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ASK1/p38-mediated NLRP3 inflammasome
signaling pathway contributes to aberrant retinal
angiogenesis in diabetic retinopathy
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Abstract. Diabetic retinopathy (DR) is the leading cause
of blindness among the working-age population in several
countries. Despite the available treatments, some patients are
diagnosed at the late stages of the disease when treatment is
more difficult. Hence, it is crucial that novel targets are identi-
fied in order to improve the clinical therapy of DR. In the present
study, an animal model of DR and a cell model using primary
human retinal microvascular endothelial cells exposed to high
glucose were constructed to examine the association between
apoptosis signal-regulating kinase 1 (ASK1)/p38 and NLR
family pyrin domain containing 3 (NLRP3) in DR. The results
revealed that DR induced inflammatory response and micro-
vascular cell proliferation. NLRP3 contributed to DR-mediated
inflammatory development and progression, which promoted
the expression of inflammatory-related cytokines. In addition,
NLRP3 promoted the tube formation of retinal microvascular
endothelial cells and angiogenesis. Moreover, further research
indicated that the NLRP3-mediated aberrant retinal angiogen-
esis in DR was regulated by ASK1 and p38. It was thus suggested
that ASK1/p38 may be novel target for the treatment of DR.

Introduction

Diabetic retinopathy (DR) is a common and specific micro-
vascular complication of diabetes, and it remains the leading

Correspondence to: Dr Wenjun Zou or Dr Zhifeng Wu,
Department of Ophthalmology, The Affiliated Wuxi No. 2 People's
Hospital of Nanjing Medical University, 68 Zhongshan Road, Wuxi,
Jiangsu 214002, P.R. China

E-mail: wendyzwj0805@njmu.edu.cn

E-mail: zhifengwu2018@126.com

“Contributed equally

Key words: diabetic retinopathy, inflammatory, ASK1/p38,
NLRP3, angiogenesis

cause of preventable blindness among the working-age popu-
lation (1,2). It is associated with diabetes and increases the
risk of life-threating systemic vascular complications, which
include stroke, coronary heart disease, and heart failure (3,4).
The main reason for the irreversible visual impairment induced
by DR is retinal neovascularization (5). DR is usually associ-
ated with the disruption of certain signaling pathways and
the aberrant expression of functional molecules (6). Hence,
the potential molecular mechanisms responsible for retinal
neovascularization are of utmost importance. In addition, the
development of effective diagnostic and therapeutic strategies
for patients with DR is imperative.

Some studies have demonstrated that DR can cause the
activation of the polyol pathway and hexamine pathways, the
accumulation of advanced glycation end products, inflamma-
tion and protein kinase C activation (5,7,8). There is increasing
evidence to indicate that the inflammatory response plays
an important role in the pathogenesis of DR (7). Moreover,
the high expression levels of pro-inflammatory cytokines are
observed in retinas from animals with diabetes (5). Therefore,
the inhibition of inflammatory signaling may become an
effective treatment strategy for DR.

The inflammasome is a multiprotein scaffolding complex
which includes a member of the NOD-like receptor family,
pyrin domain containing family member (NLRP), procas-
pase 1 and apoptosis-associated speck-like protein containing a
CARD (9). To date, the NLR family pyrin domain containing 3
(NLRP3) inflammasome is known to lead to the secretion of
the pro-inflammatory cytokine, IL-13, by recognizing danger
signals and apoptosis-associated speck-like protein to activate
caspase-1 (9). Related research has revealed that NLRP3
activation plays a crucial role in metabolic disease, such as
type 2 diabetes (10). Moreover, vitreous clinical samples from
patients with various stages of diabetes have been revealed
to exhibit an increased expression of the NLRP3 and related
inflammatory proteins, with the greatest increase observed in
patients with proliferative DR (11). Thus, it appears that the
NLRP3 inflammasome may be involved in retinal disease.

Apoptosis signal-regulating kinase 1 (ASK1), a member of
the mitogen-activated protein kinase kinase kinase (MAP3K)
family, is an important stress responsive protein kinase which
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plays a crucial role in the initiation of numerous diseases,
including neurodegenerative, cardiovascular, inflammatory,
autoimmunity, and metabolic disorders (12,13). The MAPK
member, p38, is a serine/threonine protein kinase, which
responds to several cellular processes and external stress
signaling, such as cell differentiation, cell proliferation,
inflammation regulation and cell death (14,15). ASK1 is the
most well-studied family member and is an upstream kinase
of the JNK and p38 pathways (16,17). It has been demonstrated
that ASK1 is activated in response to a variety of stress-related
stimuli via distinct mechanisms and activates MKK4 and
MKK3, which in turn activate JNK and p38 (18). Related
research has revealed that the ASK1/2 signaling complex
contributes to pyroptotic cell death by regulating the NLRP3
inflammasome (19). Although ASK1/p38 plays a substantial
role in inflammation, its role in the pathogenesis of DR has yet
not been described, at least to the best of our knowledge.

In the present study, an animal model of DR and a cell
model using primary human retinal microvascular endothe-
lial cells (HRMECS) exposed to high glucose (HG) were
constructed to investigate the association between ASK1/p38
and NLRP3 in DR.

Materials and methods

Cell culture and stimulation. The HRMECs were purchased
from Cell Systems, and were routinely cultured in M199
medium (EMD Millipore) supplemented with 100 units
of penicillin and 100 pg of streptomycin (both from
Sigma-Aldrich; Merck KGaA) per milliliter of medium. All
cells (passages 5-12) were cultured in grade plastic-ware and
maintained in an atmosphere of 5% CO, at 37°C.

For the establishment of the HG cell models, the
HRMECs were cultured in conditioned medium with 5 mM
[serving as the normal glucose (NG) group] or 30 mM
(the HG group) D-glucose (Sigma-Aldrich; Merck KGaA)
and incubated at 37°C with 5% CO,; the HG group was
then treated with or without 1 M of the NLRP3 inhibitor,
CY-09, 1 uM of the ASK1 inhibitor, GS-444217 or 10 uM of
the p38 inhibitor, SB203580 (all from MedChemExpress) for
24 h, respectively. Each inhibitor was dissolved in dimethyl
sulfoxide (DMSO) to a concentration of 50 mM for use as
stock solutions that were diluted to the required concentra-
tions for in vitro experiments.

Establishment and treatment of the animal model of DR.
Male C57/BL/J mice (n=30; 10 weeks old; 19-21 g) were
housed under specific pathogen-free conditions at 25°C with
a 12-h light/dark cycle and free access to food and water
at the Animal Research Center of the Affiliated Wuxi No.
2 People's Hospital of Nanjing Medical University, which
observed animal growth status every day. All of the animal
experiments were performed in accordance with the
Guidelines for the Care and Use of Laboratory Animals
published by the US National Institutes of Health (NIH
Publication. no. 85-23, revised 1996), and were approved by
the Experimental Animal Ethics Committee of the Affiliated
Wuxi No. 2 People's Hospital of Nanjing Medical University
(Nanjing, China). Streptozotocin (STZ)-induced hypergly-
cemic mice were utilized as the type I diabetic-like model
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associated with retinopathy, as previously described (20).
Male C57/BL/J mice received constitutive intraperitoneal
injections of 50 mg/kg STZ in a citric buffer (pH 4.5)
once/day for 5 days. After the final injection, the 4-h fasting
blood glucose levels were determined, which were between
15.0 to 20.0 nmol/l. The mice in the control group were
injected only with citric buffer. The hyperglycemic (HG)
mice were randomly divided into 5 groups as follows: The
normal group (NG), the HG-treated group, the HG + the
NLRP3 inhibitor CY-09 treatment group, the HG + ASK1
inhibitor GS-444217 treatment group and the HG + p38
inhibitor SB203580 treatment group. NLRP3 inhibitor
CY-09 was administered orally to the C57BL/6J mice at a
dose of 2.5 mg/kg once a day for 6 weeks. ASK1 inhibitor
GS-444217 was administered orally to the mice at a dose
of 10 mg/kg once a day for 6 weeks. The p38 inhibitor
SB203580 was administered orally to the mice at a dose of
15 mg/kg once a day for 6 weeks. The mice in the normal
and model groups received the same volume of water. All
inhibitors were first dissolved in a small quantity of DMSO,
and then evenly mixed with 0.5% CMC-Na solution. The
final concentration of DMSO was 5%. The treatment period
lasted for 6 weeks. Twenty-four hours after the last treat-
ment, the mice from all of the groups were sacrificed by
cervical dislocation. When the breathing of the mouse
stopped, the pupils were dilated, and the heartbeat stopped,
the mice were considered euthanized. Then, the eyeballs
were collected from the sacrificed mice. Some of the retinas
were enucleated and placed in 4% paraformaldehyde over-
night for use in immunofluorescence staining. The other
retinas were stored at -80°C for use in RT-qPCR or western
blot analysis. No anesthetics were used in this model.

Reverse transcription-quantitative PCR (RT-gPCR). Total
RNA was isolated from the HRMECs and tissue samples
using TRIzol reagent (Sigma-Aldrich; Merck KGaA)
and was reverse transcribed into cDNA using Reverse
Transcription Kit (Bio-Rad Laboratories, Inc.) according
to the manufacturer's instructions. RT-qPCR was then
performed on a MyiQ single-color RT-PCR detection system
with SYBR-Green Supermix (Vazyme Biotech Co., Ltd.).
The qPCR thermocycling conditions were as follows: 95°C
for 3 min, 40 cycles at 95°C for 30 sec, annealing at 60°C
for 45 sec, and a final elongation step at 72°C for 20 sec.
The CFX96 Real-Time PCR System (Bio-Rad Laboratories,
Inc.) was used to conduct the reaction and detection. The
primer sequences for each gene were as follows: IL-6
forward, 5'-CTTCACAAGTCGGAGGCTTAAT-3" and
reverse, 5'-GCATCATCGCTGTTCATACAATC-3'; TNF-a
forward, 5'-GCCTCAGCCTCTTCTCATTC-3' and reverse,
5'-GGGAACTTCTCCTCCTTGTTG-3'"; IL-1p forward,
5"TGACCCATGTGAGCTGAAAG-3' and reverse, 5'-CGT
TGCTTGTCTCTCCTTGTA-3'; GAPDH forward, 5'-GGG
AAACCCATCACCATCTT-3' and reverse, 5'-CCAGTA
GACTCCACGACATACT-3". Relative mRNA expression
was normalized to that of GAPDH and was determined
using the comparative Cq method (2°24¢9) (21).

Western blot analysis. For western blot analysis, the protein
from the HRMECs and tissue samples was lysed in RIPA
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buffer containing protease inhibitor cocktail [Generay Biotech
(Shanghai) Co., Ltd.]. Protein concentration was determined
using a BCA assay kit (cat. no. 23250; Pierce; Thermo Fisher
Scientific, Inc.). Equal amounts (30 pg each) of total proteins
were subjected to electrophoresis on sodium dodecyl sulphate
polyacrylamide 10% gels and transferred onto nitrocellulose
membranes (Life Technologies; Thermo Fisher Scientific, Inc.).
After blocking using 5% BSA (Sigma-Aldrich; Merck KGaA)
at room temperature for 2 h, the NLRP3, ASK1, p38, inter-
leukin (IL)-6, tumor necrosis factor (TNF)-a, vascular
endothelial growth factor (VEGF), IL-1p3 and GAPDH levels
were probed with anti-NLRP3 (product code ab263899),
anti-ASK1 (product code ab45178), anti-p38 (product code
ab178867), anti-IL-6 (product code ab229381), anti-TNF-a
(product code ab215188), anti-VEGF (product code ab53465),
anti-IL-1f (product code ab234437) and anti-GAPDH
(product code ab8245) antibodies overnight at 4°C (all
1:1,000; Abcam). The membranes were then incubated with
appropriate secondary antibodies (goat anti-mouse IgG H&L,
1:10,000, product code ab150115; and goat anti-rabbit IgG
H&L, 1:10,000, product code ab150077; both from Abcam)
for 2 h at room temperature. The blots were detected using
Bio-Imaging System and Quality One 1-D analysis software
(Bio-Rad Laboratories, Inc.).

Immunofluorescence staining. The sections from the mouse
retinal tissues were fixed with ice-cold acetone for 20 min.
The slides were blocked with 5% BSA in PBS for 1 h at room
temperature and subjected to incubation at 4°C overnight with
the following primary antibody mixtures: Biotin-anti-mouse
CD31 (1:100; product code ab222783; from Abcam) or
biotin-anti-mouse IB4 (1:100; product code 121411; from
Thermo Fisher Scientific, Inc.). The slides were then washed
and incubated with streptavidin-Alexa Fluor 488 conjugate
(1:200; cat. no. S32354) or streptavidin-Alexa Fluor 594
conjugate (1:200; cat. no. S32356; both from Thermo Fisher
Scientific, Inc.) for 90 min at room temperature. The slides
were co-stained with DAPI and mounted with fluoro-gel
(Electron Microscopy Science). Confocal images were
acquired using a Leica TCS SP5 confocal microscope system
(Leica Microsystems GmbH; magnification, x200) and quanti-
fied using AxioVision 4.6.3.0 (Carl Zeiss AG).

Analysis of retinal microvascular endothelial cell tube
formation. A total of 100 ul Matrigel per well was evenly
spread on the bottom of a 24-well plate and allowed to
solidify at 37°C with 5% CO, for 2 h. Differently treated
HRMEC s, including those in the NG group, HG group
and HG group treated with inhibitors, were digested and
centrifuged at 1,000 x g for 5 min at 4°C; the supernatant
was removed and the cells were suspended in complete
medium; the cells were separately seeded in 24-well plates
at 3x10° cells/well and cultured at 37°C with 5% CO, for
8 h. The tube formation of retinal microvascular endothelial
cells was photographed and analyzed using the ImageJ 1.50
software Angiogenesis Analyzer Plugin (National Institutes
of Health).

Measurements of VEGF levels. Retinal tissue from the control
group, the HG group and HG-treated with inhibitor groups
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were homogenized in PBS; the homogenate was centrifuged
at 12,000 x g at 4°C for 10 min. Then, the VEGF levels in
the supernatant were then examined using the mouse VEGF
ELISA kit (cat. no. DVE0O; R&D Systems, Inc.) according
to the manufacturer's instruction. For the cell experiment,
the cell-cultured supernatants from the different treatment
groups were harvested and examined using the mouse VEGF
ELISA kit.

Statistical analysis. The data were statistically analyzed using
the paired Student's t-test or one-way ANOVA followed by
Dunnett's post hoc test with GraphPad Prism 4.0 software
(GraphPad Software, Inc.). P<0.05 was considered to indicate
a statistically significant difference.

Results

Inflammatory response and microvascular cell proliferation
are induced by DR. It has been demonstrated that DR can
activate some signaling pathways and cause inflamma-
tory response (7). Hence, in the present study, the mice
with STZ-induced hyperglycemia were utilized as the
type I diabetic-like model associated with retinopathy and
constructed. The levels of inflammatory cytokines associated
with DR were measured; the results revealed that the mRNA
expression levels of IL-6, TNF-a and IL-1$ were enhanced
in the retinas of the mice in the DR groups compared with
those of the control group (Fig. 1A). Microvascular formation
in the retina was then analyzed. The expression of the vascular
marker, CD31, was increased in DR group, as indicated by
confocal detection (Fig. 1B). Moreover, the VEGF secretion
levels in the DR group were increased compared with those
of the control group (Fig. 1C). All of these data indicated that
DR induces the inflammatory response and microvascular cell
proliferation in the retina.

NLRP3-mediated tissue inflammatory response promotes
microvascular cell proliferation in the retina. The analysis of
clinical samples from patients with various stages of diabetes
has demonstrated that the expression of NLRP3 and related
inflammatory proteins is increased in vitreous samples, with
the largest levels observed in patients with proliferative DR (10).
Hence, in the present study, the role of NLRP3 in microvascular
cell proliferation in the retina was investigated. The results
revealed that the protein expression of NLRP3 was upregulated
in the DR group (Fig. 2A). Then, the DR group was treated
with NLRP3 inhibitor; following treatment with the inhibitor,
the inflammatory cytokines IL-6, TNF-a and IL-1p mRNA
expression levels were decreased compared with the DR group
not treated with the inhibitor (Fig. 2B). Moreover, the CD31
expression level was decreased in inhibitor treatment group
(Fig. 2C). In addition, the VEGF secretion level was decreased
following treatment with NLRP3 inhibitor (Fig. 2D). In order
to further investigate the role of NLRP3, the HG cell models
using HRMECs were constructed and the cells were treated
with or without NLRP3 inhibitor. The results revealed that
NLRP3 protein expression levels in the HRMECsS in the HG
group were upregulated, and were decreased following treat-
ment with the inhibitor (Fig. 2E). In the HRMECsS in the HG
groups, IL-6, TNF-a and IL-13 mRNA expression levels were
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Figure 1. DR induces the inflammatory response and microvascular cell proliferation. (A) mRNA expression levels of the inflammatory-related cytokines, IL-6,
TNF-a and IL-1f, were enhanced in the DR group. (B) The expression of the vascular marker, CD31, was increased in the DR group, as indicated by confocal
analysis. (C) The VEGF secretion levels in the DR group were increased compared with the control group. Values are expressed as the means + SD (n=6; ““P<0.001
compared with the control). DR, diabetic retinopathy; IL, interleukin; TNF, tumor necrosis factor; VEGF, vascular endothelial growth factor; Ctrl, control.

enhanced compared with the control, and were suppressed by
the NLRP3 inhibitor (Fig. 2F). The VEGF secretion levels in
the cells were similar to those observed in the animal model
of DR (Fig. 2G). Collectively, these data demonstrated that
NLRP3-mediated tissue inflammatory response promoted
microvascular cell proliferation in retina.

Tube formation of retinal microvascular endothelial cells
is inhibited by the blocking of NLRP3. The aforementioned
data indicated that NLRP3 was associated with inflammatory
response, and promoted the expression of the vascular markers,
CD31 and VEGF. Hence, the present study examined the tube
formation of retinal microvascular endothelial cells in the
retina. As revealed in Fig. 3A, lumen formation was markedly
enhanced in HRMECs in the HG group, and was inhibited by
the blocking of NLRP3. The tube meshes, nodes and tube length
were assessed, and the results revealed that the HRMECS in the
HG group formed more meshes and nodes than the controls;
moreover, the tube total length in the HG group was higher than
that in the control group (Fig. 3B-D). However, after blocking
NLRP3, the tube meshes, nodes and tube length were reduced
compared with that in the HG group (Fig. 3B-D). These data
indicated that the tube formation of retinal microvascular endo-
thelial cells was inhibited by the blocking of NLRP3.

Expression level of the NLRP3 inflammasome is upregulated
via the activation of the ASK1/p38 signaling axis. Data have
indicated that the NLRP3-induced inflammatory response
plays an important role in DR (9). However, the potential
mechanisms of the role of NLRP3 in inflammatory response
in DR remain unknown. Thus, the present study utilized the

DR model and HG HRMECs model to investigate this matter.
The results revealed that the protein expression levels of ASK1
and p38 were upregulated in the DR and HG HRMECs groups
(Fig. 4A and B). Subsequently, in order to investigate whether
ASKI1 and p38 play a role in the NLRP3-mediated inflamma-
tory response. ASK1 and p38 inhibitors were utilized to block
the related protein expression. The data demonstrated that the
protein expression levels of NLRP3, inflammatory cytokines
(IL-6, TNF-a and IL-1p) and VEGF were downregulated
after the blocking of ASK1 and p38 (Fig. 4C and D). All these
data indicated that NLRP3-mediated tissue inflammatory
signal response was enhanced through the activation of the
ASK1/p38 signaling axis.

Tube formation of retinal microvascular endothelial cells
is inhibited via the blocking of the ASKI1/p38 signaling
axis. NLRP3 plays an important part in the tube formation
of retinal microvascular endothelial cells. Moreover, the
NLRP3-mediated tissue inflammatory response is enhanced
via the activation of the ASK1/p38 signaling axis. Hence,
it was hypothesized that the ASK1/p38 signaling axis may
mediate the tube formation of retinal microvascular endothe-
lial cells. As revealed in Fig. 5A and C, HG promoted tube
formation, and this formation was inhibited by ASK1 and
p38 inhibitors. Moreover, the tube meshes, nodes and tube
length were assessed. The result revealed that HRMECs
in the HG group formed more meshes and nodes than the
controls; in addition, the tube total length in the HG group
was higher than in the control group (Fig. 5B and D).
However, after the blocking of ASK1 and p38, the tube
meshes, nodes and tube length were reduced compared with
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Figure 2. NLRP3-mediated tissue inflammatory response promotes microvascular cell proliferation in the retina. (A) The protein expression level of NLRP3
was increased in the DR groups. (B) Following the of blocking NLRP3, the mRNA expression of IL-6, TNF-a and IL-1$ was downregulated. (C) The expres-
sion level of the vascular marker, CD31, and (D) the VEGF secretion level were decreased following the inhibition of NLRP3. In addition, in the HRMEC cell
model, (E) HG enhanced the protein expression of NLRP3, which was inhibited by NLPR3 inhibitor. (F) The levels of the inflammatory-related cytokines,
IL-6, TNF-a and IL-1f3, were enhanced in the HG-induced HRMEC cell model and were inhibited by the blocking of NLRP3. (G) The VEGF secretion level
was enhanced, and was decreased following the inhibition of NLRP3. Data are presented as the mean + standard deviation from triplicate wells. "P<0.05
and “"P<0.01 compared with the control; “P<0.05 and ""P<0.01 compared with the relative DR animal model group or HG-induced HRMEC cell group.
NLRP3, NLR family pyrin domain containing 3; DR, diabetic retinopathy; IL, interleukin; TNF, tumor necrosis factor; VEGF, vascular endothelial growth
factor; HG, high glucose; HRMEC, human retinal microvascular endothelial cell; Ctrl, control.

the HG group (Fig. 5B and D). These data indicated that the
ASK1/p38 signaling axis plays a role in the tube formation of
retinal microvascular endothelial cells.

Angiogenesis is inhibited by blocking ASKI and p38.
Subsequently, the present study investigated whether ASK1
and p38 mediates angiogenesis. The results revealed that the
levels of the angiogenesis-related marker IB4 were markedly
increased in the DR model group (Fig. 6); However, IB4
expression was inhibited by the blocking of ASK1 and p38
(Fig. 6). These data suggested that ASK1 and p38 play a role
in angiogenesis in DR.

Discussion

DR is a leading cause of blindness among the working-age
population worldwide (22). It is induced by diabetes, which
causes the pathological characteristics, such as, retinal capil-
laries, arterioles and venules, and the subsequent effects of
leakage from or occlusion of small vessels (22-24). Laser

therapy is the main effective therapy for the preservation of
sight in proliferative retinopathy (24); however, it cannot
reverse visual loss. Hence, the development of novel and effec-
tive therapeutic strategies for DR is imperative.

In the present study, it was revealed that NLRP3 plays
an important role in aberrant retinal angiogenesis in DR. It
was firstly identified that the ASK1/p38-mediated NLRP3
inflammasome signaling pathway contributed to aberrant
retinal angiogenesis in DR. The mRNA expression levels of
inflammatory-related cytokines (IL-6, TNF-a and IL-1[3) were
upregulated in DR; moreover, the levels of the vascular-related
markers, CD31 and VEGF were also increased in DR. After
the blocking of NLRP3, ASK1 or p38, the expression levels of
inflammatory cytokines were downregulated and those of the
vascular-related marker, IB4, were also decreased.

It is known that hyperglycemia can lead to a series of
inflammatory mediators in diabetes, which can further activate
the hyperinflammatory response and finally damage retinal
microvascular cells (25). Chronic inflammation is one of the
key mechanisms that are triggered during the pathogenesis
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Figure 4. The expression level of inflammasome NLRP3 is upregulated via the
activation of the ASK1/p38 signaling axis. (A) The protein expression levels
of AKSI and p38 were upregulated in the DR animal group. (B) The results
of the HG-induced HRMEC group were similar to those of the DR animal
group. (C) The NLPR3, IL-6, TNF-a, IL-1$ and VEGF protein expression
levels were inhibited by (C) ASK1 inhibitor and (D) p38 inhibitor. NLRP3,
NLR family pyrin domain containing 3; ASK1, apoptosis signal-regulating
kinase 1; DR, diabetic retinopathy; HG, high glucose; HRMEC, human
retinal microvascular endothelial cell; IL, interleukin; TNF, tumor necrosis
factor; VEGEF, vascular endothelial growth factor; Ctrl, control.

of DR, and the reduction of the inflammation response can
alleviate the development and progression of DR (26). Related
research has indicated that NLRP3 plays a crucial key in the
development of the chronic inflammatory response through

the secretion of related cytokines, such as IL-6, TNF-a
and IL-1p (27). The activation of NLRP3 contributes to
the development and progression of chronic inflammatory
diseases (28). In the present study, the results revealed that
the NLRP3-mediated tissue inflammatory response promoted
microvascular cell proliferation in the retina. In DR animal
model, the protein expression of NLRP3 was upregulated in
the DR group. The DR group was then treated with NLRP3
inhibitor; following treatment with the inhibitor, the mRNA
expression levels of the inflammatory cytokines, IL-6, TNF-a
and IL-1p were decreased compared with the DR group
without treatment with the inhibitor. In addition, the expres-
sion level of CD31 was decreased in the inhibitor treatment
group. The VEGF secretion level was also decreased following
treatment with the NLRP3 inhibitor. In addition, the NLRP3
protein expression level in HRMECs in the HG group was
upregulated, and was suppressed following treatment with
the inhibitor. In the HG groups of the HRMECs, the mRNA
expression levels of IL-6, TNF-a and IL-1f were enhanced
compared with the control, and were decreased following
treatment with the NLRP3 inhibitor. The secretion levels of
VEGF in the cells were similar to those observed in the animal
model of DR.

ASKI1 is an apoptosis-related protein, which is activated
in response to a variety of stress-related stimuli via distinct
mechanisms and activates MKK4 and MKK3, which in turn
activate JNK and p38 (29). Previous studies have demonstrated
that ASK1 can contribute to the development and progression
of inflammatory response (30,31). For example, the bacterial
infection-engaged inhibition of ASK1 is responsible for regu-
lating Erk1/2- and p38-MAPK activation, but not INK-MAPK
signaling (31,32). It has thus been suggested that ASK1 and
p38 have a close association in the inflammatory response. In
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Figure 5. ASK1/p38 signaling axis regulates the tube formation of retinal microvascular endothelial cells. (A) The tube formation was markedly enhanced in
the HG group of the HRMECSs and was inhibited by blocking of ASK1. Then, the (B) tube meshes, nodes and tube length were counted, and the results revealed
that the HRMECs in the HG group formed more meshes and nodes than the control; in addition, the tube total length in the HG group was higher than that of
the control group. However, after blocking of ASK1, the tube meshes, nodes and tube length were reduced compared with the HG group. In addition, (C) the
tube formation was inhibited by blocking of p38 and the (D) tube meshes, nodes and tube length were counted; the results revealed that the blocking of p38
inhibited the tube formation. “P<0.05 and “P<0.01 compared with the control; “P<0.05 and *P<0.01 compared with the relative HG-induced HRMEC cell
group. ASK1, apoptosis signal-regulating kinase 1; HG, high glucose; HRMECs, human retinal microvascular endothelial cells.
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Figure 6. Angiogenesis is inhibited by the blocking of ASK1 and p38. The levels of the angiogenesis-related marker, IB4, were obviously increased in the HG
model group; however, IB4 expression was inhibited after the blocking of (A) ASK1 and (B) p38. ASK1, apoptosis signal-regulating kinase 1; HG, high glucose.
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addition, some drugs can protect the retinal photoreceptor cells
via the activation of the p-Erk1/2/Nrf2/Trx/ASK1 signaling
pathway in diabetic mice (33). It has been suggested that
ASKI1 plays an important role in diabetic-related diseases (33).
In the present study, the data indicated that the expression
level of inflammasome NLRP3 was upregulated through
the activation of the ASK1/p38 signaling axis; moreover, the
ASK1/p38 signaling axis contributed to the tube formation
of retinal microvascular endothelial cells and development
of angiogenesis in DR. It was revealed that ASK1 and p38
protein expression levels were upregulated in DR; however,
following the blocking of ASK1 and p38, the protein expres-
sion levels of NLRP3 and related cytokines (IL-6, TNF-a and
IL-1p) were downregulated. In addition, the tube formation of
retinal microvascular endothelial cells was inhibited by the
blocking ASK1 and p38. These data revealed that ASK1 and
p38 mediated the NLRP3 inflammasome signaling pathway
contributing to aberrant retinal angiogenesis in DR.

In conclusion, the present study demonstrated that DR
induced inflammatory response and microvascular cell prolif-
eration. NLRP3 contributed to DR-mediated inflammatory
development and progression, which promoted the inflamma-
tory-related cytokine expression. Moreover, DR promoted the
tube formation of retinal microvascular endothelial cells and
angiogenesis. Further research revealed that NLRP3-mediated
aberrant retinal angiogenesis in DR was regulated by ASK1
and p38.
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