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Abstract. Retinal neovascularization (RNV) is a principal cause 
of visual impairment and blindness worldwide. The present 
study aimed to investigate how oxidative stress, autophagy and 
pyroptosis alter in RNV. The oxygen‑induced retinopathy (OIR) 
model was established in C57BL/6J mice by exposing them to 
a high concentration of oxygen. RNV was clearly visible in the 
fundus images and was qualitatively analyzed by counting the 
number of neovascular endothelial cell nuclei at postnatal day 17. 
Subsequently, the expression of vascular endothelial growth 
factor (VEGF)‑A and hypoxia‑inducible factor‑1α (HIF‑1α) at the 
protein level were measured. Furthermore, oxidative stress was 
examined using dihydroethidium (DHE) staining, and NADPH 
oxidase (NOX) 1 and 4 in the retinas were detected using reverse 
transcription‑quantitative polymerase chain reaction analysis. 
Additionally, immunostaining of microtubule associated 
protein 1 light chain 3α (LC3) was performed and the expression 
levels of the LC3, p62, autophagy protein (Atg)5, Atg7, Atg12, 
Beclin1, NOD‑like receptor family pyrin domain‑containing 3 
(NLRP3), caspase‑1, interleukin (IL)‑1β, pro‑caspase‑1 and 
pro‑IL‑1β proteins were determined using western blotting in 
order to detect pyroptosis and autophagic flux. Autophagosomes 
were also detected using transmission electron microscopy. The 
results revealed that VEGF‑A and HIF‑1α protein expression 
levels, the DHE‑positive area, and NOX1 and NOX4 mRNA 
expression levels were significantly increased in the OIR mice. 
Furthermore, increased levels of NLRP3, caspase‑1, IL‑1β, 
pro‑caspase‑1 and pro‑IL‑1β proteins demonstrated that pyrop-
tosis was activated. However, an accumulation of p62 and a 
reduction in the levels of LC3II/I and autophagosomes indicated 
that autophagic flux was compromised. Therefore, elevated levels 

of reactive oxygen species and pyroptosis along with attenuated 
autophagy were demonstrated in the OIR mice. The combina-
tion of oxidative stress, pyroptosis and impaired autophagy may 
serve an important role in the pathophysiology of RNV and may 
be a potential target to prevent RNV.

Introduction

Retinal neovascularization (RNV) may be a result of numerous 
types of proliferative ischemic retinopathy, including retinopathy 
of prematurity (ROP), proliferative diabetic retinopathy (DR) 
and retinal vein occlusion (RVO). Although anti‑vascular 
endothelial growth factor (VEGF) drugs, including ranibizumab 
and aflibercept, have exhibited potential as a treatment for RNV, 
an improved understanding of the mechanism underlying RNV 
is required in order to develop novel strategies for the prevention 
of neovascular retinal diseases.

Oxidative stress may be both a cause and a consequence 
of numerous types of vascular complications  (1). The 
mammalian retina is an organ with high metabolic demand 
and reactive oxygen species (ROS) are generated through 
increased consumption of oxygen (2). NADPH oxidase (NOX) 
appears to be the only enzymatic source of ROS in the retina 
that is clearly involved in pathological neovascularization (3). 
Excessive levels of ROS cause endothelial dysfunction, which 
results in the loss of vascular cells and ischemia, and in turn 
triggers blood vessel growth (4).

VEGF is a factor in the direct stimulation of endothelial cell 
proliferation and tube formation in ischemia‑induced RNV (5). 
Accumulating evidence supports the idea that ROS respond 
to VEGF and hypoxia‑inducible factor‑1α (HIF‑1α)  (6,7). 
Furthermore, NOX appears to be an important effector in redox 
signaling for the activation and signaling of HIF‑1α and VEGF (8).

Oxidative stress induces inflammation. Increased levels 
of ROS influence various physiological and pathological 
processes, including inflammation. An important mechanism 
of inflammation is the induction of inflammasomes, which 
activate caspase‑1 and process inflammatory cytokines (9). This 
may result in pyroptosis, a form of inflammatory programmed 
cell death induced by inflammatory caspases (10). Pyroptosis 
releases the cytoplasmic contents from dying host cells, thereby 
providing potent signals to initiate an inflammatory cascade (11).

Increased generation of ROS in cells may induce the process 
of autophagy through transcriptional and post‑transcriptional 
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regulation  (12). In general, ROS may be considered to be 
inducers of autophagy (13). Abnormal inflammation disrupts 
cellular homeostasis (14). Exposure to a highly inflamma-
tory environment causes severe damage to tissues. Damaged 
cellular components may be digested by autophagy, a process 
of ‘self‑eating’ that is induced by oxidative stress and hypoxia 
in order to maintain homeostasis (15).

In the present study, the role of oxidative stress, autophagy 
and pyroptosis in retinal angiogenesis was investigated in a 
mouse model of OIR. The results suggested that oxidative 
stress is potentially implicated in the development of retinal 
vasculature through upregulation of pyroptosis and downregu-
lation of autophagy.

Materials and methods

Animals and oxygen‑induced retinopathy (OIR) model (16). 
Pregnant female C57BL/6 mice at 8‑10 weeks of age and 
20‑25 g post‑mating were purchased from Jackson Laboratory 
(Bar Harbor, ME, USA). They were randomly divided into 
two groups: A normoxia group [wild‑type (WT) group; n=32] 
and an oxygen‑exposed group (ROP group; n=30). Postnatal 
day 7 (P7) mice and their mothers were placed in conditions of 
hyperemia (75±5% oxygen) for 5 days, and were subsequently 
removed and placed in air (21% oxygen) for an additional 5 days. 
The incubator temperature was maintained at 21±2˚C with 
45‑60% humidity, on a 12/12 h day/night cycle with food and 
water ad libitum. Oxygen levels were checked using a CY‑12C 
portable oxygen measuring instrument (AIPU Instruments, 
Ltd., Hangzhou, China). The mice in the normoxia group 
were maintained in normal room air from birth until P17. 
Following fundus photography, the mice were sacrificed by an 
overdose of pentobarbital (100 mg/kg; intra‑peritoneal injec-
tion; Sigma‑Aldrich; Merck KGaA, Darmstadt, Germany). 
The eyes were removed and prepared for further histological 
and molecular analysis. All investigations were approved by 
the Animal Care and Institutional Ethics Committee of Dalian 
Medical University (no. LCKY2016‑31) and conformed to the 
US National Institutes of Health (Bethesda, MD, USA) Guide 
for the Care and Use of Laboratory Animals and the ARRIVE 
guidelines (17).

Fundus photography. Mydriatic eye drops (5% tropicamide) 
were given to dilate the pupil in order to obtain a better view of 
the ocular fundus of wild‑type and OIR mice on P17, following 
general anesthesia. Once the pupil was dilated, a fundus 
camera (OPTO‑RIS; Optoprobe Science, Ltd., Richmond, BC, 
Canada) was used to view the inner surfaces of the eyes in a 
dark room. The appearance of the fundus was documented.

Hematoxylin and eosin (H&E) staining. The eyes were fixed 
with 40 g/l paraformaldehyde in PBS overnight at 4˚C and 
subsequently embedded in paraffin. Sections (5‑µm‑thick) of 
the whole eye were stained with H&E at room temperature, 
according to a standard method. The nuclei of new vessels 
extending from the retina to the vitreous were counted in 
six sections at magnification x400 in each group using an 
Olympus fluorescence microscope (Olympus Corporation, 
Tokyo, Japan). Acquired images were processed using Image J 
version 1.48 (National Institutes of Health).

Dihydroethidium (DHE) staining. The ROS levels were 
measured in situ with the fluorescent probe DHE. Fresh frozen 
eye sections (‑26˚C; 6‑µm thickness) were incubated with 
DHE (1 µM in PBS) for 30 min at 37˚C. Digital images were 
taken of 10 random fields from each sample using an Olympus 
fluorescence microscope at magnification x400 (Olympus 
Corporation), and the positive areas were analyzed using 
Image J analysis software.

Western blotting. Pups from all groups were sacrificed on 
P17. Retinas from three mice mixed for one sample, total 
proteins were extracted using radioimmunoprecipitation 
assay buffer (Beyotime Institute of Biotechnology, Haimen, 
China). Equal amounts of protein (40 µg) by bicinchoninic 
acid protein assay were loaded onto 12% SDS‑PAGE gels. 
Following electrophoresis and wet transfer to a polyvi-
nylidene difluoride (PVDF) membrane, the membrane was 
blocked in 5% skim milk in TBS with Tween‑20 (TBST) at 
room temperature for 1 h. Immunostaining was conducted 
using antibodies against VEGF‑A (cat. no. ab52917; 1:500), 
caspase‑1 (cat. no.  ab1872; 1:1,000), pro‑caspase‑1 (cat. 
no. ab179515; 1:1,000), interleukin (IL)‑1β (cat. no. ab2105; 
1:500), pro‑IL‑1β (cat. no. ab2105; 1:500), microtubule asso-
ciated protein 1 light chain 3α (LC3; cat. no. ab48394; 1:500) 
(Abcam, Cambridge, MA, USA), HIF‑1α (cat. no. 36169; 
1:1,000), autophagy protein (Atg)5 (cat. no. 12994; 1:1,000), 
Atg7 (cat. no. 8558; 1:1,000), Atg12 (cat. no. 4180; 1:1,000), 
Beclin1 (cat. no. 3495; 1:1,000), p62 (cat. no. 23214; 1:1,000), 
NOD‑like receptor family pyrin domain‑containing  3 
(NLRP3; cat. no. 15101; 1:1,000) and GAPDH (cat. no. 5174; 
1:1,000; Cell Signaling Technology, Inc, Danvers, MA, 
USA) at 4˚C overnight. The blots were subsequently incu-
bated with horseradish peroxidase‑conjugated secondary 
antibody (cat. no. A0208; 1:1,000; Beyotime Institute of 
Biotechnology) at room temperature for 2 h. All blots were 
developed using a chemiluminescence system (Fluor Chem 
M System; ProteinSimple, San Jose, CA, USA) and signal 
intensities were analyzed with a Gel‑pro 4.5 Analyzer 
(Media Cybernetics, Inc., Rockville, MD, USA). After 
measuring the intensity of each band by densitometry using 
the image processing software Image J, the relative intensi-
ties were calculated by normalizing to GAPDH from the 
corresponding sample.

Reverse transcription‑quantitative polymerase chain 
reaction (RT‑qPCR). Total RNA was extracted from retinas 
using TRIzol® reagent (Invitrogen; Thermo Fisher Scientific, 
Inc., Waltham, MA, USA), according to the manufacturer's 
protocol. The first strand cDNA was synthesized from 1‑2 µg 
total RNA via oligo (dT)‑primed RT (priming for 5 min 
at 25˚C; RT for 20 min at 46˚C; RT inactivation for 1 min 
at 95˚C; iScriptcDNA synthesis kit; Bio‑Rad Laboratories, 
Inc., Hercules, CA, USA). The primers were designed using 
Primer‑BLAST, based on the published GenBank sequence 
(https://blast.ncbi.nlm.nih.gov/Blast.cgi; https://www.ncbi.
nlm.nih.gov/genbank/). All primer pairs are listed in Table I. 
RT‑qPCR with SYBR (Takara Bio, Inc., Osaka, Japan) was 
performed with an ABI 7500 Fast Real‑Time PCR System 
(Applied Biosystems; Thermo Fisher Scientific, Inc.) and 
quantified by 2‑ΔΔCq method (18).
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Immunofluorescence staining. Eyes were fixed with 40 g/l 
paraformaldehyde in PBS overnight at 4˚C and infiltrated 
with 25%  sucrose. The cryosections were blocked with 
1% bovine serum albumin (cat. no. HZB0148; Sigma‑Aldrich; 
Merck KGaA) at room temperature for 0.5 h. Following 
incubation with anti‑LC3 antibody (cat. no. ab48394; 1:500; 
Abcam) at  4˚C overnight, sections were incubated with 
anti‑rabbit IgG (cat. no.  A0453; Alexa Fluor 555; 1:100; 
Beyotime Institute of Biotechnology) at 4˚C for 1 h. DAPI 
(1:10,000; Sigma‑Aldrich; Merck KGaA) was used to label 
the nucleus at a concentration of 5 µg/ml at room tempera-
ture for 5 min. Fluorescence images were acquired using 
a confocal Olympus microscope at magnification,  x400 
(Olympus Corporation).

Transmission electron microscopy. Eyes were isolated and 
fixed in 2.5% glutaraldehyde at 4˚C overnight and 1% osmium 
tetroxide at room temperature successively, followed by 
dehydration in ethanol. Following incubation in acetone for 
20 min, the eyes were treated with 50% (1 h), 75% (3 h) and 
100% (overnight) epoxy resin and heated at 70˚C overnight. 
The embedded eyes were sliced to ultrathin sections (70 nm) 
using an MT‑5000 Sorvall microtome (Sorvall; Thermo 
Fisher Scientific, Inc.). Sections were stained with 3% uranyl 
acetate and 3% lead citrate for 15 min at room temperature 
and were visualized with a transmission electron microscope 
system.

Statistical analysis. All experiments were performed at least 
three times, and the results of one representative experiment 
are presented as the mean ± standard deviation. For compari-
sons between two groups, the independent sample t‑test 
(normally distributed) or Mann‑Whitney test (non‑normally 
distributed) was used. P<0.05 was considered to indicate a 
statistically significant difference. Analyses were performed 
using SPSS 22.0 (IBM Corp., Armonk, NY, USA).

Results

RNV is clearly generated in OIR mice. To investigate whether 
the mouse model of OIR was successfully established, a 
fundus camera was used to capture images of the retina. 
The fundus images revealed that neovascular tufts were 
successfully generated in the OIR mice. Large numbers of 
pale neovascular vessels had grown into the vitreous cavity 
in the OIR mice (Fig. 1A) and the number of neovascular 
nuclei was significantly greater compared with that in the WT 
mice (Fig. 1B and C).

Angiogenesis is activated in the retina of OIR mice. The 
effect on retinal angiogenesis in OIR mice was determined. 
When OIR had been achieved, the protein expression levels of 
VEGF‑A and those of its upstream regulatory molecule HIF‑1α 
were significantly increased in the retinas of the OIR mice 
compared with the WT control (Fig. 2). These results indicated 
that angiogenesis was activated, via the HIF‑1α/VEGF‑A 
signaling pathway, in this model.

Retinal oxidative stress is increased in OIR mice. ROS is one 
of the principal triggers of blood vessel growth. To assess the 
alteration in the levels of ROS in the OIR mice in the present 
study, retinal sections were assessed using DHE staining. The 
retinas from the OIR mice exhibited a significant increase in 
the intensity of DHE staining (Fig. 3A and B). A major source 
of ROS in endothelial cells is NOX. In particular, the isoforms 
NOX1 and NOX4 are known to be involved in the genera-
tion of retinal ROS (19,20). The mRNA expression levels of 
NOX1 and NOX4 were determined in the present study using 
RT‑qPCR analysis. As with the levels of ROS, the mRNA 
expression levels of NOX1 and NOX4 were significantly 
increased in the retinas from the OIR mice compared with the 
WT control mice (Fig. 3C and D).

Pyroptosis is activated in the retinas of OIR mice. In order 
to elucidate the involvement of inflammasomes in OIR, 
the expression of NLRP3 was analyzed using western 
blotting. There was a significant increase in the levels of 
NLRP3 expression in the OIR mice compared with the 
WT control mice (Fig.  4). As oxidative stress activates 
inflammasome‑caspase‑1‑IL‑1β signaling, whether caspase‑1 
is activated in the hypoxia situation of the retinas was inves-
tigated. The protein levels of caspase‑1 and pro‑caspase‑1, 
which were detected using western blotting, were signifi-
cantly increased in the OIR mice compared with the WT 
control mice (Fig. 4). Furthermore, the pro‑inflammatory 
cytokines IL‑1β and pro‑IL‑1β also exhibited an increase at 
the protein level (Fig. 4).

Autophagic flux is reduced in the retinas of OIR mice. In 
recent years, autophagy has been identified as a biological 
process associated with inflammation in different cellular 
contexts, as it targets inflammasome components for degrada-
tion (21). On that basis, it was hypothesized that autophagy 
may be involved in OIR. As lipidation of LC3 is a useful 
marker of autophagy, LC3 was analyzed using immunofluo-
rescence and western blotting. The expression levels of Atg5, 
Atg7, Atg12 and Beclin1 were also determined using western 

Table I. Sequences of polymerase chain reaction primers.

Gene	 Forward primer (5'‑3')	 Reverse primer (5'‑3')

NOX1	 CAGTTATTCATATCATTGCACACCTATTT	 CAGAAGCGAGAGATCCATCCA
NOX4	 GCACGCTGTTGATTTTTATGG	 GCGAGGCAGGAGAGTCAGTA
GAPDH	 GTGTTTCCTCGTCCCGTAGA	 AATCTCCACTTTGCCACTGC

NOX, NADPH oxidase.
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blotting. The immunostaining identified that the distribution 
of LC3 was reduced in the OIR mice compared with the WT 
control mice (Fig. 5A). Furthermore, transmission electron 
micrographs of the retinas demonstrated that there were fewer 
autophagosomes in the OIR mice compared with the WT 
control mice (Fig. 5B). There was a significant reduction in the 
expression levels of LC3II/I, Atg5, Atg7, Atg12 and Beclin1 in 
the retinas from the OIR mice compared with the WT control 
mice (Fig. 5C and D). However, a reduction in LC3II/I, which 
is expressed in autophagosomes, does not always confirm 
autophagic flux (22). Thus, the protein levels of p62, a selec-
tive substrate of autophagy, were also analyzed. The results 
demonstrated that there was an increase in the p62 protein 
levels in the OIR mice compared with the WT control mice 
(Fig. 5C and D), indicating that autophagic flux was blocked in 
the retinas of the OIR mice.

Discussion

Aberrant RNV is a principal cause of visual impairment 
and blindness in the context of neovascular ocular diseases, 
including ROP, DR and RVO. Among them, ROP is a major 
cause of childhood blindness worldwide  (23). In certain 
countries, particularly those with middle and low incomes, the 
incidence of ROP is >40% due to the increasing survival rate 
of premature infants and limited fundoscopic follow‑up evalua-
tion (24). Although anti‑VEGF and laser ablation therapies may 
be successful, the long‑term efficacy remains uncertain. A clear 
understanding of the mechanisms underlying RNV generation 
is required in order to develop novel therapeutic alternatives.

Figure 2. VEGF‑A expression is activated in the retinas of OIR mice. 
(A) Immunoblot analysis of the protein expression levels of VEGF‑A and 
HIF‑1α in the retinas. (B) Quantification revealed an increase in the expression 
levels of VEGF‑A and HIF‑1α in the retinas of the OIR mice compared with 
WT mice. The relative protein expression level was normalized to GAPDH (n=3 
mice per group). Data are presented as the mean ± standard deviation of the 
mean. *P<0.05 vs. WT mice. OIR, oxygen‑induced retinopathy; WT, wild‑type; 
VEGF, vascular endothelial growth factor; HIF‑1α, hypoxia inducible factor‑1α.

Figure 1. RNV is generated in OIR mice. (A) Fundus photography facilitated visualization of the inner surfaces of the eyes of the WT and OIR mice. The repre-
sentative images indicate the large number of pale neovascular vessels that had grown into the vitreous cavity in the OIR mice, compared with the WT mice. 
(B) Representative H&E staining of retinal sections. A large number of the neovascular nuclei were present beyond the internal limiting membrane in the OIR mice, 
while there were only a few neovascular nuclei in the WT mice. (C) The number of outgrowth endothelial cells in the retinas was calculated using Image‑Pro Plus 
software. The number of neovascular nuclei in the OIR mice was significantly greater compared with that of the control mice. Data are presented as the mean ± stan-
dard deviation of the mean (n=6 mice per group). ***P<0.001 vs. WT mice. GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, 
outer plexiform layer; ONL, outer nuclear layer; RPE, retinal pigment epithelium. H&E, hematoxylin and eosin; OIR, oxygen‑induced retinopathy; WT, wild‑type.
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RNV is stimulated by one or more angiogenic factors that 
are released by the retina under ischemic or hypoxic condi-
tions, including VEGF, HIFs and cytokines (25). VEGF is an 
important pathogenic factor that stimulates endothelial cell 
proliferation and tube formation and mediates ischemia‑induced 
RNV (5). The expression of retinal VEGF is increased under 
stress conditions in order to generate neovascularization (26). 
Therefore, understanding of the regulation of VEGF may aid 
investigations regarding the role of transcriptional regulators 
in RNV. In the present study, increased expression of VEGF‑A 
and HIF‑1α in the OIR mice suggested that the angiogenesis 

in OIR mice is generated via the HIF‑1α/VEGF‑A signaling 
pathway.

Oxidative stress occurs when the generation of pro‑oxidants 
or ROS exceeds the capacity of endogenous antioxidants. 
ROS, including the superoxide anion (O2

‑), hydroxyl radical 
(OH), hydrogen peroxide (H2O2) and singlet oxygen (1O2), are 
primarily generated by mitochondria and NOX. The NOX 
family members serve a vital role in multiple cellular biological 
processes, including signal transduction, migration and 
proliferation (27). Furthermore, NOX appears to be the only 
enzymatic source of ROS in the retina that is clearly involved 

Figure 3. Retinal oxidative stress is increased in OIR mice. (A) The reactive oxygen species levels in the retinas of the WT and OIR mice were detected using 
the DHE fluorescent probe and fluorescent images of the retinas were visualized with a fluorescence microscope. Scale bar, 50 µm. (B) Quantification of DHE 
intensity in the retinas (n=6 mice per group). The retinas were harvested for RNA extraction and qPCR detection. (C) NOX1 and (D) NOX4 were upregulated 
at the mRNA level in the retinas from the OIR mice compared with the WT mice. The relative mRNA expression levels were normalized to GAPDH (n=6 mice 
per group). Data are presented as the mean ± standard deviation of the mean. *P<0.05, **P<0.01 vs. WT mice. IPL, inner plexiform layer; INL, inner nuclear 
layer; OPL, outer plexiform layer; ONL, outer nuclear layer; RPE, retinal pigment epithelium; OIR, oxygen‑induced retinopathy; WT, wild‑type; VEGF, 
vascular endothelial growth factor; DHE, dihydroethidium.

Figure 4. Inflammasome activity is increased in the retinas of OIR mice. (A) Immunoblot analysis of the protein expression levels of NLRP3, caspase‑1, IL‑1β, 
pro‑caspase‑1 and pro‑IL‑1β in the retinas. (B) Quantification revealed an increase in the expression levels of NLRP3, caspase‑1, IL‑1β, pro‑caspase‑1 and 
pro‑IL‑1β in the retinas of the OIR mice compared with the WT mice. The relative protein expression levels were normalized to GAPDH (n=6 mice per group). 
Data are presented as the mean ± standard deviation of the mean. *P<0.05, **P<0.01 vs. WT mice. IL, interleukin; NLRP3, NOD‑like receptor family pyrin 
domain‑containing 3; OIR, oxygen‑induced retinopathy; WT, wild‑type.
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in pathological neovascularization (3). NOX1 and NOX4 are 
the major isoforms of NOX that are highly expressed in retinal 
endothelial cells of mice following stress (19,20). In hypoxic 
environments, increased amounts of ROS are generated to 
mediate the hypoxia‑induced cellular response (28). In the 
present study, DHE staining, NOX1 and NOX4 were detected in 
order to demonstrate that hypoxia stimulates the accumulation 
of ROS in the retinas of the OIR mice.

Increased generation of intracellular ROS may induce 
programmed cell death, such as autophagy and pyroptosis, via 
execution by lysosomal proteases or caspases (12). Pro‑IL‑1β 
and pro‑caspase‑1 are stored in secretory lysosomes, where 
they await an exocytosis‑inducing stimulus; in the absence 
of such a stimulus, these molecules may undergo lysosomal 
degradation  (29). IL‑1β activation and release require the 
synthesis of pro‑IL‑1β and caspase‑1 activation. Pyroptosis is a 

Figure 5. Autophagic flux is reduced in the retinas of OIR mice. (A) Immunostaining of the LC3 (red) in the retinal sections (left) and quantification of fluorescence 
intensity (right; n=6 mice per group). Nuclei were counterstained with DAPI (blue). Scale bar, 50 µm. (B) Transmission electron micrographs and quantification 
of the autophagosomes in retinas. Scale bar, 500 nm. (C) Immunoblot analysis of the protein expression levels of Beclin1, Atg5, Atg7, Atg12, LC3 and p62 in 
the retinas. (D) Quantification of the protein bands (n=6 mice per group). GAPDH as an internal control. Data are the mean ± standard deviation of the mean. 
*P<0.05 vs. WT mice. OIR, oxygen‑induced retinopathy; GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform 
layer; ONL, outer nuclear layer; RPE, retinal pigment epithelium; Atg, autophagy protein; LC3, microtubule associated protein 1 light chain 3α; WT, wild‑type.
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pro‑inflammatory type of programmed cell death that is triggered 
by increased oxidative stress and the subsequent activation of 
inflammasome‑caspase‑1‑IL‑1β signaling, resulting in tissue 
injury (30). NOX‑mediated oxidative stress is an initial signal 
that induces inflammasome activation. The inflammasome is 
a large supramolecular complex that is largely composed of 
dimers of the adaptor protein apoptosis‑associated speck‑like 
protein containing a CARD. In particular, the generation of ROS 
via NOX causes thioredoxin‑interacting protein to associate 
with NLRP3, which facilitates inflammasome formation (31). 
Subsequently, caspase‑1 is activated by the inflammasome and 
promotes the cascade and release of the highly pro‑inflammatory 
cytokine IL‑1β. Previous studies have suggested that pyroptosis 
may be functionally linked with autophagy. A recent study 
demonstrated that reactive oxygen species induce NLPR3 
inflammasomes mediated pyroptosis in the intestinal cells (32). It 
has been demonstrated that the inhibition of autophagy stimulates 
pneumococcus‑induced pyroptosis and protects microglial cells 
against pyroptosis (33). The present study revealed an increase 
in the protein expression levels of NLRP3, caspase‑1 and IL‑1β 
in OIR mice, which indicated that pyroptosis is activated during 
vascularization of the retina.

Autophagy, also termed ‘self‑eating’, is a highly sensitive 
cellular process that is induced in response to a wide range 
of stresses, including starvation, hypoxia, cytotoxicity and 
infection, in order to maintain homeostasis  (15). Prolonged 
exposure to high levels of ROS and inflammasomes represents 
a stressful environment. A number of studies have suggested 
that ROS induce autophagy as upstream modulators (34,35). 
In RPE cells under oxidative stress, autophagy is increased 
and autophagic flux is reduced, which are stimulated by 
acute and chronic stress, respectively (36). Oxidative stress 
produces a large amount of damaged proteins, which may lead 
to overloading of the autophagosomal system and result in a 
reduction in autophagic activity (36,37). In the high‑glucose 
conditions of Müller cells, autophagic machinery is triggered, 
although autophagic flux is compromised. The autophagic 
substrate p62 accumulates in the cytosol, signaling apoptosis 
and extensive VEGF production (38). The level of LC3II/I is 
an indicator of the initiation of autophagy. It has been well 
demonstrated that autophagy depends on the activity of Atg5, 
Atg7 and Atg12. Of all these indicators, Beclin1 is required 
for Atg‑7‑dependent autophagy (22). The results of the present 
study demonstrated that the autophagic flux was weakened in 
the retinas of the OIR mice. As increased protein aggregation 
may contribute to inflammasome activation and tissue injury, 
reduced autophagy and increased inflammation may be involved 
in angiogenesis (39,40).

ROS act as a ‘double‑edged sword’ in the vasculature. 
In wound healing, physiological angiogenesis is induced 
by tissue hypoxia and ROS, resulting in the production of 
VEGF (41,42). However, the supply of oxygen and nutrients 
caused by pathological angiogenesis results in the uncon-
trolled generation of new blood vessels, which leads to an 
abnormal vascular pattern (43). The present study revealed that 
RNV was generated via HIF‑1α/VEGF‑A signaling. Hypoxia 
stimulated the accumulation of ROS, which was mediated 
by NOX, and increased pyroptosis through activation of the 
NLRP3‑caspase‑1‑IL‑1β pathway, while autophagic activity 
was compromised in this process.

A recent study demonstrated that impaired autophagy 
induces pro‑inflammatory and pro‑angiogenic proteins, which 
results in angiogenesis  (39). Autophagic dysfunction and 
oxidative stress are implicated in retinitis pigmentosa (44). 
Mild oxidative stress triggers cell survival and repair mecha-
nisms, including the autophagic pathway. However, in the 
case of severe oxidative stress, excessive levels of ROS for a 
prolonged period leads to oxidative damage and, ultimately, 
cell death  (45). The results of certain studies suggest that 
pyroptosis may be functionally associated with autophagy. 
Inhibition of autophagy stimulates pneumococcus‑induced 
pyroptosis and protects microglial cells against pyroptosis (33). 
The present study demonstrated, for the first time to the best 
of our knowledge, that ROS and pyroptosis are activated 
and autophagy is compromised in OIR mice, suggesting that 
severe oxidative stress induces upregulation of pyroptosis and 
inhibition of autophagy. The combination of oxidative stress, 
pyroptosis and impaired autophagy may serve an important 
role in the pathophysiology of OIR. A possible limitation of the 
present study was that only the phenomena of oxidative stress, 
autophagy, and pyroptosis were investigated; the mechanisms 
accounting for their association remain unclear, and altera-
tions in apoptosis were not detected. Further investigation is 
warranted to illustrate these changes in retinal neovasculariza-
tion.
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