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Spleen tyrosine kinase promotes NLR family pyrin
domain containing 3 inflammasome-mediated IL-1f3
secretion via c-Jun N-terminal kinase activation and

cell apoptosis during diabetic nephropathy
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Abstract. Diabetic nephropathy (DN) is a serious compli-
cation of diabetes and can cause an increased mortality
risk. It was previously reported that NLR family pyrin
domain containing 3 (NLRP3) inflammasome is involved
in the pathogenesis of diabetes. However, the underlying
mechanism is not clearly understood. In the present study, the
effects of spleen tyrosine kinase (Syk) and c-Jun N-terminal
kinase (JNK) on the NLRP3 inflammasome were examined
in vivo and in vitro. Sprague-Dawley rats were injected
intraperitoneally with streptozotocin (65 mg/kg) to induce
diabetes. HK?2 cells and rat glomerular mesangial cells
(RGMCs) were examined to detect the expression of JINK
and NLRP3 inflammasome-associated proteins following
treatment with a Syk inhibitor or Syk-small interfering
(si)RNA in a high glucose condition. In the present study, it
was revealed that the protein and mRNA expression levels of
NLRP3 inflammasome-associated molecules and the down-
stream mature interleukin (IL)-13 were upregulated in vivo
and in vitro. The Syk inhibitor and Syk-siRNA suppressed
high glucose-induced JNK activation, and subsequently
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downregulated the activation of the NLRP3 inflammasome
and mature IL-1p in HK2 cells and RGMCs. Furthermore,
high glucose-induced apoptosis of HK2 cells was reduced
by the Syk inhibitor BAY61-3606. Therefore, the present
results determined that high glucose-induced activation of the
NLRP3 inflammasome is mediated by Syk/JNK activation,
which subsequently increased the protein expression level of
IL-1PB and mature IL-1P. The present study identified that the
Syk/JINK/NLRP3 signaling pathway may serve a vital role in
the pathogenesis of DN.

Introduction

Diabetic nephropathy (DN) is a serious complication of
diabetes and may result in end-stage renal failure (1,2). In total,
~30% of patients with diabetes mellitus (DM) developed DN
following a disease duration of 15-30 years (3,4). The morbidity
of DN is markedly rising with the increasing incidence and
prevalence of diabetes. Albuminuria is regarded as the prin-
cipal feature of DN and an independent risk factor for renal
failure, in addition, hyperglycemia invariably acts as an initi-
ating and maintaining factor during the development of end
stage renal disease (5,6); however, the pathogenesis of DN has
not been fully elucidated. A previous study has demonstrated
that the damage of renal hemodynamics and metabolism
caused by chronic hyperglycemia may lead to the secretion
of inflammatory factors, followed by infiltration of immune
cells (7). Therefore, the inflammatory response has been
postulated to serve a key role in the pathogenesis of DN (8). A
previous study conducted by Wang et al (9) demonstrated that
inflammation is associated with DN, and overexpression of
renal inflammasome components NLR family pyrin domain
containing 3 (NLRP3), apoptosis-associated speck-like protein
containing a CARD (ASC) and caspase-1, resulting in eleva-
tion of interleukin (IL)-1p and IL-18, subsequently contribute
to renal injury. These observations suggest that the NLRP3
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inflammasome may be a therapeutic target for diabetes with
kidney injury.

Keller et al (10) demonstrated that NLRP3 is involved
in the regulation of the activity of caspase-1, which in turn
lead to the maturation and secretion of pro-inflammatory
cytokines, including IL-1p against pathogen infection, and
may additionally drive pyroptosis (3). The c-Jun N-terminal
kinase (JNK) signaling pathway is activated through lyso-
some rupture, which subsequently leads to the complete
activation of the NLRP3 inflammasome in macrophages (11).
It was hypothesized that high glucose may induce activation
of the JNK signaling pathway. In the present study, it was
demonstrated that JNK, a stress-responsive mitogen-activated
protein kinase, was activated following high glucose stimula-
tion and a JNK inhibitor suppressed NLRP3 inflammasome
activation.

Spleen tyrosine kinase (Syk) is a non-receptor protein
tyrosine kinase, which transmits B-cell antigen receptor or
Fc-receptor signaling of hematopoietic cells, and Syk may
result in gene transcriptions of C-C motif chemokine ligand
2 and transforming growth factor -1, which may be involved
in the development of DN (12). It was additionally observed
that a tyrosine phosphorylation site is on ASC acts as a
molecular switch controlling inflammasome assembly (3,7). In
the present study, it was demonstrated that Syk was involved
in JNK-dependent NLRP3 inflammasome activation in high
glucose-induced HK?2 cells and rat glomerular mesangial cells
(RGMCs).

Materials and methods

Animals. Sixty Male Sprague-Dawley rats (age, 5-week-old;
weight, 180-200 g) were purchased from The Laboratory
Animal Center of the Academy of Military Medical Sciences
(Beijing, China). They were maintained under standard
conditions of temperature (23+5°C) and humidity (60+5%)
with an alternating 12 h light/dark cycles. All the animals
had access to clean drinking water and a standard pellet
diet. The rats in the experimental group (n=36) were given
a single intraperitoneal injection of fresh streptozotocin
(STZ; 65 mg/kg; Sigma-Aldrich; Merck KGaA) in 0.1 M
sodium citrate buffer (pH 4.3); whereas, the control group
rats (n=24) received the same dosage of sodium citrate
buffer only. At 72 h following injection, blood glucose
>16.7 mM was considered as diabetes. The body and kidney
weight, blood and urine glucose and albumin were deter-
mined at week 12 and 16. Seven DN and six control rats
were sacrificed at 12, 16, 20 and 33 weeks, respectively, and
kidneys were analyzed for mRNA and protein expression
at 12, 16, 20 and 33 weeks. All the experimental proce-
dures in the present study were approved by the Animal
Care and Welfare Committee of Tianjin Medical University
(Tianjin, China).

Reagents and antibodies. NLRP3 (cat. no. 13158, 1:1,500),
phosphorylated (p)-Syk (cat. no. 2710, 1:1,500), p-JINK
(cat. no. 9255, 1:1,500), Syk (cat. no. 13198, 1:1,500),
JNK (cat. no. 9252, 1:1,500), and cleaved caspase-1
(cat. no. 4199, 1:1,500) antibodies were obtained from Cell
Signaling Technology, Inc. (Danvers, MA, USA); caspase-1
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(cat. no. ab179515, 1:1,500), pro-IL-1f (cat. no. ab2105,
1:2,000) and mature (m)IL-1f (cat. no. ab9722, 1:2,000) anti-
bodies from Abcam (Cambridge, UK); apoptosis regulator
Bax (cat. no. 200958, 1:1,000) and Bcl-2 (cat. no. 230004,
1:500) apoptosis regulator (Bcl-2; BH3 Domain Specific)
antibodies from Zen BioScience (Chengdu, China); ASC
(cat.no.sc-271054, 1:500); B-actin (cat. no. sc-47778, 1:1,000)
and mouse anti-rabbit IlgG-HRP (cat. no. sc-2357, 1:4,000)
antibodies from Santa Cruz Biotechnology, Inc. (Dallas,
TX, USA); anti-mouse IgG HRP Conjugate (cat. no. W4021,
1:5,000) from Promega (Madison, WI, USA). All cell culture
reagents were obtained from Thermo Fisher Scientific, Inc.
(Waltham, MA, USA). JNK inhibitor II was purchased from
Merck KGaA (Darmstadt, Germany), and Syk inhibitor
IV, BAY61-3606 from Santa Cruz Biotechnology, Inc.
The radioimmunoprecipitation assay lysis buffer [SO mM
Tris (pH 7.4), 150 mM NacCl, 1% Triton X-100, 1% sodium
deoxycholate, 0.1% SDS] was purchased from Beyotime
Institute of Biotechnology (Haimen, China). TRIzol®
reagent was obtained from Thermo Fisher Scientific,
Inc. The fluorescein iosthiocyanate (FITC)-Annexin V
Apoptosis Detection kit was obtained from BioLegend, Inc.
(London, UK). Lipofectamine® 3000 was purchased from
Invitrogen (Thermo Fisher Scientific, Inc.) Small interfering
(si)RNA specific to Syk was purchased from Santa Cruz
Biotechnology, Inc.

Cell culture. The HK2 cell line was derived from a normal
adult human kidney (13) and RGMC was derived from rat
renal glomeruli (14). In the present study, the HK?2 cells
(cat. no. ZQO0313) and RGMCs (HBZY-1; cat. no. ZQ0540)
were purchased from Shanghai Zhong Qiao Xin Zhou
Biotechnology Co., Ltd. (Shanghai, China). HK2 cells
were maintained in Dulbecco's modified Eagle's medium
(DMEM)/F-12 (1:1) basic (1X) medium (Thermo Fisher
Scientific, Inc.) supplemented with 10% fetal bovine serum
(FBS, Gibco; Thermo Fisher Scientific, Inc.), 1% strepto-
mycin/penicillin. RGMCs were cultured in DMEM containing
5 mM glucose and 10% FBS at 37°C and 5% CO,. The cells
were added to the 6-well plate at a density of 1x10°cells/well
and treated with 5 or 25 mM glucose or high mannitol (Mtol)
concentration (5 mM glucose + 20 mM Mtol), then pretreated
with Syk inhibitor (1 M) or Syk-siRNA for 12, 24, 36 and
48 h to detect the expression of the NLRP3 inflammasome
or for 10, 20, 30 and 40 min to detect the protein level of
p-INK.

Transient transfection. siRNA (50 nM) specific to Syk
(Syk-siRNA) was used to knockdown Syk and a scramble
siRNA, termed negative control (NC)-siRNA, was used as
a control in the experiment. HK2 cells and RGMCs were
transfected using Lipofectamine® 3000 reagent following
the manufacturer's protocol. Sequences for Syk-siRNA
were as follows: Sense, 5'-GCAUGAGUGAUGGGCUUU
ATT-3"; antisense, 5-UAAAGCCCAUCACUCAUGCTT-3".
Sequences for NC-siRNA as follows: Sense, 5'-UUCUCC
GAACGUGUCACGUTT-3"; antisense, 5'-ACGUGACAC
GUUCGGAGAATT-3". Following 48 h of transfection, the
cells were treated with the high glucose and harvested for
western blotting.
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Histological examination. For histological assessment, the
renal cortex was fixed in 4% neutral buffered paraformalde-
hyde for 24 h at 4°C, embedded in paraffin and cut to 5-ym
sections. The sections were dewaxed using standard sequential
techniques at room temperature. Some sections were stained
with hematoxylin and eosin (H&E), the slides were dipped
consecutively in 100, 90, 70 and 50% alcohol for 2 min each,
and placed over running tap water for 10 min before and after
dipping in haematoxylin for 10-15 min. The slides were dipped
twice in 1% acid alcohol and again placed over running tap
water for 10 min before and after dipping twice in 1% ammonia
solution. Finally, the slides were dipped in 2% eosin solution
for 2-3 min and washed with absolute alcohol twice. The slides
were mounted in mounting medium (Solarbio, China) and
observed under a light microscope.

For periodic acid-Shiff (PAS) staining, the formaldehyde
sections were dewaxed, hydrated, stained with schiff's reagent
for 10-15 min at room temperature, then washed with running
water for 5 min. The sections were re-dyed with hematoxylin
for 1-2 min, then washed and soaked in 1% acetic acid aqueous
solution for 3-5 sec, differentiated with 1% acidified ethanol for
3-5 sec at room temperature to remove the excessive binding
dyes, stained with aniline blue for 5 min at room temperature,
immersed in 0.2% acetic acid aqueous solution for 3-5 sec,
treated with 95% ethanol and absolute ethanol, cleared with
xylene, and mounted with neutral gum. A total of 10 fields
were randomly observed using a light microscope (magnifica-
tion, x200 and x400).

Immunohistochemistry. Sections were permeabilized with
1% Triton X-100 for 2 h and blocked with normal goat serum
(Beyotime Institute of Biotechnology, Haiman, China) for
30 min at room temperature, the sections were incubated
sequentially with NLRP3 (1:500; cat. no. ab223687; Abcam),
caspase-1 (1:500; cat. no. ab108362; Abcam) and mIL-1p
(1 pug/ml; cat. no. ab9722; Abcam) antibodies at 4°C overnight.
The next day, after rewarming for 1 h, sections were washed
with PBS and then incubated with mouse anti-rabbit [gG-HRP
(cat. no. sc-2357, 1:100) antibody for 2 h at room temperature.
To visualize the signals, sections were treated with peroxidase
substrate 3,3'-diaminobenzidine (DAB, 0.05%, ZSGB-Bio,
China) and counterstained with hematoxylin for 1 min at room
temperature. Sections were viewed and imaged under a light
microscope (Ni-U; Nikon Corporation, Tokyo, Japan). Images
were analyzed quantitatively using Image-Pro Plus 6.0 (Media
Cybernetics, Inc., Rockville, MD, USA).

Western blot analysis. The renal cortex was excised and
homogenized in protein extraction buffer and centrifuged
at 13,000 x g, 4°C for 20 min. Protein concentration of the
supernatants of tissue homogenate, HK2 cells and RGMCs
were measured using a bicinchoninic acid protein assay
kit. 25 ug protein was loaded per lane and separated on
10 or 12% SDS-PAGE and transferred to polyvinylidene
difluoride membranes. Following blocking with 5%
fat-free dry milk or BSA for 2 h at room temperature, the
membranes were incubated with the primary antibody
(mentioned above) overnight at 4°C. Following three
washes with Tris-buffered saline/Tween 20, the membranes
were probed with secondary antibodies [anti-mouse
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immunoglobulin G (IgG) or anti-rabbit IgG] at room
temperature for 1 h. The protein bands were visualized
with a Horseradish Peroxidase Substrate Peroxide Solution
(EMD Millipore, Billerica, MA, USA) and quantified
using ImageJ software 6.0 (National Institutes of Health,
Bethesda, MD, USA).

Reverse transcription-polymerase chain reaction (RT-PCR).
To measure specific gene expression, the primer sequences
for NLRP3, caspase-1 and IL-1§ were synthesized (Table I).
Total RNA of rat renal cortex from the control group and DM
group was isolated using TRIzol® reagent, according to the
manufacturer's protocol. RT (42°C for 1 h; 70°C for 5 min)
was conducted using the TTANGEN RNA PCR kit (Tiangen
Biotech Co., Ltd., Beijing, China). The DNA polymerase was
purchased from Invitrogen (Thermo Fisher Scientific, Inc.).
PCR reactions were performed at an initial denaturation
at 94°C for 3 min, followed by 35 cycles at 94°C for 30 sec,
55/59/60°C for 30 sec, 72°C for 1 min and final extension
step at 72°C for 5 min. The amplified products were detected
by 1.5% agarose gel electrophoresis, stained with ethidium
bromide (0.5 pg/ml) for 40 min at room temperature. Gene
expression was normalized to [3-actin by Imagel software 6.0
(National Institutes of Health).

Flow cytometry. The cells were treated with BAY61-3606 for
2 h, followed by high glucose treatment for 36 h, and washed
twice with cold Cell Staining Buffer (BioLegend, Inc.).
Subsequently, cells were resuspended in annexin V binding
buffer at a density of 0.25-1.00x107 cells/ml and added 5 pl
FITC-annexin V and 10 pl propidium iodide solution, then
placed at room temperature for 15 min in the dark. Annexin V
binding buffer (400 ul) was added to each tube and analyzed
using a flow cytometer. All data were analyzed using FlowJo
software 7.6 (FlowJo LLC, Ashland, OR, USA), according to
the manufacturers' protocol.

Statistical analysis. Data are presented as the mean + standard
error of the mean. At least three independent experiments and
differences between groups were analyzed by GraphPad Prism
5 software (GraphPad Software, Inc., La Jolla, CA, USA).
Student's t-test was used for comparison between two groups.
One-way analysis of variance was used followed by Dunnett's
post hoc test for comparing between all columns and control
column, or Tukey's post hoc test for comparing all pairs of
columns. P<0.05 was considered to indicate a statistically
significant difference.

Results

Rat model of DN. The body weight, blood glucose and urine
glucose of the diabetic rats were significantly increased
compared with the corresponding control rats (Table II;
P<0.001). Additionally, urine amount and albumin excre-
tion were significantly increased compared with the control
groups (Table IT; P<0.01), which indicated the dysfunction of
kidneys of diabetic rats. Furthermore, PAS and H&E staining
for the kidneys demonstrated glomerular hypertrophy and
mesangial expansion in the diabetic rats (Fig. 1). In contrast,
these alterations were not observed in the rats of the control
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Table I. Primers for reverse transcription-polymerase chain reaction.

Gene Forward sequence (5'-3") Reverse sequence (5'-3")
NLR family pyrin domain containing 3 AGGGCTCTGTTCATTG CTTCCACGTCTCGGTTC
Caspase-1 TGCCTGGTCTTGTGACTTGGAG ATGTCCTGGGAAGAGGTAGAAACG
Interleukin-1p3 TGGGATGATGACGACCTGC GGAGAATACCACTTGTTGGCTTA
B-actin GTTGACATCCGTAAAGACC GACTCATCGTACTCCTGCTC
Table II. The renal function parameters of streptozotocin-induced diabetic rats.

12 weeks 16 weeks
Parameters Control Diabetes Control Diabetes
Body weight (g) 516.3x11.20 236.7+17.32° 624.3+1.202 329.0+24.06¢
Kidney/body weight ratio (%) 0.27+0.030 0.59+0.037° 0.30+0.0053 0.56+0.00*
Blood glucose (mmol/l) 6.26+0.27 32.27+0.61° 6.07+0.43 32.70+0.30¢
Urine amount (ml) 10.67+3.18 198.3+22.28° 11.20+2.88 250.8+17.15¢
Urine glucose (mmol/l) 2.45+0.13 357.2+28.89¢ 3.03+091 425.1+£32.20¢°
Albumin excretion (mg/24 h) 21.63£5.17 140.3+17 45° 14.16+3.721 100.3+6.86°

Data are presented as the mean =+ standard error of the mean. n=3/group. Statistical significance was determined using the Student's t-test.

1P<0.05, °P<0.01, °P<0.001 vs. respective control.

DN (x 400)

Figure 1. Streptozotocin-induced DN in rats. Histological examination by PAS staining and H&E staining (x200 and x400 magnification) for DN rats at
12 weeks. The arrowheads represent the sections of expanding glomerular basement membrane. DN, diabetic nephropathy; PAS, periodic acid-Shiff; H&E,

hematoxylin and eosin.

group, suggesting that the renal structure of diabetic rats was
disorganized.

NLRP3 inflammasome is activated in rats with DN. Previous
studies reported that inflammasome activation participates
in the development of DN; therefore, the renal injury was
estimated by immunohistochemical staining of NLRP3,
caspase-1 and mIL-1B. As demonstrated in Fig. 2A and B,
the expression of NLRP3, caspase-1 and mIL-1§ in the DN
group was significantly higher compared with the control

group (P<0.01). Protein expression levels of NLRP3 inflam-
masome was examined in DN rat kidneys at different weeks,
but its protein expression levels at 16 weeks was upregulated
more. Furthermore, there was no difference in the expression
levels of NLRP3 inflammasome in control rats at different
weeks. Therefore, the 16-week-old DN and control rats was
chosen as the experimental time point. Three different rats
from the control group at 16 weeks (termed C1, C2 and C3)
and three different rats from the DN group at 16 weeks
(termed DNI1, DN2 and DN3) was selected to assess the
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Figure 2. NLRP3 inflammasome activity in DN rats. (A) Representative images of paraformaldehyde-fixed kidney sections from the control group and
DN group rats at 16 weeks were stained with anti-NLRP3, anti-caspase-1 and anti-mIL-1f antibodies and representative images (x400x magnification).
(B) Staining of NLRP3, caspase-1, mIL-1f in rat kidney was quantified using Image-Pro Plus 6.0. (C) Total RNA from the kidneys of the 16-week-old control
rats and DN rats was extracted and subjected to RT-PCR for NLRP3, caspase-1 and IL-1f at 12, 16, 20 and 33 weeks. (D) RNA was extracted from kidneys of
three different control rats and three different DN rats, and then subjected to RT-PCR at week 16. (E) Densitometry analysis of the mRNA levels of NLRP3,
caspase-1 and IL-1f3 in 16-week-old control rat kidneys and DN rat kidneys. (F) Total lysates from kidneys in control rats at different weeks were extracted
and subjected to western blot analysis for NLRP3, ASC and caspase-1. (G) Densitometry analysis of NLRP3, ASC and caspase-1 in. (H) The protein expres-
sion levels of NLRP3, ASC and caspase-1 in DN rats at 12, 16, 20 and 33 weeks and control rats at 16 weeks. (I) Densitometry analysis of NLRP3, ASC and
caspase-1. (J) Protein was extracted from kidneys of three different DN rats and three different control rats, and then subjected to western blot to detect the
protein levels of these molecules mentioned above in 16-week-old DN and control rats. (K) Densitometry analysis of NLRP3, ASC, caspase-1p20 and mIL-1f.
Data are presented as the mean + standard error of the mean from three independent experiments. Student's t-test was used for comparison between control
group and DN group (for A-E, J and K). One-way ANOVA followed by Dunnett's post hoc (for H and I) or Tukey's post hoc test (F and G). "P<0.05, “P<0.01,
“P<0.001 vs. control group. B-actin was used as the internal loading control. RT-PCR, reverse transcription-polymerase chain reaction; ANOVA, analysis of
variance; DN, diabetic nephropathy; NLRP3, NLR family pyrin domain containing 3; mIL-1{, mature interluekin-1f; C, control; ASC, apoptosis-associated
speck-like protein containing a CARD.
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16 were detected by western blotting. (D) Quantification of the JNK expression. Data are presented as the mean + standard error of the mean from three
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Figure 4. Role of Syk in DN rats. The protein expression level of p-Syk
and Syk was examined in the kidneys of (A) control rats at 16 weeks and
DN rats at different weeks as well as. (B) control rats at different weeks.
(C) Phosphorylation of Syk in three different DN rats and three different
control rats at week 16 and (D) densitometry analysis of p-Syk. Data are
presented as the mean =+ standard error of the mean from at least three
independent experiments. Statistical significance was determined using the
Student's t-test. “"P<0.001 vs. control. DN, diabetic nephropathy; p, phos-
phorylated; Syk, spleen tyrosine kinase; C, control.

mRNA expression levels of NLRP3 in kidney tissues
(Fig. 2C-E). There was an ~2 fold increase in the expres-
sion level of NLRP3 in the diabetic rats group compared
with the control group (Fig. 2E; P<0.01). Furthermore, the
mRNA expression levels of caspase-1 and IL-1f were also
significantly increased (Fig. 2E; P<0.05).

The protein expression levels of NLRP3 inflamma-
some-associated molecules in the control group were detected
at12,16,20 and 33 weeks,and normalized to [3-actin as a control.
It was identified that there was no alteration in the expressions
of these molecules in the control group at different weeks
(Fig. 2F and G), thus we randomly selected the 16-week-old

ok

P<0.001 vs. control. p, phosphorylated; JNK, c-Jun N-terminal

control rats as the control group for our further examination.
We detected the protein level of NLRP3 inflammasome in the
DN rat kidneys and the result revealed that the protein expres-
sion levels of NLRP3, ASC and caspase-1 in the DN rats at 12,
16, 20 and 33 weeks were significantly increased compared
with the control group rats at 16 weeks (Fig. 2H and I; P<0.05)
with the exception of ASC at week 33. Among them, the most
marked difference in expression was observed in 16-week-old
rats (Fig. 2H and I); therefore, we selected the 16-week-old DN
rats as our experimental group for further examination. Three
different rats from the control group at 16 weeks (C1, C2 and
C3) and three different rats from the DN group at 16 weeks
(DN1, DN2 and DN3) were selected for further evaluation.
As demonstrated in Fig. 2J and K, in addition to upregulation
of NLRP3, the expression of caspase-1p20, an active form of
caspase-1, was significantly higher compared with the control
group (Fig. 2K; P<0.05). Simultaneously, the protein expression
level of mIL-1f was significantly increased (Fig. 2K; P<0.01).

Phosphorylation of JNK is increased in rats with DN. In
a similar trend to the NLRP3 inflammasome-associated
molecules, the phosphorylation of JINK was increased in the
diabetic rats at 12, 16, 20 and 33 weeks (Fig. 3A and B) and
the phosphorylation levels of JNK in the three 16-week-old
DN rats (DN1, DN2 and DN3) were significantly increased
compared with the three 16-week-old rats (C1, C2 and C3)
in the control group (P<0.001; Fig. 3C and D). These results
suggest that JNK is involved in the pathogenesis of DN.

Syk is activated in rats with DN. To determine whether Syk
is involved in the pathogenesis of DN, the protein expression
of Syk was detected in renal tissue. Western blot analysis
demonstrated that level of p-Syk in the diabetic group rats
appeared increased compared with the control group at the
corresponding 12, 16, 20 and 33 weeks (Fig. 4 and B). Further
confirming these observations, phosphorylation of Syk in
the three different 16-week-old DN rats (DN1, DN2 and
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(1:1) containing 5 mM glucose or 25 mM glucose for different times. The protein expression levels of p-JNK, NLRP3 and ASC were detected by western
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DN3) kidney was significantly increased compared with the
three 16-week-old rats (C1, C2 and C3) in the control group
(P<0.001; Fig. 4C and D).

Inhibition of JNK attenuates high glucose-induced NLRP3
inflammasome activation in HK2 cells. To confirm the role

of JNK, HK2 cells were treated with or without the JNK
inhibitor (10 M) for 2 h, and subsequently exposed to 5 or
25 mM glucose for 24 h. As demonstrated in Fig. 5A and B,
high glucose (25 mM) induced a significant increase in the
phosphorylation level of JNK, particularly at 10 and 20 min,
compared with normal glucose (P<0.01). Furthermore, the
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protein expression levels of NLRP3 and ASC were also
increased subsequent to treatment with high glucose, particu-
larly at 12, 24 and 36 h. The JNK inhibitor downregulated
the high glucose-induced increased expression of NLRP3,
caspase-1p20 and ASC expression and along with a decrease
in the maturation of IL-1f (Fig. 5C and D), confirming that
JNK may have a critical role in NLRP3-dependent maturation
of IL-1f during the development of DN.

Syk is involved in JNK-dependent NLRP3 inflammasome
activation in high glucose-induced HK?2 cells and RGMCs.
The role of Syk in JNK-dependent NLRP3 inflammasome
activation induced by high glucose was further investi-
gated. The protein level of Syk in HK?2 cells and RGMCs
was evaluated following transfection with Syk-siRNA. As
expected, Syk protein levels were significantly decreased
by Syk-siRNA transfection compared with control (Fig. 6A
and B). As demonstrated in Fig. 7A, phosphorylation of
Syk was increased following treatment with high glucose,
significantly at 10 and 20 min compared with normal glucose
levels (P<0.05). By contrast, the hyperosmotic Mtol control
group exhibited no effect on the production of p-Syk in HK2
cells. In Fig. 7B, high glucose increased the phosphorylation
of JNK and the addition of BAY61-3606 decreased high
glucose-induced phosphorylation of JNK. The increased
protein expression of downstream molecules, including
NLRP3, ASC, caspase-1p20 and mIL-1f3 induced by high
glucose was significantly reduced following Syk inhibi-
tion (Fig. 7C and D; P<0.05). The addition of Syk-siRNA
demonstrated a similar effect. The expression of p-JNK
and NLRP3 inflammasome was markedly decreased
in Syk-siRNA-treated HK2 cells compared with high
glucose-treated HK2 cells (Fig. 7E-G), which suggests an
important role of Syk in regulating JNK-dependent activa-
tion of NLRP3 inflammasome and subsequent maturation of
IL-1p upon stimulation with high glucose.

It was additionally demonstrated that Syk had a critical role
in the JNK/NLRP3/IL-1f pathway in high glucose induced
RGMCs. As demonstrated in Fig. 8A-C, the Syk inhibitor

QIAO et al: SYK PROMOTES INFLAMMATION

BAYG61-3606 significantly decreased the level of p-JNK
and the downstream molecules, including NLRP3, ASC,
caspase-1p20 and mIL-1f, induced by high glucose (P<0.05).
Similar effects were also observed in Syk-siRNA-treated
cells (Fig. 8D-F). Taken together, these data demonstrated
that Syk acts upstream of JNK and NLRP3 inflammasome in
RGMCs.

Syk is involved in high glucose-induced apoptosis of HK2
cells. The aforementioned results collectively support that Syk
is involved in the process of apoptosis; to verify the implica-
tion of Syk in the pathomechanism of apoptosis in DN, a series
of experiments were performed. HK2 cells were pretreated
with high glucose for 36 h and the protein expression levels
of Bax and Bcl-2 were subsequently determined by western
blotting. As demonstrated in Fig. 9A, expression of Bax was
significantly increased and Bcl-2 significantly decreased by
high glucose (P<0.001). Furthermore, high glucose-induced
activation of Bax was decreased and Bcl-2 was increased in
HK?2 cells upon incubation with the Syk inhibitor BAY61-3606
(Fig. 9B). Additionally, the flow cytometry analysis demon-
strated that the inhibition of Syk significantly reduced
apoptosis of HK2 cells in high glucose (Fig. 9C). Although
the apoptotic rate of HK2 cells in 5 mM glucose+BAY61-3606
treated group was higher than that in 5 mM glucose treated
group, that was not statistically significant (data not shown).
Taken together, these results indicated that Syk was involved
in high glucose-induced apoptosis of HK?2 cells; however, the
specific mechanism requires further investigation.

Discussion

DN is a serious complication of DM, with 25-40% of patients
with type 1 DM developing DN within 20-25 years of diabetes
and leads to a high mortality rate worldwide (15). Therefore,
finding novel therapeutic strategies against DN is an important
unmet medical requirement at present (16). Previous studies
reported that the immune-mediated inflammatory response
participates in the development of DN. Numerous inflam-
matory cytokines, including IL-1f, IL-18, tumor necrosis
factor-a,, C-C motif chemokine 2 and intercellular adhesion
molecule 1 are significantly increased in renal tissues during
DN and attenuating the expression of these cytokines may
protect against diabetic renal injury (17-19). In the present
study, it was demonstrated that the expression of NLRP3 was
upregulated in high-glucose induced HK2 cells, which also
led to upregulation of ASC expression, cleavage of caspase-1
and maturation of IL-1B. Furthermore, it was identified that
the phosphorylation levels of Syk and JNK were significantly
increased in the DN kidneys compared with control animals.
While, the increase in phosphorylation of Syk and JNK
appears to have been diminished over time. Kanellis et al (20)
demonstrated that in I/R rat kidneys, delaying JNK inhibitor
treatment until 1 h following reperfusion conferred no benefit,
combined with the present results, it may suggest that the
early peak of JNK activation is the main pathologic event
during kidney injury. To examine the effects of Syk on the
inflammasome pathway during the pathogenesis of DN, the
core inflammatory molecular expression was investigated in
HK2 cells and RGMCs. BAY61-3606 inhibited JNK-mediated
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Figure 7. Syk is involved in JNK-dependent NLRP3 inflammasome activation in high glucose-induced HK?2 cells. (A) Level of p-Syk was determined in HK2
cells. (B) Effects of BAY61-3606 on high glucose-induced phosphorylation of JNK determined by western blotting. (C) Protein expression level of NLRP3,
ASC, caspase-1, caspase-1p20, pro-IL-1f and mIL-1f were examined by western blotting in HK?2 cells and (D) analyzed using densitometry. (E) HK2 cells
transfected with siRNA against Syk were exposed to high glucose condition for 48 h and the expression of p-JNK was measured and quantified. (F) HK2
cells were additionally examined to determine the protein expression levels of NLRP3, ASC, caspase-1, caspase-1p20, pro-IL-1 and mIL-1f by western
blotting and (G) densitometry was performed using ImageJ software. The data are presented as the mean + standard error of the mean of three independent
experiments. "P<0.05, “P<0.01 vs. 5 mM glucose by one-way ANOVA followed by Dunnett's post hoc test (for A). “P<0.05, #P<0.01, ##P<0.001 vs. 25 mM
glucose by one-way ANOVA followed by Tukey's post hoc test (for B-G). ANOVA, analysis of variance; NC, negative control; siRNA, small interfering RNA;
Syk, spleen tyrosine kinase; p, phosphorylated; JNK, c-Jun N-terminal kinase; NLRP3, NLR family pyrin domain containing 3; ASC, apoptosis-associated

speck-like protein containing a CARD; mIL-1f, mature interleukin 1f3.
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expression of inflammasome genes, including NLRP3, ASC,
caspase-1 and mIL-1f. Similarly, Syk-siRNA reduced the high
glucose-induced upregulation of p-JNK and decreased the
expression of NLRP3, ASC, caspase-1p20 and mIL-1f3 in HK2
cells and RGMCs. These results suggest that Syk is a pivotal
protein in regulating the pathophysiology of HK?2 cells and
RGMCs under high glucose condition and Syk inactivation
is crucial for protective effects on high glucose-treated HK2
cells and RGMCs.

A previous study demonstrated that high glucose may
induce the expression of NLRP3 and pro-caspase-1 in mesan-
gial cells, which leads to the maturation of inflammatory
cytokines through proteolysis and tissue inflammation (21).
Okada et al (11) reported that INK regulates the NLRP3
inflammasome through the oligomerization of ASC in THP-1
cells. In addition, Syk served a crucial role in mediating
NLRP3 stimuli-induced processing of pro-caspase-1 and the
consequent activation of caspase-1 in 293T cells, and Syk
may directly associate with NLRP3 and ASC, and, interact
indirectly with pro-caspase-1 (3). Furthermore, substantial
amount evidence supports that Syk is required for activation
of JNK signaling, acute neutrophil-mediated glomerular
injury and cell death (22,23). Therefore, it was hypothesized
that Syk serves a key role in activating JNK signaling, and
subsequently induces activation of the NLRP3 inflammasome
and mIL-1f during the development of DN. The present study
suggested that the Syk/JNK/NLRP3 signaling pathway is
a novel signaling pathway involved in DN. Similarly, it was
also identified that the Syk/JNK/NLRP3 pathway served an
important role in diabetic cardiomyopathy, Syk-siRNA and
JNK-siRNA attenuated high glucose-induced upregulation of

NLRP3 (data not shown). Thus, this signaling pathway may
serve a pivotal role in renal and cardiac function.

Short-term application of inhibitors in vivo was usually
selected (24,25), and the long-term application of inhibitors
(>20 days) is mainly focused on diseases that are accompa-
nied with few complications and little influence on basic
metabolism (26,27). The present study was conducted over
4-5 months and it is noteworthy that diabetes deteriorates
with time, thus the same dose may exert different effects on
diabetic rats at different time points. Therefore, a specific dose
of inhibitor, which may be effective in an early stage, may not
exert an effect in a later stage. In addition, the internal factors
are complex and the application of inhibitors in vivo may not
be targeted to the kidney. Thus, the effects of Syk and JNK
inhibitors in the STZ-induced diabetic rats was not assessed
and only the association of Syk, JNK, NLRP3 inflammasome
and IL-1B in two types of cells in vitro was clarified. Based
on the histological examination, diffuse lesions were observed
in the diabetic rat kidneys. HK2 cells are frequently used in
studies associated with renal inflammatory process (28,29),
thus HK?2 cells were selected for examination in the present
study. Mesangial cells are additionally frequently examined
in studies concerning kidney diseases (30,31); therefore, the
effect of Syk on RGMCs under high glucose condition was
additionally examined. Taken together, it was demonstrated
that the Syk signaling pathway was involved in renal tubular
injury and glomerular injury by high glucose in the present
study.

Previous studies have demonstrated that high glucose
rapidly activates Syk, which leads to tyrosine phosphorylation
of nuclear factor (NF)-«xB inhibitor o and thus activates NF-xB
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in proximal tubular epithelial cells and glomerular mesangial
cells; while deficiency of Syk reverses the effect (32-34),
which indicates NF-«kB may be involved in the Syk signaling
pathway under high glucose conditions. Excessive production
of reactive oxygen species (ROS) may promote the generation
of various cytokines and stimulate the activation of signaling
pathways to affect the bioactivity of renal cells, which may ulti-
mately initiate and participate in the pathogenesis of DN (35).
Wei et al (36) demonstrated that ROS production leads to
activation of mitogen-activated protein kinase 3/1, INK and
NF-«B transcription factor in podocyte. Furthermore, high
glucose was able to induce mesangial cell proliferation and
fibronectin expression through the JNK/NF-«B/NADPH
oxidase/ROS signaling pathways (37) and activate the pathway
of ROS/thioredoxin-interacting protein (TXNIP)/NLRP3
inflammasome signaling and results in the release of IL-1p
in GMCs (24). TXNIP is implicated in the activation of ROS
in rats and humans with DN and closely associated with
renal fibrosis (38,39). Thus, the specific roles of inflamma-
tory molecules, including ROS, NF-kB and TXNIP in the
Syk/JNK/NLRP3 signaling pathway require further examina-
tion in DN. Gasdermin-D (Gsdmd) is a generic substrate for
caspase-1 and caspase-4/5/11 and is additionally associated
with NF-kB (40,41). The function of Gsdmd in DN requires
clarification.

Previous studies suggest that the mechanisms of apoptosis
involved in the pathogenesis of DN primarily includes hyper-
glycemia-mediated oxidative stress-induced apoptosis (42),
endoplasmic reticulum stress-induced apoptosis (43), and
pro-apoptotic (including Bax and Bcl-2-associated agonist of
cell death) and anti-apoptotic (including Bcl-2 and Bcl-x1) Bel-2
family proteins-mediated apoptosis. However, it was observed
that Syk serves an essential role in numerous types of cells,
including T-cell non-Hodgkin lymphoma cell lines, human
retinoblastoma cells, breast cancer cells, immunocytes and
neurons (44-48); therefore, it was investigated whether Syk is
involved in the mechanism of apoptosis in high glucose-induced
HK2 cells. It was demonstrated that high glucose indeed
increased the apoptosis of HK2 cells, and the expression of
pro-apoptotic protein Bax was markedly increased; whereas,
anti-apoptotic protein Bcl-2 was decreased. The Syk inhibitor
eliminated these alterations. All the present data demonstrated
that Syk was involved in high glucose-induced apoptosis in
HK2 cells; however, the specific mechanism requires further
investigation.

In conclusion, the present study demonstrated thatthe NLRP3
inflammasome acts as a sensor and a regulator of the inflamma-
tory response in DN, resulting in cleavage of pro-caspase-1 and
maturation of cytokine IL-1f3. The phosphorylation of Syk may
predominantly increase the phosphorylation level of INK and
the expression of its downstream molecules, including NLRP3,
caspase-1p20, ASC and mIL-1f in high glucose-induced HK2
cells and RGMCs, which may be inhibited by the Syk inhibitor
BAYG61-3606 or Syk-siRNA. Furthermore, Syk was involved
in high glucose-induced apoptosis of HK2 cells. However, the
effect of Syk and JNK inhibitors on the STZ-induced diabetic
rats was not detected, therefore, the specific mechanism
requires further examination. The present results may help to
clarify the cellular and molecular basis of the pathogenesis in
DN, providing a novel potential target for the treatment of DN.
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