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ABSTRACT
Introduction: The loss of retinal pigment epithelial (RPE) cells is associated with the
etiology of diabetic retinopathy (DR). This study investigated the effects of circular RNA
ZNF532 (circZNF532) on apoptosis and pyroptosis of RPE cells.
Materials and Methods: Blood samples were collected from patients with DR and
healthy volunteers. A human RPE cell line ARPE-19 was induced by high glucose (HG)
and assayed for cell viability, apoptosis, and pyroptosis. The binding of miR-20b-5p with
circZNF532 and STAT3 was confirmed by a luciferase activity assay. A mouse model of
diabetic retinopathy was established.
Results: CircZNF532 and STAT3 were upregulated but miR-20b-5p was downregulated
in the serum samples of patients with DR and HG-induced ARPE-19 cells. Elevated miR-
20b-5p or CircZNF532 knockdown enhanced proliferation but reduced apoptosis and
pyroptosis of ARPE-19 cells. CircZNF532 sponged miR-20b-5p and inhibited its expression.
STAT3 was verified as a target of miR-20b-5p. MiR-20b-5p modulated ARPE-19 cell viability,
apoptosis, and pyroptosis by targeting STAT3. Mice with STZ-induced diabetes showed
elevated expressions of circZNF532 and STAT3 but decreased the level of miR-20b-5p
compared with the controls. Knockdown of circZNF532 inhibited apoptosis and pyroptosis
in mouse retinal tissues.
Conclusion: CircZNF532 knockdown rescued human RPE cells from HG-induced
apoptosis and pyroptosis by regulating STAT3 via miR-20b-5p.

INTRODUCTION
Diabetic retinopathy (DR) is a retinal neurodegenerative disease
that can cause vision loss and blindness in people who have
diabetes mellitus (DM)1. As a common complication of dia-
betes, DR remains a principal cause of visual impairment
among working-age individuals2 and is associated with a pro-
longed duration of hypertension and hyperglycemia3. During
diabetic retinopathy, sustained high-level blood glucose impairs
various retinal tissues, including retinal pigment epithelial
(RPE) cells, which form a barrier that separates the fenestrated
choriocapillaris and the neuronal retina4. The breakdown of the
RPE barrier plays a causative role in the development of

diabetic retinopathy5. Hyperglycemia-caused RPE cell apoptosis,
a process of programmed cell death mediated by apoptotic cas-
pases, contributes to the progression of diabetic retinopathy6. In
addition, RPE cell pyroptosis, a form of necrotic and inflamma-
tory programmed cell death induced by inflammatory caspases,
is also involved in the development of DR7. It is critical to elu-
cidate the mechanisms underlying cell apoptosis and pyroptosis
for the treatment of diabetic retinopathy.
The involvement of circular RNAs (circRNAs) has been

uncovered in the pathophysiology of diabetes-related complica-
tions8. CircRNA COL1A2 is reported to augment angiogenesis
in DR9. Besides, circRNA 0084043 silencing depresses high glu-
cose (HG)-induced RPE cell (ARPE-19 cell) damage in diabetic
retinopathy10. A previous study discovered that circZNF532

Received 4 March 2021; revised 5 November 2021; accepted 21 November 2021

ª 2021 The Authors. Journal of Diabetes Investigation published by Asian Association for the Study of Diabetes (AASD) and John Wiley & Sons Australia, Ltd J Diabetes Investig Vol. 13 No. 5 May 2022 781
This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution
in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

ORIGINAL ARTICLE

https://orcid.org/0000-0002-7601-2337
https://orcid.org/0000-0002-7601-2337
mailto:
http://creativecommons.org/licenses/by-nc-nd/4.0/


orchestrated human diabetic vitreous-induced retinal pericyte
degeneration and vascular dysfunction11. The network consist-
ing of circRNA12, microRNA (miRNA)13, and mRNA is highly
involved in the progression of diabetic retinopathy14. Further-
more, differentially expressed miR-20b-5p has been observed
under diabetic conditions15. Zhu et al. found the association of
miR-20b-5p with diabetic retinal vascular dysfunction16.
MiRNAs play a crucial part in the modulation of gene expres-

sion at the posttranscriptional level17. Previous data unveiled that
miR-20b-5p could bind with STAT3 (encoding signal transducer
and activator of transcription 3) and inhibit its expression in
human retinoblastoma18. STAT3 increases cell pyroptosis by ele-
vating the transcription of the gasdermin C (GSDMC) gene in
breast cancer cells19. Elevated STAT3 phosphorylation was
observed in rats with DR, while STAT3 inhibition alleviated the
vision loss in rat models of diabetic retinopathy20,21.
This study aimed to investigate whether circZNF532 would

affect RPE cell pyroptosis in DR via miR-20b-5p and STAT3,
thus providing a novel insight into the pathology of pyroptosis
during DR.

MATERIALS AND METHODS
Ethical approval
The study was approved by the Ethical Review Committee of
The Affiliated Hospital of Youjiang Medical University for
Nationalities, following the 1964 Helsinki declaration. Each par-
ticipant signed informed consent. The animal study was per-
formed following the NIH Guidelines of the Care and Use of
Laboratory Animals.

Clinical samples
Fifty-six patients (25 females and 31 males) who were diag-
nosed with type 2 diabetes mellitus combined with diabetic
retinopathy were recruited. Type 2 diabetes mellitus was diag-
nosed according to the American Diabetes Association diagnos-
tic criteria 201522. The diagnosis of DR was confirmed by best-
corrected visual acuity, fundus fluorescein angiography (FFA),
and indirect ophthalmoscopy (full ophthalmologic examina-
tion)23. Among these patients, there were 18 cases with
non-proliferative diabetic retinopathy (NPDR), 22 cases with
proliferative diabetic retinopathy (PDR), and 16 cases with pre-
proliferative diabetic retinopathy (PrePDR). The main manifes-
tations of PrePDR in fundus fluorescein angiography included
severe retinal hemorrhage in four quadrants, venous bleeding
in two quadrants, and the absence of the capillary perfusion
area. The main manifestation of PDR was the proliferation of
new vessels24. Among 56 patients with diabetic retinopathy,
there were 41 cases with diabetic macular edema (DME).
Another group consisting of 20 patients (9 females, 11 males)
with type 2 diabetes mellitus but without diabetic retinopathy
were also enrolled. In addition, 20 healthy volunteers (9 females
and 11 males) without systemic or ocular diseases served as
normal controls. No participant had cardiovascular disease,
peripheral vascular disease, liver or renal dysfunction, or

malignancy. Venous blood samples were collected from all sub-
jects following a 12 h fast.

Cell culture and transfection
Human RPE cell line ARPE-19 (ATCC, USA) was cultured in
DMEM (Gibco, USA) supplemented with 10% fetal bovine
serum (FBS) and maintained in an incubator (5% CO2) at
37°C. The ARPE-19 cells were exposed to 5 mM [normal glu-
cose (NG)], 10 mM, 15 mM, 20 mM, or 25 mM (HG) of glu-
cose (Sigma-Aldrich, USA) for 72 h. The exposure of cells to
high glucose (25 mM) was used to establish the cell model of
diabetic retinopathy25–27. Short hairpin RNA (shRNA) for
circZNF532 (sh-ZNF532), circZNF532 expression vector (oe-
ZNF532), miR-20b-5p mimic, miR-20b-5p inhibitor, STAT3
expression vector (oe-STAT3), and their corresponding negative
control (NC) (all by GenePharma, China) were introduced into
ARPE-19 cells alone or in combination using lipofectamine
2000 reagents (Invitrogen, USA).

Dual-luciferase reporter assay
Bioinformatics analysis provides a binding potential of miR-
20b-5p and ZNF532 or STAT3 using Starbase (http://starbase.
sysu.edu.cn/). The sequence of ZNF532 or STAT3 30UTR con-
taining the wild-type (WT) miR-20b-5p binding site was
inserted into the pmirGLO luciferase reporter vector (Promega,
USA). The mutant-type reporter ZNF532-MUT or STAT3-
MUT was also constructed. The ARPE-19 cells were co-
transfected with ZNF532-WT or ZNF532-MUT concurrent
with miR-20b-5p mimic or NC. STAT3-WT and STAT3-MUT
were also prepared and delivered into ARPE-19 cells with miR-
20b-5p mimic or NC. After 48 h, the luminescence of firefly
luciferase in ARPE-19 cells was determined using a dual-
luciferase reporter assay system kit (K801-200, BioVision,
USA), and Glomax20/20 luminometer (Promega).

Cell counting kit-8 (CCK-8) assay
The CCK-8 assay was performed to examine ARPE-19 cell pro-
liferation. The ARPE-19 cells were plated in a 96-well plate
(5000 cells/well) and CCK-8 was added for 2 h at 37°C. The cell
viability was reflected by the optical density (OD) at 450 nm.

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium
bromide (MTT) assay
The ARPE-19 cells were cultured under iso-osmolar medium,
hyperosmolar medium (medium containing additional 100 mM
NaCl (Na100) or 200 mM sucrose (Su200)), or medium con-
taining 25 mM of glucose for 24 h. Then, 10 µL of MTT solu-
tion (5 mg/mL; Serva, Heidelberg, Germany) was added to the
cells. After 4 h, the culture supernatants were removed and the
absorbance was recorded at 570 nm.

Enzyme-linked immunosorbent assay (ELISA)
The ARPE-19 cell supernatants and mouse retinal tissue lysates
were collected for the measurement of IL-1b, IL-18, TNF-a,
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and IL-6 using ELISA (Elabscience Biotechnology Co., Ltd,
China).

Flow cytometry
The ARPE-19 cells and mouse retinal tissues were resuspended
in 500 lL 1 9 binding buffer and mixed with Annexin V-FITC
(5 lL; Beyotime, China) and propidium iodide (PI, 5 lL; Bey-
otime) in the dark at 37°C for 20 min. An annexin A flow
cytometer (Bio-Rad, USA) and Cell Quest Pro software (BD Bio-
sciences, USA) were used to determine if the cells were viable,
apoptotic, or necrotic. A fluorochrome inhibitor of caspase-1
(caspase-1-FLICA) conjunct with PI was analyzed by flow
cytometer to determine pyroptotic cells as reported previously28.
Pyroptotic cells were positive for PI and caspase-1 FLICA.

Animal model
A mouse model of diabetic retinopathy was established by
intraperitoneal injection with streptozotocin (STZ) as described
previously9. Six-week-old male C57BL/6J mice were purchased
from (Shanghai Laboratory Animal Center, China) and housed
in a controlled environment (22 – 2°C, 12 h light/dark cycle)
with free access to food and water. After 1 week acclimation,
the mice were randomly divided into Control, STZ, STZ+sh-
NC, and STZ+sh-ZNF532 groups (n = 6 per group). The mice
subjected to STZ injection were intraperitoneally administered
with STZ at a dose of 60 mg/kg/day for 5 successive days. Mice
in the control group were injected with an equal volume of
vehicle. The fasting blood glucose was measured once a week.
Mice with fasting blood glucose over 300 mg/dL were consid-
ered to be diabetic. Intravitreal injection with lentiviral vectors
expressing sh-NC or sh-ZNF532 (1 µL of 1010 TU/mL) was
performed at 4 weeks following STZ injection. After another 4
weeks, all mice were euthanized. The retinal tissues were har-
vested and prepared for hematoxylin and eosin (H&E) staining.
The slides were observed under a light microscope.

Quantitative reverse transcription PCR (qRT-PCR)
Total RNA was extracted from serum, ARPE-19 cells, and
mouse retinal tissue lysates using TRIzol reagents (Invitrogen,
USA). Complementary DNA (cDNA) was produced using a
TaqMan microRNA reverse transcription kit (Applied Biosys-
tems, USA) for miRNA and First Strand cDNA synthesis
reverse transcription kit (Applied Biosystems) for mRNA. qRT-
PCR was conducted using SYBR Green Master Mix (Applied
Biosystems) in the ABI7500 System (Applied Biosystems). The
primers (Table 1) were synthesized by GenePharma (China).
GAPDH was used as an endogenous control.

Immunoblotting
The ARPE-19 cells and mouse retinal tissues were lysed in
RIPA lysis buffer (Beyotime) and subjected to 10% SDS-PAGE
processing and membrane transfer. The primary antibodies
against ASC (#67824, Cell Signaling Technology (CST), USA),
NLRP3 (#13158, CST), caspase-1 (#24232, CST), pro-caspase-1

(ab179515, Abcam, UK), Bcl-2 (#15071, CST), Bax (#14796,
CST), cleaved-caspase-3 (#9661, CST), cleaved-caspase-9
(#20750, CST), vascular endothelial growth factor (VEGF,
ab52917, Abcam), and GAPDH (#5174, CST) were added, fol-
lowed by the addition of secondary antibody with enhanced
chemiluminescence (ECL) reagents (BB-3501, Amersham Phar-
macia, UK). Acquired immunoblots were photographed using a
Bio-Rad Image Analysis System (BIO-RAD, USA), and ana-
lyzed with a gel documentation system (Bio-Rad Quantity One
Software v4.6.2, USA). The protein expression was normalized
to that of GAPDH.

Statistical analysis
All values were obtained from three repeats and are presented
as mean – standard deviation. Statistical comparison was per-
formed in SPSS 21.0 (IBM, USA) using Student’s t-test, one-
way analysis of variance (ANOVA) with Tukey’s adjustments,
and repeat measurements ANOVA. A value of P < 0.05 indi-
cated statistical significance. The Pearson coefficient was per-
formed for correlation analysis.

RESULTS
Expressions of circZNF532, STAT3, and miR-20b-5p in DR
We first compared the expressions of circZNF532, miR-20b-5p,
and STAT3 in diabetic patients with diabetic retinopathy (DR),
diabetic patients without DR (D), and healthy controls (HC).
circZNF532 and STAT3 were upregulated, while miR-20b-5p
was downregulated in the serum samples of patients with

Table 1 | The oligonucleotide primers used for PCR amplifications

Target Primer sequences (50–30)

miR-20b-5p Sense: 50-GAGCTTATTCATAAAAGT-30

miR-20b-5p Antisense: 50-TCCACGACACGCACTGGATACGAC-30

U6 Sense: 50-ATTGGAACGATACAGAGAAGATT-30

U6 Antisense: 50-GGAACGCTTCACGAATTTG-30

circZNF532 Sense: 50-CAGTTGAAGGCGAAAAGGGC-30

circZNF532 Antisense: 50-TGAAGCCAAGGTGGTGGTTT-30

STAT3 Sense: 50-CCTGAAGCTGACCCAGGTAG-30

STAT3 Antisense: 50-TTCCAAACTGCATCAATGAATC-30

IL-1b Sense: 50-CACCTCTCAAGCAGAGCACAGA-30

IL-1b Antisense: 50-ACGGGTTCCATGGTGAAGTC-30

IL-18 Sense: 50-ACCGCAGTAATACGGAGCAT-30

IL-18 Antisense: 50-TCTGGGATTCGTTGGCTGTT-30

IL-6 Sense: 50-TAGCCTCAATGACGACCTAAG-30

IL-6 Antisense: 50-GTGGGGCTGATTGGAAACCT-30

TNF-a Sense: 50-CCGATGGGTTGTACCTTGTC-30

TNF-a Antisense: 50-GGCAGAGAGGAGGTTGACTTT-30

ASC Sense: 50-TTATGGAAGAGTCTGGAGCTGTGG-30

ASC Antisense: 50-AATGAGTGCTTGCCTGTGTTGG-30

NLRP3 Sense: 50-CCAGGGCTCTGTTCATTG-30

NLRP3 Antisense: 50-CCTTGGCTTTCACTTCG-30

GAPDH Sense: 50-GCACCGTCAAGGCTGAGAAC-30

GAPDH Antisense: 50-TGGTGAAGACGCCAGTGGA-30
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diabetic retinopathy in comparison with diabetic patients with-
out DR and healthy volunteers (Figure 1a). The expressions of
circZNF532, miR-20b-5p, and STAT3 were significantly differ-
ent in HC vs PDR and HC vs PrePDR groups. Moreover, the
level of circZNF532 in the PrePDR group was lower than that

in patients with PDR, suggesting a severity-dependent change
in the expression of circZNF532 (Figure 1b). The comparison
between patients with DME and HC showed that circZNF532
and STAT3 were upregulated, while miR-20b-5p was downreg-
ulated in patients with DME (Figure 1c). Next, we treated
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ARPE-19 cells with varied concentrations of glucose and found
that cell proliferation was decreased with the increase in glucose
concentration (Figure 1d). Moreover, 25 mM of glucose
decreased cell viability. A remarkable decrease in the viability
was also observed in cells cultured in hyperosmolar medium
(medium containing additional 100 mM NaCl or 200 mM
sucrose) (Figure 1e). We also found increased circZNF532 and
STAT3 concomitant with declined miR-20b-5p in ARPE-19
cells upon exposure to high glucose (25 mM) compared with
normal glucose (5 mM) (Figure 1f).

Elevated miR-20b-5p inhibited ARPE-19 cell apoptosis and
pyroptosis
Next, miR-20b-5p mimic and mimic NC were introduced to
the ARPE-19 cells. Elevated miR-20b-5p decreased the levels
of IL-1b, IL-18, TNF-a, IL-6, ASC, and NLRP3 in cells under
high glucose conditions (Figure 2a). The levels of all cytokines
were elevated in the ARPE-19 cell supernatants in the pres-
ence of HG compared with the group exposed to NG, while
miR-20b-5p mimic decreased their levels (Figure 2b). More
pyroptotic ARPE-19 cells were observed in HG conditions
than in NG conditions; however, decreased numbers of pyrop-
totic ARPE-19 cells were noted upon miR-20b-5p mimic
transfection (Figure 2c). Further analysis of pyroptosis-related
proteins revealed that the expressions of caspase-1, ASC, and
NLRP3 were elevated in HG-conditioned ARPE-19 cells com-
pared with NG-treated cells, while elevated miR-20b-5p down-
regulated all these proteins (Figure 2e). More apoptotic
ARPE-19 cells were also observed in HG conditions than in
NG conditions; however, miR-20b-5p mimic transfection trig-
gered decreased apoptotic ARPE-19 cells (Figure 2d).
Immunoblotting analysis revealed elevated cleaved-caspase-3,
cleaved-caspase-9, and Bax expressions along with declined
Bcl-2 expression in HG conditions relative to cells exposed to
NG. Elevated miR-20b-5p reversed the expression patterns in
ARPE-19 cells (Figure 2f). The expression of VEGF in ARPE-
19 cells cultured under normal or HG conditions and trans-
fected with or without miR-20b-5p was measured. The level
of VEGF was increased under HG conditions but decreased
by the overexpression of miR-20b-5p (Figure S1A). Finally,
HG exposure reduced ARPE-19 cell proliferation, while miR-

20b-5p mimic promoted cell viability (Figure 2g). These find-
ings showed that miR-20b-5p increased ARPE-19 cell viability
while inhibiting apoptosis and pyroptosis.

CircZNF532 targeted miR-20b-5p
CircRNAs have emerged as miRNA sponges that impair inter-
action between miRNAs and their target mRNAs29. Bioinfor-
matics analysis in Starbase revealed that circZNF532 shared
binding sites with miR-20b-5p (Figure 3a). CircZNF532
expression shared negative correlation with miR-20b-5p
expression in patients with diabetic retinopathy (Figure 3b).
Furthermore, MiR-20b-5p was increased in ARPE-19 cells
upon circZNF532 knockdown but declined upon circZNF532
overexpression (Figure 3c). Finally, co-transfection with
circZNF532-WT reporter plasmid and miR-20b-5p mimic led
to reduced luciferase activity, while the mutant plasmid did
not (Figure 3d). These findings indicated that circZNF532
bound with miR-20b-5p and regulated its expression.

CircZNF532 knockdown inhibited ARPE-19 cell apoptosis and
pyroptosis by promoting miR-20b-5p
The levels of IL-1b, IL-18, TNF-a, IL-6, ASC, and NLRP3
declined in HG-conditioned ARPE-19 cells upon circZNF532
knockdown, while subsequent miR-20b-5p inhibitor increased
their expression levels (Figure 4a,b). sh-ZNF532 transfection
reduced ARPE-19 cell pyroptosis in HG conditions; however,
combined transfection of sh-ZNF532 and miR-20b-5p inhibi-
tor negated the effect of sh-ZNF532 and promoted the pyrop-
tosis (Figure 4c). Additionally, circZNF532 knockdown led to
declined protein expressions of caspase-1, pro-caspase-1, ASC,
and NLRP3 in HG conditions. circZNF532 knockdown in
ARPE-19 cells continued to be handled with miR-20b-5p inhi-
bitor, while the protein expressions of caspase-1, ASC, and
NLRP3 were elevated (Figure 4e). The circZNF532 knock-
down also reduced ARPE-19 cell apoptosis in HG conditions.
The miR-20b-5p inhibitor negated the effect of sh-ZNF532
and promoted the apoptosis of ARPE-19 cells (Figure 4d).
Immunoblotting analysis revealed declined cleaved-caspase-3,
cleaved-caspase-9, Bax protein expressions, and elevated Bcl-2
protein expression in HG-conditioned ARPE-19 cells after
circZNF532 knockdown. Subsequent miR-20b-5p inhibitor

Figure 1 | CircZNF532 and STAT3 were upregulated but miR-20b-5p was downregulated in the serum of patients with diabetic retinopathy and
HG-induced ARPE-19 cells. (a–c) Total RNA was extracted from serum samples and the expressions of circZNF532, miR-20b-5p, and STAT3 in
different groups of subjects were measured using qRT-PCR. (a) The comparison was made among healthy subjects (HC, n = 20), diabetic patients
with diabetic retinopathy (DR, n = 56), and diabetic patients without diabetic retinopathy (D, n = 20). (b) The comparison was made among
healthy subjects (HC, n = 20), patients with proliferative diabetic retinopathy (PDR, n = 22), and patients with preproliferative diabetic retinopathy
(PrePDR, n = 16). (c) The comparison was made between healthy subjects (HC, n = 20) and patients with diabetic macular edema (DME, n = 41).
(d) ARPE-19 cells were treated with increasing concentrations of glucose for 72 h. Cell proliferation was determined by the CCK-8 assay. (e) ARPE-
19 cells were cultured under iso-osmolar medium (Control), hyperosmolar medium (medium containing additional 100 mM NaCl (Na100) or
200 mM sucrose (Su200)), or medium containing 25 mM of glucose for 24 h. Cell viability was measured by the MTT assay. (f) Total RNA was
extracted from ARPE-19 cells, and qRT-PCR analysis was used to measure the expressions of circZNF532, miR-20b-5p, and STAT3 in ARPE-19 cells
treated with or without high glucose (25 mM glucose) (n = 3). * P < 0.05. Unpaired Student’s t-test was used for panel a–c and one-way ANOVA
with Tukey’s adjustments for panel d.
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transfection increased cleaved-caspase-3, cleaved-caspase-9,
Bax protein expressions, but reduced Bcl-2 protein expression
(Figure 4f). The expression of VEGF in ARPE-19 cells cul-
tured under normal or HG conditions and transfected with or
without sh-ZNF532/miR-20b-5p inhibitor was measured. The
results showed that HG-induced overexpression of VEGF was
suppressed by the transfection with sh-ZNF532, but restored
by the downregulated miR-20b-5p (Figure S1B). Finally,
circZNF532 knockdown enhanced ARPE-19 cell proliferation,
while reduced viability was noted upon subsequent miR-20b-
5p inhibitor transfection (Figure 4g). These findings suggested
that circZNF532 inhibited miR-20b-5p, reduced viability, and
promoted apoptosis and pyroptosis of ARPE-19 cells.

miR-20b-5p targeted STAT3 and inhibited its expression
Bioinformatics analysis in Starbase predicted putative binding
sites between miR-20b-5p and STAT3 (Figure 5a). Pearson
coefficient analysis showed that STAT3 expression was

negatively correlated with miR-20b-5p expression in patients
with diabetic retinopathy (Figure 5b). STAT3 was increased in
ARPE-19 cells upon miR-20b-5p inhibitor transfection but
declined upon miR-20b-5p mimic transfection (Figure 5c,e).
The luciferase reporter assay demonstrated that STAT3-WT
reporter plasmid, rather than STAT3-MUT reporter plasmid,
led to reduced luciferase activity in the presence of miR-20b-5p
mimic (Figure 5d). These findings indicated that miR-20b-5p
targeted STAT3.

miR-20b-5p inhibited ARPE-19 cell apoptosis and pyroptosis
following HG exposure by targeting STAT3
To ascertain whether miR-20b-5p targeting STAT3 affects
ARPE-19 cells by regulating their viability, apoptosis, and
pyroptosis, miR-20b-5p mimic with oe-STAT3 was delivered
into ARPE-19 cells. STAT3 overexpression abated the efficacy
of miR-20b-5p mimic and increased the expression levels of IL-
1b, IL-18, TNF-a, IL-6, ASC, and NLRP3 in ARPE-19 cells in

Figure 2 | MiR-20b-5p inhibited ARPE-19 cell apoptosis and pyroptosis following exposure to high glucose. (a) qRT-PCR analysis miR-20b-5p, IL-1b,
IL-18, TNF-a, IL-6, ASC, and NLRP3 expression levels in ARPE-19 cells in conditions of high glucose and upon miR-20b-5p mimic transfection.
(b) Measurements of IL-1b, IL-18, TNF-a, and IL-6 in ARPE-19 cell culture supernatants in conditions of high glucose and upon miR-20b-5p mimic
transfection by ELISA methods. (c) Flow cytometric analysis of caspase-1-FLICA/PI assay was performed to detect pyroptotic ARPE-19 cells in
conditions of high glucose and upon miR-20b-5p mimic transfection. (d) Flow cytometric analysis was performed to detect apoptotic ARPE-19 cells
in conditions of high glucose and upon miR-20b-5p mimic transfection. (e) Immunoblotting analysis of ASC, pro-caspase-1, caspase-1, and NLRP3
proteins in ARPE-19 cells in conditions of high glucose and upon miR-20b-5p mimic transfection. (f) Immunoblotting analysis of cleaved-caspase-3,
cleaved-caspase-9, Bcl-2, and Bax proteins in ARPE-19 cells in conditions of high glucose and upon miR-20b-5p mimic transfection. (g) Examination
of ARPE-19 cell proliferation by CCK-8 assay in conditions of high glucose and upon miR-20b-5p mimic transfection. *P < 0.05. n = 3, one-way
ANOVA with Tukey’s adjustments was used for panel a–f and repeat measurements ANOVA with Bonferroni corrections for panel g.
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HG conditions (Figure 6a,b). STAT3 overexpression also
induced pyroptosis in HG-conditioned ARPE-19 cells and led
to the loss of miR-20b-5p mimic effects (Figure 6c).

Immunoblotting analysis revealed that STAT3 overexpression
enhanced protein expressions of caspase-1, pro-caspase-1, ASC,
and NLRP3 in HG-conditioned ARPE-19 cells, and the effects

Figure 4 | CircZNF532 knockdown inhibited ARPE-19 cell apoptosis and pyroptosis following high glucose exposure by promoting miR-20b-5p.
(a) qRT-PCR analysis circZNF532, miR-20b-5p, IL-1b, IL-18, TNF-a, IL-6, ASC, and NLRP3 expression levels in HG-conditioned ARPE-19 cells following
circZNF532 knockdown and/or miR-20b-5p inhibition. (b) Measurements of IL-1b, IL-18, TNF-a, and IL-6 in the culture supernatants of HG-
conditioned ARPE-19 cells following circZNF532 knockdown and/or miR-20b-5p inhibition by ELISA methods. (c) Flow cytometric analysis of
caspase-1-FLICA/PI assay was performed to detect the pyroptosis of HG-conditioned ARPE-19 cells following circZNF532 knockdown and/or miR-
20b-5p inhibition. (d) Flow cytometric analysis was carried out to examine the apoptosis of HG-conditioned ARPE-19 cells following circZNF532
knockdown and/or miR-20b-5p inhibition. (e) Immunoblotting analysis of ASC, pro-caspase-1, caspase-1, and NLRP3 proteins in HG-conditioned
ARPE-19 cells following circZNF532 knockdown and/or miR-20b-5p inhibition. (f) Immunoblotting analysis of cleaved-caspase-3, cleaved-caspase-9,
Bcl-2, and Bax proteins in HG-conditioned ARPE-19 cells following circZNF532 knockdown and/or miR-20b-5p inhibition. (g) Examination of ARPE-19
cell proliferation by CCK-8 assay in HG-conditioned ARPE-19 cells following circZNF532 knockdown and/or miR-20b-5p inhibition. *P < 0.05. n = 3,
one-way ANOVA with Tukey’s adjustments was used for panel a-f and repeat measurements ANOVA with Bonferroni corrections for panel g.
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Luciferase reporter assay showed miR-20b-5p targeting STAT3 (n = 3). (e) Immunoblotting analysis of STAT3 protein expression in ARPE-19 cells
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of miR-20b-5p mimic were partially lost (Figure 6e). STAT3
overexpression also induced HG-induced apoptosis in ARPE-19
cells, while the effects of miR-20b-5p were partially lost (Fig-
ure 6d). Immunoblotting analysis revealed STAT3 overexpres-
sion enhanced cleaved-caspase-3, cleaved-caspase-9, Bax protein
expressions, and reduced Bcl-2 protein expression in HG-
conditioned ARPE-19 cells, and as expected, STAT3 overex-
pression attenuated the effects of miR-20b-5p mimic on the
expression of these proteins (Figure 6f). The expression of
VEGF in cells cultured under normal or HG conditions and
transfected with or without miR-20b-5p mimic/oe-STAT3 was
measured. The HG-induced overexpression of VEGF was sup-
pressed by the transfection with miR-20b-5p mimic but
restored by the overexpression of STAT3 (Supplementary Fig-
ure 1a). Finally, the CCK-8 assay showed that STAT3 overex-
pression inhibited the proliferation of HG-conditioned ARPE-
19 cells and reversed miR-20b-5p mimic effects (Figure 6g).
These findings suggested that miR-20b-5p promoted ARPE-19
cell viability while it reduced apoptosis and pyroptosis by tar-
geting STAT3.

CircZNF532 knockdown protected mice against DR via the
miR-20b-5p/STAT3 axis
To examine the effect of circZNF532 on diabetic retinopathy
in vivo, we established a mouse model of diabetic retinopathy.
The downregulation of circZNF532 in mice was achieved by
injecting the mice with lentiviral vectors expressing sh-ZNF532.
Diabetic mice showed elevated mRNA expressions of
circZNF532, STAT3, IL-1b, IL-18, TNF-a, IL-6, ASC, and
NLRP3, but a decreased the level of miR-20b-5p in comparison
with the controls. The downregulation of circZNF532, however,
markedly reversed these changes in diabetic mice (Figure 7a).
The delivery of lentivirus expressing sh-ZNF532 also effectively
inhibited the upregulation of cytokines in diabetic mice (Fig-
ure 7b). Histological examination showed that the retinal cells
of STZ-treated mice were in an irregular and disordered
arrangement compared with the control group, while these
changes were alleviated by circZNF532 knockdown (Figure 7c).
Furthermore, circZNF532 knockdown inhibited apoptosis (Fig-
ure 7d) and pyroptosis (Figure 7e) in the retinal tissues of DR
mice. The expressions of caspase-1, ASC, and NLRP3 were

elevated in diabetic mice, but this effect was eliminated by the
downregulation of circZNF532 (Figure 7f). Moreover, the injec-
tion with lentivirus expressing sh-ZNF532 led to decreased
expressions of Bax, cleaved-caspase-3, and cleaved-caspase-9,
and an elevated Bcl-2 protein level in diabetic mice (Figure 7g).
Taken together, these findings implied that the downregulation
of circZNF532 protected mice against diabetic retinopathy via
regulating the miR-20b-5p/STAT3 axis.

DISCUSSION
Diabetic retinopathy causes damage in the retina owing to
a sustained high blood sugar level30. The dysfunction of
RPE cells has emerged as a contributor to the pathogenesis
of diabetic retinopathy31. Pyroptosis and apoptosis are two
distinct forms of programmed cell death involved in dia-
betic retinopathy32,33. High glucose has been shown to pro-
mote RPE apoptosis and death, and eventually causes
pathogenesis of diabetic retinopathy34. Our study provided
evidence that circZNF532 promoted upregulation of
STAT3 expression by inhibiting miR-20b-5p, thereby
inducing diabetic retinal cell pyroptosis and apoptosis.
Our study first showed that 25 mM of glucose partially

decreased the viability of cells, while a remarkable decrease in
the viability was observed in cells cultured in hyperosmolar
medium, which was consistent with previous studies25,26. These
findings suggested that a slight increase in osmolality did not
significantly affect the cells. Then, we observed that silencing of
circZNF532 or overexpression of miR-20b-5p elevated the via-
bility but lowered the apoptosis and pyroptosis of HG-induced
ARPE-19 cells. CircRNAs, such as circRNA 0002570, were dif-
ferentially expressed in DR35. CircRNAs function as a modula-
tor of gene expression by orchestrating miRNA functions36. In
our study, circZNF532 was upregulated during conditions of
diabetic retinopathy and it bound to miR-20b-5p to downregu-
late its expression. Coinciding with our findings, Zhou et al.
elaborated that miR-20b-5p diminished hypoxia-induced apop-
tosis in cardiomyocytes via the HIF-1a/NF-jB pathway37.
Additionally, Zhen et al. provided evidence that miR-20b-5p
overexpression promoted the viability of propofol-
preconditioned endothelial cells and inhibited the autophagy
and apoptosis in hypoxia-reoxygenation-induced injury38.

Figure 6 | MiR-20b-5p inhibited ARPE-19 cell apoptosis and pyroptosis following high glucose exposure by targeting STAT3. (a) qRT-PCR analysis
miR-20b-5p, STAT3, IL-1b, IL-18, TNF-a, IL-6, ASC, and NLRP3 expression levels in HG-conditioned ARPE-19 cells following miR-20b-5p promotion
and/or STAT3 overexpression. (b) Measurements of IL-1b, IL-18,TNF-a and IL-6, in the culture supernatants of HG-conditioned ARPE-19 cells
following miR-20b-5p promotion and/or STAT3 overexpression by ELISA methods. (c) Flow cytometric analysis of caspase-1-FLICA/PI assay was
performed to detect the pyroptosis of HG-conditioned ARPE-19 cells following miR-20b-5p promotion and/or STAT3 overexpression. (d) Flow
cytometric analysis was performed to detect the apoptosis of HG-conditioned ARPE-19 cells following miR-20b-5p promotion and/or STAT3
overexpression. (e) Immunoblotting analysis of ASC, pro-caspase-1, caspase-1, and NLRP3 proteins in HG-conditioned ARPE-19 cells following miR-
20b-5p promotion and/or STAT3 overexpression. (f) Immunoblotting analysis of cleaved-caspase-3, cleaved-caspase-9, Bcl-2, and Bax proteins in HG-
conditioned ARPE-19 cells following miR-20b-5p promotion and/or STAT3 overexpression. (g) Examination of ARPE-19 cell proliferation by CCK-8
assay in HG-conditioned ARPE-19 cells following miR-20b-5p promotion and/or STAT3 overexpression. *P < 0.05. n = 3, one-way ANOVA with
Tukey’s adjustments was used for panel a–f and repeat measurements ANOVA with Bonferroni corrections for panel g.
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Pyroptosis, an inflammatory form of cell death, is mediated by
various inflammasomes, resulting in gasdermin D cleavage and
inactive cytokine production, such as IL-18 and IL-1b39.

NLRP3 activation assumed a critical role in pyroptosis and
in the development of diabetes40. ASC is widely researched as
an adaptor protein correlating to inflammasome assembly and
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pyroptosis41. Activated caspase-1 was also suggested as driving
gasdermin D to cleavage causing pyroptosis42. Our data
revealed that IL-1b, IL-18, ASC, NLRP3, and caspase-1 expres-
sion were reduced, and the pyroptosis rate also declined in
HG-induced ARPE-19 cells after circZNF532 silencing or miR-
20b-5p overexpression. These findings were also observed in
the mouse model of diabetic retinopathy.
Tang et al. revealed that miR-20b-5p targeted and repressed

STAT3 in human fetal airway smooth muscle cells43. Our study
elaborated that miR-20b-5p downregulated STAT3 in ARPE-19
cells. Also, STAT3 was overexpressed in DR and led to a
decline in cell viability and to an increase in apoptosis and
pyroptosis in HG-induced ARPE-19 cells. Consistently, a previ-
ous study reported STAT3 overexpression in rats with DR20.
Moreover, STAT3 inhibition reduced retinal endothelial cell
apoptosis in high glucose conditions44. Similarly, STAT3 down-
regulation caused an increase in viability but a decrease in
apoptosis in HC-induced ARPE-19 cells45. The VEGF is a
downstream effector of the STAT3 pathway, which plays a cru-
cial role in diabetic retinopathy by inducing vascular prolifera-
tion, mediating increased vascular permeability, and facilitating
pathological angiogenesis9,46. The anti-VEGF treatment has
been used for patients with proliferative diabetic retinopathy
but is limited by major ocular adverse effects47. Here, we found
that the expression of VEGF was upregulated under high glu-
cose conditions, which was consistent with the study by Mau-
geri et al48. Moreover, HG-induced overexpression of VEGF
was suppressed by the transfection with sh-ZNF532 or miR-
20b-5p mimic but restored by the overexpression of STAT3.
In summary, our study reveals that overexpressed

circZNF532 potentially exacerbates the progression of diabetic
retinopathy by impairing the inhibitory effects of miR-20b-5p
on STAT3, which provides a new perspective for the pathogen-
esis of diabetic retinopathy and supports future investigation of
the circZNF532/miR-20b-5p/STAT3 axis as a potential thera-
peutic target for diabetic retinopathy.
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Figure S1 | The expression of VEGF in ARPE-19 cells. (a) Western blot analysis of VEGF in ARPE-19 cells in high glucose condi-
tions and upon miR-20b-5p mimic/oe-STAT3 transfection. (b) Western blot analysis of VEGF in ARPE-19 cells in high glucose
conditions and upon sh-ZNF532/miR-20b-5p inhibitor transfection.
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