistic destruction with streptozotocin to

pancreatic b cells through IL-17RA pathway. Thus, the data suggest that targeting IL-17A and/or IL-17RA is likely to preserve

remaining b-cell function and treat T1D.
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Introduction

Inflammation has been associated with initiation and pro-
gression of diabetes mellitus both in humans and animal
models.1–3 Diabetes mellitus includes type 1 diabetes (T1D)
and type 2 diabetes (T2D). T1D is caused either due to
mutation of insulin gene4 or developed as an autoimmune
disease.5 T1D is characterized by pancreatic b-cell

destruction. Pancreatic b cells are responsible for producing
insulin that regulates glucose metabolism. When b cells are
less or absent due to either genetic mutation or autoim-
mune destruction, the insulin released in response to high
blood glucose level is either very low or absolutely absent.
This causes low levels of insulin and high levels of glucose
in the blood, a signature of T1D.6 In the autoimmune
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diabetic processes, immune cells, particularly CD4þ and
CD8þ T cells and macrophages, progressively infiltrate
islets in the pancreas and secrete proinflammatory cyto-
kines into the environment of pancreatic insulin-
producing b cells, which can result in insulitis, b-cell
destruction, and impairment of insulin production.2

Several proinflammatory cytokines have been shown to
play important roles in developing T1D at the levels of
both immune responses and targeting b cells. Tumor necro-
sis factor (TNF)-a, interleukin (IL)-1b, and interferon (IFN)-
c are the most likely cytokines acting in synergy during
inflammation of pancreatic b cells, leading to b-cell
destruction.7

IL-17 is a key proinflammatory cytokine produced by
T-helper type 17 (Th17) cells, a CD4þ T cell subset. The
IL-17 family contains six structurally related cytokines,
IL-17A through IL-17F. IL-17A, the prototypical member
of this family, has receivedmuch attention for its proinflam-
matory role in autoimmune diseases.8 Studies have shown
that IL-17A/IL-17 expression is upregulated both in the
pancreas9 and in circulating lymphocytes10,11 in patients
with T1D. Nonobese diabetic (NOD) mouse is one of the
most commonly used models in studying autoimmunity of
T1D.12 Diabetic NOD mice have elevated IL-17 expression
in the pancreas, and the islet-reactive Th17 cells promote
pancreatic inflammation, but only induce diabetes efficient-
ly in lymphopenic hosts after conversion into Th1 cells.13IL-
17 single-deficient NOD mice show delayed onset of dia-
betes and reduced severity of insulitis, but cumulative inci-
dence of longstanding diabetes in the IL-17-deficient mice
is similar to that in wild-type mice.14 Further, IL-17A
silencing does not protect NOD mice from autoimmune
diabetes.15 In contrast, IL-17A deficiency ameliorates
hyperglycemia and insulitis induced by streptozotocin
(STZ),16 a pancreatic b-cell-specific cytotoxin. Thus, the
role or the importance of IL-17A in T1D occurrence and
development needs to be further evaluated. Particularly,
direct evidence supporting the involvement of IL-17A in
T1D predisposition caused by insulin gene mutation is
lacking.

Ins2Akita (Akita) mouse carries a spontaneous mutation
in insulin 2 (Ins2) gene. This mutation causes incorrect fold-
ing of insulin protein, and leads, subsequently, to endoplas-
mic reticulum (ER) stress and b-cell apoptosis that results in
T1D.12,17 It is relatively unclear whether IL-17A influences
T1D processes induced by the insulin gene mutation. In
addition, although a direct destruction to pancreatic b
cells by the proinflammatory cytokines TNF-a, IL-1b and
IFN-c has been reported,18,19 the direct effect of IL-17A on
pancreatic b cells is poorly identified. Intracellular signal
transduction of IL-17A depends on the presence of the
receptor heterodimer complex formed by the subunits
IL-17 receptor A (IL-17RA) and IL-17RC.20IL-17RA is
expressed in rat insulin-producing INS-1E cells and upre-
gulated by combined IL-1b and IFN-c treatment.9 Inducible
nitric oxide (NO) synthase (iNOS)-mediated NO release is
related to inflammatory destruction to pancreatic b cells.21

Nevertheless, it still needs elucidation that IL-17A directly
activates IL-17RA to promote inflammatory reaction and
oxidative stress leading to pancreatic b-cell apoptosis.

Thus, in the present study, firstly, IL-17A-deficient Akita
mice were used to assess the role of IL-17A in T1D devel-
opment caused by the insulin gene mutation. Secondly,
IL-17A level was evaluated in the pancreas in STZ-
induced T1D mice. Thirdly, a direct and synergistic effect
of IL-17A and STZ on pancreatic b cells was examined by
using MIN6 cells, a mouse insulinoma cell line. Finally,
IL-17RA expression was tested in MIN6 cells, and anti-
IL-17RA-neutralizing antibody was applied to the cells to
determine whether IL-17A effect is mediated by IL-17RA.
This study provides further evidence for IL-17A participa-
tion in T1D development and a potential therapeutic strat-
egy for T1D targeting IL-17A or/and IL-17RA.

Materials and methods

Animal models

Akita mice of Ins2þ/� genotype with C57BL/6 background
were used as T1D model (from Model Animal Research
Center of Nanjing University, Nanjing, China). Age-
matched wild-type (WT) littermates with C57BL/6 back-
ground were served as control of the Akita diabetic
model. As described, Akita mice of Ins2þ/� genotype that
develop insulin-dependent T1D are characterized by
hyperglycemia with an onset of 3 to 4weeks of age and a
peak at the age of 10 to 12weeks.6,12IL-17A-knockout mice
on a C57BL/6 background were kindly provided by Dr.
Shuo Yang (Nanjing Medical University, Nanjing, China).
To examine the effect of IL-17A gene ablation on develop-
ment of T1D, we prepared the mice with the genotype of
Ins2þ/�/IL-17A�/� by cross-breeding of Ins2þ/� with IL-
17A�/�mice (referred to the method Chavali et al.6). Firstly,
female Ins2þ/� mice were crossed with male IL-17A�/�

mice and heterozygous mice of Ins2þ/�/IL-17Aþ/� geno-
type were obtained in F1 generation. Next, female Ins2þ/

�/IL-17Aþ/� mice were crossed with male IL-17A�/� mice
and Ins2þ/�/IL-17A�/� mice were obtained in F2 genera-
tion. Male Ins2þ/�/IL-17A�/� mice were collected as IL-
17A-deficient Akita diabetic model and male Ins2þ/�

Akita diabetic mice were used as its control. The genotypes
of mice were identified at three to four-week age by poly-
merase chain reaction (PCR) amplification (Figure 1).

STZ-induced diabetic model was performed as
described previously.22 Briefly, STZ (Sigma, St. Louis, MO,
USA) was freshly dissolved in 0.01M citrate buffer (pH 4.5),
which was intraperitoneally injected in male C57BL/6 mice
daily at a dose of 50mg/kg body weight for five consecu-
tive days. Control animals received only citrate buffer
(vehicle) intraperitoneally. The mice were euthanized on
day 14 after first STZ injection for testing IL-17A level in
the pancreas.

All the mice were housed in groups of three to four
animals at a temperature of 21� 1�C with a 12-h light-
dark cycle (light from 6:00 a.m. to 6:00 p.m.). The animals
were provided food and water ad libitum. All the animal
experiments were approved by the Institutional Animal
Care and Use Committee of Nanjing Medical University.

58 Experimental Biology and Medicine Volume 246 January 2021
...............................................................................................................................................................



Blood glucose monitoring

Blood glucose levels of the mice were monitored weekly at
4:00 pm beginning from the age of 2weeks up to the age of
16weeks. The measurement was conducted by punctuation
of the tail using a syringe cannula connected to a blood
glucose meter (Roche, Basel, Switzerland).

Cell culture and drug exposure

Mouse insulinoma MIN6 cells (purchased from
Guangzhou Jennio Biotech Co., Ltd, Guangzhou, China)
were maintained at 37�C in a 5% CO2 atmosphere in
Dulbecco’s modified Eagle medium (DMEM) containing
25mM glucose, 10% fetal calf serum, 3.7 g/L sodium bicar-
bonate, 100U/mL penicillin, and 100mg/mL streptomycin
(Gibco, Grand Island, NY, USA). When MIN6 cells in six-
well plates reached 70% confluence, the cells were pre-
treated with anti-IL-17RA-neutralizing antibody (500 ng/
mL) or isotype antibody (IgG, 500 ng/mL) (both from
R&D Systems, Minneapolis, MN, USA) for 2 h and then
STZ (Sigma, St Louis, MO, USA; 5mM) and IL-17A (R&D
Systems, Minneapolis, MN, USA; 100 ng/mL) was added
to the media alone or in combination, which was incubated
for 24 h. The MIN6 cells and supernatants were then col-
lected, respectively, for subsequent analysis.

Quantitative reverse transcriptase PCR

Total RNAwas isolated from the pancreas of mice at the age
of 12weeks or from MIN6 cells using Trizol (Invitrogen,
Carlsbad, CA, USA). The RNA of 5 mg was reversely tran-
scribed to cDNA with a Transcriptor cDNA Synthesis Kit
(Roche, Basel, Switzerland) according to the manufac-
turer’s instructions. Quantitative determination of gene
expression was performed on a Rotor-Gene 3000 Real-
time Cycler (Corbett Research, Sydney, Australia) using a
two-step cycling protocol. b-actin was used to normalize
gene expression. qRT-PCR was conducted with cDNA in
duplicate 20-ll reactions using the Universal SYBR Green
Master Mix (Roche, Basel, Switzerland). The reactions were
incubated at 95�C for 10min. A polymerase chain reaction

cycling protocol consisting of 15 s at 95�C and 1min at 60�C
for 40 cycles was used for quantification. Relative expres-
sion levels were calculated according to Livak and
Schmittgen,23 and values were normalized to respective
WT or control samples. The sequences of the primers
used for qRT-PCR experiments were as follows: IL-17A,
50-TGGACTCTGAGCCGCA-30 and 50-GGCGGACAATA
GAGGA-30; TNF-a, 50-CCACCACGCTCTTCTGT-30 and
50-ATCTGAGTGTGGGGTC-30; IL-1b, 50-CTTCCTTGTGC
AAGTGT-30 and 50-CAGGTCATTCTCATCAC-30; IFN-c,
50-TCAAGTGGCATAGATGT-30 and 50-TGGCTCTGCAG
GATTTT-30; and b-actin, 50-CGTTGACATCCGTAAA-30

and 50-TAGAGCCACCAATCCA-30.

Immunoblotting analysis

Proteins fromMIN6 cell samples were extracted with RIPA
buffer (Thermo Scientific, Waltham, MA, USA). The protein
samples (20–40lg) were separated by SDS-PAGE gels and
transferred to polyvinylidene fluoride membranes
(Millipore, Billerica, MA, USA). The membranes were
blocked with 5% milk in TBS/0.1% Tween-20 and incubat-
ed with anti-IL-17RA, anti-iNOS (both in 1:200; Abcam,
Cambridge, UK), anti-caspase-3 (1:1000; Cell Signaling
Technology, Danvers, MA, USA), or anti-b-actin (1:2000;
Sigma, St Louis, MO, USA). Appropriate IRDye 800-conju-
gated secondary antibodies (1:5000; Rockland
Immunochemicals, Gilbertsville, PA, USA) were used to
visualize the protein bands on an Odyssey laser scanning
system (LI-COR Inc., Lincoln, NE, USA).

Enzyme-linked immunosorbent assay

Serum was obtained from mice at 12weeks of age for
assessment of the levels of insulin, IL-17A, TNF-a, IL-1b,
and IFN-c. The pancreas was separated from STZ-treated
mice on the 14th day after first STZ injection for measure-
ment of IL-17A level. The supernatants of MIN6 cell cul-
tures were collected at the indicated time point for test of
insulin level. All the samples were assayed using commer-
cially available ELISA kits (all from eBioscience, San Diego,

Figure 1. IL-17A deficiency reduces blood glucose concentration and raises serum insulin level in Akita mice. (a) Genotypes of WT, Ins2þ/�, IL-17A�/�, and Ins2þ/�/
IL-17A�/� mice. The mice generated by cross-breeding of Ins2þ/� with IL-17A�/� mice were identified at three to fourweeks of age for the genotypes. PCR ampli-

fication of Ins2 and IL-17A genes indicates WT mice with the bands of 140 bp and 1300 bp, Ins2þ/� mice (Akita mice) with the bands of 140bp, 280 bp, and 1300 bp,

IL-17A�/� mice with the bands of 140 bp and 600bp, and Ins2þ/�/IL-17A�/� mice with the bands of 140bp, 280 bp, and 600 bp. (b) Knockout of IL-17A reduces blood

glucose concentration in Akita mice. Glucose concentration in blood was monitored weekly at 4:00 p.m. up to the age of 16weeks. (c) Knockout of IL-17A raises serum

insulin level in Akita mice. Serum was obtained from 12-week age of mice. **P< 0.01 versus WT mice; ##P< 0.01 versus Akita mice.
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CA, USA; but insulin test kit from Millipore, Billerica, MA,
USA). Insulin concentration in the supernatants of MIN6
cell cultures was normalized to total cellular proteins.

Annexin V-FITC/propidium iodide flow cytometry

Fluorescence-activated cell sorting (FACS) is a laser-based
biophysical technology that allows simultaneous multi-
parametric analysis. MIN6 cell death was measured using
Annexin V-FITC Apoptosis Detection Kit (Roche, Basel,
Switzerland) following the manufacturer’s procedure.
Briefly, MIN6 cells were stained with a combination of
Annexin V-FITC and PI. The cells were then analyzed by
a two-laser flow cytometry system and at least 10,000
events of single cells per sample were collected on a
FACS Calibur flow cytometer with CellQuest software
(BD Biosciences, San Jose, CA, USA). Depending on fluo-
rescence intensity of Annexin V-FITC and PI, the popula-
tions can be distinguished into double negative (healthy)
cells, Annexin-V positive (early apoptotic) cells, and double
positive (late apoptotic and necroptotic) cells.24 Percentage
of Annexin-V positive plus double positive cells in total
cells was statistically analyzed as an assessment of cell
death in this study.

Statistical analysis

Data were expressed as means� standard deviations.
Statistical analyses were performed with the Statistics
Package for Social Science (SPSS, 12.0). The data were sub-
jected to one-way analysis of variance, followed by
Student–Newman–Keul’s test to compare the data of all
groups relative to each other. Differences were considered
statistically significant at P< 0.05.

Results

IL-17A deficiency reduces blood glucose concentration
and raises serum insulin level in Akita mice

The cross-breeding mice of Ins2þ/� with IL-17A�/� mice
were detected to identify IL-17A-deficient Akita mice with
the genotype of Ins2þ/�/IL-17A�/� (Figure 1). Blood glu-
cose concentration of mice was monitored weekly begin-
ning from 2-week age until 16-week age. Akita mice
showed a significantly increased blood glucose concentra-
tion at 4-week age and a peak value at 12-week age until

16-week age in comparison with WT mice (Figure 1).
Importantly, IL-17A-knockout Akita mice manifested a sig-
nificant decrease in blood glucose concentration from 10-
week age until 16-week age compared with Akita mice
(Figure 1). In addition, insulin level in serum was remark-
ably lower in Akita mice than in WT mice at the tested age
of 12weeks (Figure 1). The IL-17A-deficient Akita mice
were elevated in serum insulin level with respect to the
IL-17A-intact Akita mice (Figure 1). The data showed that
IL-17A deficiency mitigated diabetic signs in Akita mice.

IL-17A deficiency decreases proinflammatory cytokine
production in Akita mice

The pancreas was taken from 12-week-age mice for test of
mRNA levels of the proinflammatory cytokines IL-17A,
TNF-a, IL-1b, and IFN-c. As indicated in Figure 2, mRNA
expression of all the four proinflammatory cytokines was
significantly upregulated in the pancreas of Akita mice
compared with those of WT mice. Akita mice with IL-17A
gene ablation were downregulated in expression of all the
four proinflammatory cytokines in the pancreas compared
with Akita mice without IL-17A gene deficiency (Figure 2).
Similarly, levels of IL-17A, TNF-a, IL-1b, and IFN-c in
serum were significantly higher in Akita mice than in WT
mice (Figure 2). IL-17A knockout diminished serum levels
of all the four proinflammatory cytokines in Akita mice
(Figure 2). The results showed that IL-17A deficiency atten-
uated proinflammatory cytokine production in Akita mice.

IL-17A enhances STZ-induced inflammatory responses
in MIN6 cells and anti-IL-17RA-neutralizing antibody
reduces this effect

Firstly, IL-17A content in the pancreas was increased in
STZ-treated mice relative to that in vehicle-injected control
mice (Figure 3), suggesting that diabetes induced IL-17A
production in pancreatic tissue. To show role of IL-17A in
diabetes, we conducted in vitro experiments using MIN6
cells, a mouse insulin-producing b-cell line. MIN6 cells
expressed IL-17RA and this expression was upregulated
by the treatment with STZ or IL-17A alone (Figure 3). The
combined treatment with STZ and IL-17A further upregu-
lated IL-17RA expression in MIN6 cells (Figure 3), suggest-
ing a synergistic effect of IL-17A with STZ on IL-17RA
expression. In addition, IL-17RC was also expressed in
MIN6 cells and upregulated by IL-17A (Figure 3),

Figure 2. IL-17A deficiency decreases proinflammatory cytokine production in Akita mice. (a) IL-17A deficiency downregulates expression of the proinflammatory

cytokines IL-17A, TNF-a, IL-1b, and IFN-c in the pancreas of Akita mice. The pancreas of mice at the age of 12weeks was isolated and measured for the gene

expression of the proinflammatory cytokines. (b) IL-17A deficiency diminishes serum levels of the proinflammatory cytokines in Akita mice. The serum was obtained

from 12-week-age mice. **P< 0.01 versus WT mice; ##P< 0.01 versus Akita mice.
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confirming that the heterodimer receptor consisting of IL-
17RA and IL-17RC exists on MIN6 cells.

Furthermore, mRNA expression of all the three proin-
flammatory cytokines, TNF-a, IL-1b, and IFN-c, was upre-
gulated in MIN6 cells by the treatment with STZ or IL-17A
alone and further upregulated by the combination of STZ
and IL-17A (Figure 3). More importantly, in the presence of
anti-IL-17RA-neutralizing antibody in MIN6 cells, the
upregulated gene expression of TNF-a, IL-1b, or IFN-c by
STZ and IL-17A combination was reduced in comparison
with the presence of isotype antibody (IgG) (Figure 3).
Further, to show that oxidative stress is implicated in IL-
17A destruction to pancreatic b cells, we measured iNOS
protein expression levels in MIN6 cells. As expected, iNOS
expression was upregulated by the treatment with STZ or
IL-17A alone and further upregulated by the combined
treatment with STZ and IL-17A. Similarly, anti-IL-17RA-
neutralizing antibody reduced the upregulated iNOS
expression in MIN6 cells induced by the combination of
STZ and IL-17A with respect to isotype antibody (IgG)
(Figure 3).

IL-17A exacerbates STZ-induced MIN6 cell apoptosis
and insulin impairment, and blocking IL-17RA reduces
these effects

Apoptosis-mediated loss of pancreatic b cells correlates
with the development of diabetes mellitus.12 Therefore,
we assessed apoptosis of insulin-producing MIN6 cells.
Compared with control, either STZ or IL-17A treatment
alone enhanced caspase-3 activity in MIN6 cells
(Figure 4). The combined treatment with STZ and IL-17A
further increased caspase-3 activity relative to STZ

treatment alone (Figure 4). Blocking IL-17RA with anti-IL-
17RA-neutralizing antibody abolished IL-17A effect of
enhancing caspase-3 activity in MIN6 cells (Figure 4).
Furthermore, Annexin V/PI flow cytometric analysis
showed that apoptotic and necroptotic cell populations in
MIN6 cells were increased by the treatment with either STZ
or IL-17A and further increased by the combined treatment
with STZ and IL-17A. Blocking IL-17RA in the presence of
STZ and IL-17A reduced the percentage of the dead cells in
MIN6 cells compared with isotype antibody (IgG) treat-
ment (Figure 4).

To demonstrate that b-cell apoptosis leads to insulin pro-
duction impairment, a major property of diabetes mellitus,
we examined insulin levels in supernatants of MIN6 cell
cultures. Either STZ or IL-17A treatment diminished insu-
lin level and combination of STZ and IL-17A further
decreased insulin level in supernatants of MIN6 cell
cultures (Figure 4). Blocking IL-17RA with anti-IL-17RA-
neutralizing antibody in the combination of STZ and
IL-17A elevated insulin level in MIN6 cells relative to iso-
type antibody (IgG) treatment (Figure 4).

Discussion

Akita mice spontaneously develop into pronounced insulin
dependent diabetes with an onset of three to fourweeks of
age and exhibit characteristic signs, including hyperglyce-
mia and hypoinsulinemia.12 The hyperglycemia is robust at
the age of 10 to 12weeks.6 In this study, Akita mice initiated
the elevated blood glucose concentration at 4-week age,
reached the peak at 12-week age, and kept the high
values up to 16-week age, the finally observed age.
Simultaneously, insulin level in serum of Akita mice was

Figure 3. IL-17A enhances STZ-induced inflammatory responses in MIN6 cells and anti-IL-17RA-neutralizing antibody reduces this effect. (a) STZ increases IL-17A

production in the pancreas. STZ was intraperitoneally injected daily at a dose of 50mg/kg body weight for five consecutive days. On the 14th day after first STZ

injection, IL-17A level in the pancreas was assessed by ELISA. (b1,b2) IL-17A upregulates IL-17RA and IL-17RC expression in MIN6 cells. The cells were exposed to

STZ (5mM) or IL-17A (100 ng/mL) alone or to the combination of STZ and IL-17A for 24 h. (c) IL-17A enhances STZ-induced expression of the proinflammatory

cytokines in MIN6 cells and anti-IL-17RA-neutralizing antibody diminishes this effect. MIN6 cells were exposed to STZ (5mM) or IL-17A (100 ng/mL) alone or to the

combination of STZ and IL-17A for 24 h. The anti-IL-17RA-neutralizing antibody (500 ng/mL) or isotype antibody (IgG, 500 ng/mL) was applied to the media 2 h earlier.

(d) The anti-IL-17RA-neutralizing antibody reduces IL-17A effect of enhancing STZ-induced iNOS expression in MIN6 cells. The design of the experiment was similar to

that of (c). *P< 0.05, **P< 0.01 versus control; ##P< 0.01 versus STZ; &&P<0.01 versus STZþ IL-17Aþ IgG.
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significantly decreased at the observed 12-week age. These
data confirm that Akita mice represent the properties of
T1D. Importantly, IL-17A-deficient Akita mice manifested
the significantly reduced blood glucose concentration and
the increased serum insulin level in comparison with IL-
17A-intact Akita mice, although both the values did not
return to normal control levels. The results demonstrate
that IL-17A deficiency mitigates diabetic development
induced by the insulin gene mutation. In support of our
present results, Tong et al.16 show that IL-17A deficiency
ameliorates STZ-induced hyperglycemia, insulitis, and
splenic CD8þ cell number. On the other hand, Joseph
et al.15 indicate that IL-17A silencing does not protect
NOD mice from autoimmune diabetes. The inconsistent
results may be explained by the different diabetic animal
models. In Akita mice, ER stress is a major cause for pan-
creatic b-cell apoptosis.12,17IL-17A induces ER stress in
macrophages and IL-17A inhibition attenuates ER stress
and neuroinflammation.25 Accordingly, we propose that

IL-17A deficiency may reduce ER stress in Akita mice
and thereby can improve T1D signs.

Furthermore, both the expression of IL-17A, TNF-a,
IL-1b, and IFN-c in the pancreas and the concentrations
in serum were increased in Akita mice, demonstrating
that enhanced inflammatory reaction occurs in T1D devel-
opment caused by the insulin gene mutation. Importantly,
IL-17A knockout attenuated the production of TNF-a,
IL-1b, and IFN-c in Akita mice, suggesting that IL-17A is
closely related to the inflammatory reaction driven by the
proinflammatory cytokines in T1D development. In NOD
mice, which can develop spontaneous T1D similar to
humans, insulitis appears at around third or fourth week
of their age.12 During this prediabetic stage, the islets of the
pancreas become infiltrated by CD4þ and CD8þ lympho-
cytes, though natural killer and B cells are also present. The
infiltration of innate immune cells into the islets attracts
adaptive CD4þ and CD8þ Tcell subsets into the islets start-
ing from approximately 4–6weeks of age, which are both

Figure 4. IL-17A exacerbates STZ-induced MIN6 cell apoptosis and insulin impairment and blocking IL-17RA reduces these effects. (a) IL-17A enhances STZ-

induced caspase-3 activity in MIN6 cells and anti-IL-17RA antibody abolishes this effect. (b1) A representative image of FACS analysis with Annexin V-FITC and PI

staining. The double negative cell population is healthy, Annexin V positive cells are early apoptotic, and double positive cells are late apoptotic and necroptotic cell

populations. (b2) A statistical histogram from the data like (b1). The Annexin V positive cells plus double positive cells were statistically analyzed as dead cells. (c)

Blocking IL-17RA reduces IL-17A effect of attenuating insulin production in MIN6 cells. The supernatants of MIN6 cell cultures were collected at 24 h after the

treatments and determined for insulin level by ELISA. The insulin concentration in the supernatants of MIN6 cell cultures was normalized to total cellular proteins. The

design of the experiments was similar to that in Figure 3. **P< 0.01 versus control; ##P< 0.01 versus STZ; &&P< 0.01 versus STZþ IL-17Aþ IgG. (A color version of this

figure is available in the online journal.)
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required for diabetes development. Insulitis leads to the
destruction of b cells, while the onset of overt diabetes usu-
ally appears when approximately 90% of the pancreatic
insulin is lost at around 10–14weeks, although diabetes
can develop up to 30weeks of age.12 It is clear that the
proinflammatory cytokines TNF-a, IL-1b, and IFN-c are
produced mainly by innate immune cells such as macro-
phages and monocytes and by adaptive immune cells such
as Th1 lymphocytes. In patients with T1D, TNF-a, IL-1b,
and IFN-c are increased in splenocytes and peripheral
blood mononuclear cells.26 In STZ-induced diabetic
mouse model, TNF-a, IL-1b, and IFN-c are elevated in
blood, CD3þ lymphocytes infiltrate into pancreatic islets,
and periinsular apoptotic cells are observed.27

Overexpression of proinflammatory cytokines in immune
competent cells in T1D results in insulitis by infiltration of
macrophages and T lymphocytes into islet tissue, leading to
b-cell death through the action of TNF-a and IFN-c.28 More
directly, Diaz-Ganete et al.29 induced T1D in mice by
administration of a cytokine cocktail containing IL-1b,
IFN-c, and TNF-a. These data strongly show that the proin-
flammatory cytokines, which derived most possibly from
innate immune cells and Th1 cells, are implicated in inflam-
mation leading to pancreatic b-cell death and T1D devel-
opment. Notably, the long-held view that autoimmune T1D
is primarily driven by a Th1 response has been challenged
by the discovery of Th17 cells.15 Honkanen et al.10 have
reported an upregulation of Th17 immunity in peripheral
blood T cells from children with T1D. This is characterized
by increased IL-17 secretion and expression in vitro. Also,
circulating memory CD4 cells from children with T1D
show the same pattern of IL-17 mRNA upregulation, indi-
cating IL-17 pathway activation in vivo.10 We propose that
IL-17A exerts a synergistic effect with innate and Th1
immune responses in T1D development, since IL-17A defi-
ciency reduced the proinflammatory cytokine production
and alleviated diabetic manifestations. The explanation is
supported by the other report that IL-17/IFN-c receptor
double-deficient NOD mice have an apparent decline in
longstanding diabetes onset in comparison with IL-17
single-deficient NOD mice.14

Studies have suggested that STZ is preferably absorbed
by insulin-secreting b cells and induces diabetes associated
with inflammatory changes of pancreatic islets involving T
cells and macrophages.30 STZ cytotoxicity is mediated by
reactive oxygen species (ROS), reactive nitric oxide species
(NO/RNS), and inflammatory responses.31 In this study,
STZ induced IL-17A production in the pancreas. Further,
exogenously added IL-17A upregulated TNF-a, IL-1b,
IFN-c, and iNOS expression and enhanced STZ-induced
expression of the inflammatory factors in MIN6 cells. The
findings suggest that IL-17A increase in pancreatic tissue
induced by STZ can further promote inflammatory reaction
and oxidative stress of b cells, implying a synergistic effect
of IL-17Awith STZ. It has been shown that TNF-a, IL-1b, or
IFN-c exerts a direct inflammatory injury to pancreatic b
cells18,19 and IL-17 has a synergistic effect in combination
with the proinflammatory cytokines.9,21,32 We propose that
in addition to the synergistic effect, IL-17A can also directly
act on pancreatic b cells to enhance inflammatory response

and oxidative stress. Both IL-17RA and IL-17RC were
expressed in MIN6 cells and upregulated by IL-17A in
this study. IL-17A induces positive regulator of its own sig-
naling pathway, resulting in a complex feedback loop that
can amplify inflammatory response.8 Accordingly, our pre-
sent results suggest that IL-17A-induced IL-17R expression,
as reported by other authors,33 may be an outcome of reg-
ulation by IL-17A itself or/and cellular signals. Although
IL-17 signals through the heterodimeric receptor of IL-
17RA and IL-17RC,34,35 lack of either IL-17RA or IL-17RC
in the heterodimer completely abrogates IL-17 function.36

In the present study, blocking IL-17RA attenuated but not
completely abolished the deleterious effects of IL-17A and
STZ combination on pancreatic b cells, suggesting that only
IL-17A synergistic effect may be reversed by IL-17RA
blockage. Arif et al.9 have reported that IL-17RA expressed
in rat insulin-producing INS-1E cells is upregulated by
combined IL-1b and IFN-c treatment. They think that the
upregulated IL-17RA expression by IL-1b and IFN-c may
trigger IL-17A through IL-17RA to exacerbate apoptosis
initiated by IL-1b and IFN-c, leading to increased b-cell
death. Our present results suggest that IL-17RA expression
is regulated directly by IL-17A in pancreatic b cells and
therefore IL-17A can directly affect survival of the cells
via IL-17RA pathway.

Indeed, IL-17A increased MIN6 cell apoptosis and
further enhanced STZ-induced cell apoptosis. The pro-
apoptotic effect of IL-17Awas blocked by anti-IL-17A anti-
body. Furthermore, IL-17A impaired insulin production in
MIN6 cells, demonstrating a consequence due to MIN6 cell
death. This effect of IL-17Awas also reduced by the block-
age of IL-17RA. The findings confirm that IL-17A exacer-
bates STZ-induced b-cell death by acting on IL-17RA. The
other reports have presented that IL-17A/IL-17 augments
apoptosis in mouse, rat, or human b-cell line (or murine b
cells) induced by the combined treatments with IL-1b and
IFN-c or TNF-a and IFN-c.9,32 Our current results provide
further evidence showing that IL-17A has a synergistic
effect with STZ in promoting b-cell death and insulin
impairment via IL-17RA pathway.

In summary, IL-17A deficiency alleviated hyperglycemia
and hypoinsulinemia and also reduced TNF-a, IL-1b, and
IFN-c production in Akita mice. These data suggest that
IL-17A is involved in T1D pathogenesis by enhancing
inflammatory reaction. Further, STZ induced IL-17A pro-
duction in pancreatic tissue of mice in vivo. Exogenously
added IL-17A enhanced STZ-induced TNF-a, IL-1b, IFN-c
and iNOS expression in mouse insulin-producing MIN6
cells, and the effect of IL-17A was blocked by anti-
IL-17RA-neutralizing antibody. Simultaneously, IL-17A
exacerbated STZ-induced apoptosis and insulin reduction
in MIN6 cells. Blocking IL-17RA abolished the IL-17A del-
eterious effects. Accordingly, we propose that IL-17A aug-
ments inflammatory reaction and oxidative stress in
pancreatic b cells through IL-17RA pathway and thereby
aggravates b-cell apoptosis and insulin impairment that are
characteristic for T1D. Thus, targeting IL-17A or/and
IL-17RA is likely to preserve remaining b-cell function
and treat T1D.
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