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Abstract
Diabetic keratopathy (DK) is an important diabetic complication at the ocular surface. Chronic low-grade
inflammation mediated by the NLRP3 inflammasome promotes pathogenesis of diabetes and its
complications. However, the effect of the NLRP3 inflammasome on DK pathogenesis remains elusive.
Wild-type (WT) and Nlrp3 knockout (KO) C57BL/6 mice were used to establish a type I diabetes model
by intraperitoneal injection of streptozotocin. The effect of the NLRP3 inflammasome on diabetic corneal
wound healing and never regeneration was examined by a corneal epithelial abrasion model. Western
blot, immunofluorescence staining, enzyme-linked immunosorbent assay (ELISA) and pharmacological
treatment were performed to investigate the regulatory mechanism of advanced glycation end products
(AGEs) on NLRP3 inflammasome activation and corneal wound healing in vivo. The cultured mouse
corneal epithelial cells (TKE2) were used to evaluate the effect and mechanism of AGEs on NLRP3
inflammasome activation in vitro. We revealed that NLRP3 inflammasome-mediated inflammation and
pyroptosis contributed to DK pathogenesis. Under physiological conditions, the NLRP3 inflammasome
was required for corneal wound healing and nerve regeneration. However, under a diabetic scenario,
sustained activation of the NLRP3 inflammasome resulted in postponed corneal wound healing and
impaired nerve regeneration. Mechanistically, the accumulated AGEs promoted hyperactivation of the
NLRP3 inflammasome through ROS production. Moreover, genetically and pharmacologically blocking
the AGEs/ROS/NLRP3 inflammasome axis significantly expedited diabetic corneal epithelial wound
closure and nerve regeneration. Our results revealed that AGEs-induced hyperactivation of the NLRP3
inflammasome resulted in delayed diabetic corneal wound healing and impaired nerve regeneration,
which further highlighted the NLRP3 inflammasome as a promising target for DK treatment.
Key words: diabetic keratopathy, NLRP3 inflammasome, advanced glycation end products, corneal wound healing, reactive
oxygen species

Introduction
Diabetes mellitus (DM) characterized by longterm hyperglycaemia and various complications has
become a major health issue worldwide, with nearly
463 million people suffering from diabetes in 2019 [1].
The ophthalmic complications due to diabetes have
been reported as a leading cause affecting eye health,
including diabetic retinopathy, diabetic cataract, and

diabetic keratopathy (DK) [2,3]. About 47%-64% of
diabetic patients were estimated to suffer from DK [4],
usually with pathological alterations, such as delayed
corneal wound healing, reduced corneal subepithelial
nerve density, and impaired corneal sensation [2].
More seriously, uncontrolled postponed corneal
wound healing probably increased the susceptibility
https://www.ijbs.com
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to corneal ulcers, microbial keratitis, and even
perforation [2,5]. Therefore, a better understanding of
the pathogenesis of DK is vital for treating and
preventing this scenario. Although increasing
evidence
indicated
that
low-grade
chronic
inflammation contributes to the pathogenesis of
diabetes and its complications [6-9], the associations
of chronic inflammation with DK currently remain
uncertain.
The inflammasomes are a cytosolic signalling
complex, which usually contains a sensor NOD-like
receptor (NLR), the adaptor protein ASC, and
Caspase-1 (Casp-1) [10]. As the best-characterized
inflammasome, the NLRP3 inflammasome can be
activated by a broad range of stimuli, including
pathogenic molecules, sterile insults, and metabolic
products through efflux of potassium ions, flux of
calcium ions, lysosomal disruption, mitochondrial
dysfunction, metabolic changes, and trans-Golgi
disassembly [11-13]. The assembly of the NLRP3
inflammasome results in caspase-1-dependent
secretion of interleukin (IL)-1β and IL-18, as well as
gasdermin D (GSDMD)-mediated pyroptosis [14,15].
Accumulating evidence revealed that NLRP3inflammasome–mediated
chronic
inflammation
contributed to the development and progression of
DM and its complications, such as diabetic
nephropathy [6], diabetic retinopathy [16,17], diabetic
cardiomyopathy [18], and diabetes-associated
atherosclerosis [19]. Moreover, the hyperactivation of
the NLRP3 inflammasome was reported to be
involved in impaired cutaneous wound healing in
diabetic mice and humans [20,21]. However, whether
the NLRP3 inflammasome contributes to the
pathogenesis of DK remains largely unknown.
In this study, we first examined the effect of
NLRP3 inflammasome on corneal epithelial wound
using streptozotocin (STZ)-induced diabetic mice and
then focused on the pathogenic mechanism of the
NLRP3 inflammasome involved in. Our results
demonstrated
that
the
persistent
NLRP3
inflammasome activation contributed to delayed
diabetic corneal wound healing and impaired nerve
regeneration. Mechanistically, the accumulated AGEs
promoted the hyperactivation of the NLRP3
inflammasome through reactive oxygen species
(ROS), ultimately leading to increased pyroptosis and
impaired proliferative capacity of corneal epithelial
cells. These findings highlighted the pathogenic roles
of the NLRP3 inflammasome in DK.

Materials and methods
Animals
Male C57BL/6 mice (6–8 weeks old) were
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purchased from the Vital River Laboratory Animal
Technology Co., Ltd. (Beijing, China) and housed in
the animal center of Shandong Eye Institute. All
animal experiments were conducted with the
approval of the Ethics Committee of Shandong Eye
Institute and carried out following the Research in
Vision and Ophthalmology Statement for the Use of
Animals in Ophthalmic and Vision Research.
According to our previous study [22], type 1 diabetes
was induced in wild-type (WT) and Nlrp3 knockout
(KO) mice through intraperitoneal injection of STZ (50
mg/kg, Sigma-Aldrich, St. Louis, MO) for 5
consecutive days. The OneTouch Basic glucometer
(Life Scan, Johnson & Johnson, Milpitas, CA) was
employed to monitor the level of blood glucose.
Diabetic mice were used for subsequent experiments
at 16 weeks after the final STZ injection, with blood
glucose values at 29.88 ± 3.36 mmol/L
(Supplementary Fig. 1).

Corneal epithelial wound healing and
treatment
To build the corneal epithelial debridement
model, normal and diabetic mice of the same age were
anesthetized by 0.6% pentobarbital sodium, and the
central corneal epithelium (2.75 mm diameter) in one
eye of each mouse was removed using an Algerbrush
II corneal rust ring remover (Alger Co., Lago Vista,
TX). After 0, 24, and 48 hours, the residual epithelial
defects in the cornea were visualized by 0.25%
fluorescein sodium and photographed under a slit
lamp microscope (BQ900; Haag-Streit, Bern,
Switzerland). The percentage of the defect area was
quantified with Image J software (version 1.47,
National Institutes of Health, Bethesda, MD) as our
previous descriptions [23].
To determine the effect of the NLRP3
inflammasome on corneal wound closure, MCC950
(5 μL, 100 μg/mL, MCE) was subconjunctivally
administrated immediately after abrasion. To
evaluate the effect of corneal wound healing on
oxidative stress, diabetic mice were topically treated
with ROS quencher N-acetylcysteine (NAC, 5μL,
2.5μg/μL, Sigma) at 0 hours after corneal epithelial
abrasion. Moreover, to examine the pathological role
of AGE on corneal wound healing, WT mice were
subconjunctivally injected with AGE-BSA (5 μL,
10 μg/μL, Abcam) at 0 hours after the removal of
corneal epithelium. Phosphate-buffered saline (PBS)
was used as control. To further investigate the effect
of AGEs on diabetic corneal wound closure,
pyridoxylamine (PM, 1g/L, MCE, an AGE inhibitor
[24]) in drinking water was given to the diabetic mice
for two months.
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Corneal whole-mount staining for nerve fibres
Corneal whole-mount immunofluorescence
staining was performed, as in previous descriptions
[25]. Briefly, mouse eyeballs were immediately fixed
in Zamboni stationary liquid (Solarbio) for 1 h after
collection; the corneas were then dissected and
blocked for 2 hours in PBS containing 0.1% Triton
X-100, 2% goat serum, and 2% bovine serum albumin.
Subsequently, the corneas were incubated overnight
at 4 °C with Alexa Fluor 488 conjugated neuronal class
III β-tubulin mouse monoclonal antibody (MerckMillipore, Darmstadt, Germany). After washing each
cornea six times, the corneas were cut into six petals
and observed using a confocal microscope (Zeiss,
Rossdorf, Germany). The density of the corneal subbasal nerve fibres was quantified by Image J software.

Corneal mechanical sensitivity measurement
Cochet-Bonnet
esthesiometer
(Luneau
Ophtalmologie, Chartres Cedex, France) was used to
measure corneal sensitivity in unanaesthetised
normal and diabetic mice before and after scratching
the epithelium, according to our previous protocol
[23]. The longest filament length with a positive
response (which triggered the eyeblink response) was
considered as the threshold of sensitivity. The test was
repeated at least three times.

Corneal epithelial cell culture and treatment
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0.1% Triton X-100, and blocked with 5% BSA for 1h at
room temperature. The processed samples were
incubated with primary antibodies (as shown in
Supplementary Table 1) overnight at 4 °C and
subsequently with fluorescein-conjugated secondary
antibodies. All samples were photographed by an
Eclipse TE2000-U microscope (Nikon, Tokyo, Japan)
after counterstaining with DAPI.

Western blot
The total proteins were extracted from mouse
corneal tissues and TKE2 cells in radioimmunoprecipitation assay (RIPA) buffer containing a
proteinase inhibitor cocktail. The extracted proteins
were separated by 10% or 12.5% SDS-PAGE gels and
then transferred to polyvinylidene fluoride
membranes (Millipore, Billerica, MA). The 5% BSA
was used to block the protein-loaded membranes for 1
hour at room temperature. After washing with TBST,
the blots were incubated overnight at 4 °C with
primary antibodies (as shown in Supplementary
Table 1) and then with species-specific secondary
antibodies for 1 hour at room temperature.
Protein-specific signals were visualized using the
Enhanced Super Signal Chemiluminescent Substrate
(Thermo Fisher Scientific). The images were obtained
using a chemidocTM touch imaging system (Bio-Rad,
Hercules, CA, USA) and quantified by Image J
software.

Mouse corneal epithelial cell line (TKE2) was
provided by Dr. Tetsuya Kawakita of Keio University
(Tokyo, Japan) [26]. TKE2 cells were cultured in
keratinocyte serum-free medium (Gibco, USA),
containing human keratinocyte growth supplement
(HKGS, 10 μL/mL) and epidermal growth factor
(EGF, 5 ng/mL). After starvation overnight, the
cultured cells were treated with bovine serum
albumin (BSA) (200 μg/mL) and AGE-BSA (200
μg/mL, Abcam) for 24 hours. To inhibit the NLRP3
inflammasome, the cells were co-treated with
AGE-BSA (200 μg/mL) and MCC950 (10 μM/mL,
MCE) for 24 hours. The treated cells were then
harvested for CCK-8 analysis, immunostaining and
western blot, and the supernatants were prepared for
the enzyme-linked immunosorbent assay (ELISA)
test.

The corneal tissues of diabetic mice and
age-matched vehicle mice were collected at 48 hours
after corneal epithelial abrasion (2.75 mm diameter).
Three corneas from each group were homogenized in
cold PBS. The Bicinchoninic Acid (BCA) Kit
(Beyotime, Shanghai, China) was used to determine
the total protein concentrations, and the levels of
interleukin-1β (IL-1β) were then quantified using a
commercially available ELISA kit (mouse sensitive
kits for IL-1β, Proteintech, USA) according to
manufacturers’ protocol with a multifunctional
microplate reader (SpectraMax i3x, Molecular
Devices, Sunnyvale, CA, USA). The content of IL-1β
in the TKE2 cell supernatant was also measured by
the same method.

Immunofluorescence staining

Reactive oxygen species (ROS) staining

Immunofluorescence staining was performed
according to our previous protocol [25]. Mouse
eyeballs were collected and embedded immediately in
the OCT compound (Sakura Finetek, Tokyo, Japan)
for frozen sections. The 7 μm-thick sections and
treated
TKE2
cells
were
fixed
in
4%
paraformaldehyde for 15 min, permeabilized with

Enzyme-linked immunosorbent assay (ELISA)

To observe the intracellular ROS staining, fresh
eyeballs were embedded in the OCT compound and
prepared for frozen sections immediately. Corneal
cryostat sections were washed and incubated with
dichloro-dihydro-fluorescein diacetate (DCFH-DA,
10 μmol/L) for 30 min at 37 °C. After DAPI staining,
the intensity of fluorescence was observed and
captured using an Inverted fluorescence microscope
https://www.ijbs.com
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(ECHO, USA). To further determine the intracellular
ROS in cells, the treated TKE2 cells were washed and
incubated with DCFH-DA (10 μmol/L) for 30 min at
37 °C, and then the intensity of fluorescence was
captured.

Immunohistochemistry (IHC)
The harvested corneas from different groups
were fixed in 4% paraformaldehyde, dehydrated and
embedded in paraffin. The deparaffinized sections (5
µm) were rehydrated and then antigen was retrieved
using citrate antigen retrieval solution. After
removing endogenous peroxidase, the sections were
blocked with 5% BSA at room temperature. Antibody
specific for AGE (showed in Supplementary Table 1)
was incubated at 4 °C overnight. The sections were
then incubated with appropriate secondary antibodies
for 50 min at room temperature. Haematoxylin was
used to counterstain the nuclei. Finally, photographs
were taken under a light microscope after
dehydration (Olympus, Japan).

CCK-8 detection
The cell counting kit-8 (Bioss, Beijing, China) was
used to detect cell proliferative ability. The TKE2 cells
(1000 per well) were seeded into 96-well plates with
the corresponding medium. The kit solution was
added to the plate for 2 hours. The optical density
(OD) value of each well was detected at the
wavelength 450 nm using a Microplate reader (Model
680; Bio-199 Rad, Hercules, CA). Each assay was
conducted at least in triplicate.

Data analysis
Statistical analyses were performed using SPSS
version 19.0 software (IBM Corporation, Chicago, IL).
All data were presented as the means ± standard
deviation (SD). Student’s two-tailed t-test was used to
compare two groups. One-way analysis of variance
was used to analyse experiments with more than two
groups. Differences were considered statistically
significant at a P value of less than 0.05.

Results
NLRP3 inflammasome promotes normal
corneal epithelial repair and nerve
regeneration
To explore the effect of the NLRP3
inflammasome on corneal wound healing and nerve
regeneration under physiological conditions, WT and
Nlrp3 KO mice were used to establish a corneal
epithelial injury model. When compared with WT
mice (Control), the Nlrp3 KO mice showed
significantly delayed corneal epithelial wound closure
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and lower density of nerve fibers in regenerated
corneal epithelium, as well as reduced corneal
sensitivity (Fig. 1A-E). These findings were consistent
with the results obtained by inhibiting the NLRP3
inflammasome through MCC950 (as shown in the
Control +MCC950 group), which also pronouncedly
displayed postponed corneal wound healing and
impaired nerve regeneration (Fig. 1A-E). Collectively,
both genetic and pharmacologic evidence suggested
that the NLRP3 inflammasome was required for
corneal wound closure and nerve regeneration under
normal physiological conditions.

The NLRP3 inflammasome was hyperactivated during diabetic corneal wound
healing
Although we recognized the importance of
NLRP3 inflammasome during normal corneal wound
closure, the effect of the NLRP3 inflammasome on
diabetic corneal wound healing remained uncertain.
We first investigated the activation of the NLRP3
inflammasome during diabetic wound closure. As
shown in Fig. 2A-B, the corneal wound closure in
diabetic mice was more significantly postponed than
that in the Control group, with their closure ability
(65.9% VS 84.2%) on 24 hours after debridement, and
(82.4% VS 100%) on 48 hours after debridement. The
density of nerve fibers and the corneal sensitivity
recovery in the DM group was much lower than that
in the control group (Fig. 2C-E). These findings were
in line with our previous studies. Furthermore, we
found that the protein level of NLRP3 in the control
corneas was pronouncedly elevated at 24 hours and
lowered at 48 hours after debridement. A similar
dynamic trend of matured IL-1β was also observed in
Control corneas during wound healing. In contrast,
the levels of NLRP3 and matured IL-1β in diabetic
corneas were dramatically increased at 24 hours and
sustained a high expression at 48 hours (Fig. 2F-H).
Correspondingly, the immunofluorescence staining
also showed sustained higher expression of NLRP3
and IL-1β in diabetic corneas than in control group
during wound healing (Fig. 2I). Moreover, using
immunostaining, we also found increased oxidative
stress during diabetic corneal wound closure,
characterized by aggravated ROS accumulation, and
elevated expression of NADPH oxidase 2 (NOX2) and
NOX4 in the corneal epithelial layer (Supplementary
Fig. 2), which was reported to be related to NLRP3
inflammasome activation [27]. Taken together, the
findings indicated that the sustained activation of
NLRP3 inflammasome probably contributed to the
postponed diabetic corneal wound closure.
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Figure 1. NLRP3 inflammasome promoted normal corneal epithelial repair and nerve regeneration. (A) The dynamic changes of corneal defects in three groups
at 0 h, 24 h and 48 h after epithelial abrasion were observed by fluorescein sodium staining. (B) The wound sizes of corneas as in (A) were calculated by Image J software (n=5).
(C) Seven days after epithelial abrasion, β-tubulin III staining was performed to determine the alterations of regenerated corneal nerve fibers. The representative images of the
entire cornea were shown in the top panels, and the central cornea images were presented in the bottom panels. (D) The nerve densities of the central cornea on the basis of
the areas staining positive for β-tubulin III were calculated by Image J software (n=5). (E) The corneal sensation was tested by a Cochet-Bonnet esthesiometer at 5 and 7 d after
corneal epithelial abrasion. The results were descripted as mean ±SD. n.s, not significant, *** P <0.001.

Blocking NLRP3 inflammasome activation
accelerated the diabetic corneal wound
healing and nerve regeneration
Given the sustained activation of the NLRP3
inflammasome during diabetic wound healing, Nlrp3
KO diabetic mice were established through
intraperitoneal injection of STZ to evaluate its effect
on corneal wound closure. When compared with
diabetic WT mice, the Nlrp3 KO diabetic mice
displayed expedited corneal epithelial wound healing
(Fig. 3A-B) and nerve regeneration (Fig. 3C-D), as well

as a significant improvement in corneal sensation
recovery (Supplementary Fig. 3A), suggesting the
pathogenic role of the NLRP3 inflammasome in
diabetic wound healing. Subsequently, we also
evaluated the effect of the NLRP3 inflammasome on
diabetic corneal wound healing using MCC950. The
topical application of MCC950 significantly promoted
diabetic corneal wound healing (Fig. 3A-B), nerve
regeneration (Fig. 3C-D), and corneal sensation
recovery (Supplementary Fig. 3A), which was
consistent with the findings obtained from Nlrp3 KO
diabetic mice. In addition, MCC950 treatment
https://www.ijbs.com
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increased Ki67 positive epithelial cells (Fig. 3H) and
enhanced the expression of signal transducer and
activator of transcription 3 (STAT3) (Supplementary
Fig. 3B), which was associated with accelerated
corneal epithelial wound healing [28]. Furthermore,
western blot, ELISA and immunofluorescence
staining both revealed that the MCC950 treatment
pronouncedly inhibited NLRP3 inflammation
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activation during diabetic wound healing, along with
a reduction in matured Casp-1, IL-1β and GSDMD, as
well as lower expression of NLRP3 (Fig. 3E-H).
Overall, these results acquired through genetic and
pharmacological approaches demonstrated that
NLRP3-inflammasome-mediated inflammation led to
delayed diabetic corneal wound healing and nerve
regeneration.

Figure 2. NLRP3 inflammasome was hyperactivated during diabetic corneal wound healing. (A) The representative images of corneal defects in two groups at 0h,
24 h and 48 h after epithelial abrasion were shown by fluorescein sodium staining. (B) The corneal defects area as in (A) were quantified by Image J (n=5). (C) The representative
images of regenerated corneal nerve fibers were observed using β-tubulin III staining at 7d after epithelial abrasion. The top panel, the whole corneas; the bottom panel, the
central corneas. (D) The nerve densities of central cornea between two groups (n=5) were determined by Image J software. (E) The corneal sensitivity recovery between two
groups (n=5) was quantified using a Cochet-Bonnet esthesiometer at 5 and 7 d after corneal epithelial abrasion. (F) The levels of NLRP3 and matured IL-1β (m-IL-1β) in the
corneas at different time points after corneal epithelial debridement were tested via western blot. (G-H) The relative levels of the NLRP3 and m-IL-1β expression were
calculated by Image J software as in (F) (n=3). (I) The expression of NLRP3 and IL-1β during corneal epithelial regeneration was evaluated by immunofluorescence staining. Scale
bar, 50 µm. E, epithelium; S, stroma. The results were expressed as mean ±SD. n.s, not significant, *** P <0.001.
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Figure 3. Blocking NLRP3 inflammasome activation accelerated diabetic corneal epithelial wound healing and nerve regeneration. (A) The typical
photographs of corneal defects in three groups at 0 h, 24 h and 48 h after epithelial abrasion were taken using a slit-lamp microscope. (B) The areas of corneal epithelial defects
within three groups at different time points (n=5) were quantified using Image J software. (C) The representative pictures of regenerated corneal nerve fibers in different groups
(n=5) at 7d after epithelial abrasion were obtained using β-tubulin III staining. Upper panel, the whole corneas; bottom panel, the central corneas. (D) The nerve densities of
central corneas in different groups (n=5) were quantified using Image J software. (E) The protein levels of NLRP3, ASC, matured Caspase-1 (m-Casp-1), m-IL-1β and matured
GSDMD (m-GSDMD) in the corneas of different groups (n=3) at 48 h after corneal epithelial injury were determined by western blot. (F) The relative values of NLRP3, ASC,
m-Casp-1, m-IL-1β and m-GSDMD in the corneas at 48 h after corneal epithelial injury were analyzed through Image J software as in (E). (G) The protein level of IL-1β in the
corneas of different groups (n=4) at 48 h after epithelial abrasion were quantified by ELISA. (H) The expression of NLRP3, IL-1β and Ki67 in the corneas of different groups at
48 h after injury was examined using immunofluorescence staining. Scale bar, 50 µm. E, epithelium; S, stroma. Data were given as mean ±SD. *P <0.05, ** P <0.01, *** P <0.001.
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Figure 4. Diabetic corneas showed increased AGE deposition and basal activation of NLRP3 inflammasome. (A) The expression and location of AGE in corneas
of diabetic and normal mice was examined using immunohistochemistry. (B) The level and distribution of AGE in diabetic and normal corneas was evaluated through
immunofluorescence staining. E, epithelium; S, stroma. (C) The levels of AGEs in diabetic and normal corneas were determined using immunoblotting (n = 3). (D) The relative
intensities of AGEs in diabetic and normal corneas were quantified as in (C). (E) The expression of NLRP3, ASC, m-Casp-1, m-IL-1β and m-GSDMD in diabetic and normal
murine corneas was evaluated by western blot. (F) The relative levels of NLRP3, ASC, m-Casp-1, m-IL-1β and m-GSDMD in corneas were analysed using Image J software as in
(E) (n = 3). The results were presented as mean ±SD. Scale bar, 50 µm. *P <0.05, **P <0.01.

The diabetic corneas presented increased AGE
deposition and basal activation of the NLRP3
inflammasome
Our results revealed that the sustained NLRP3
inflammasome activation contributed to the impaired
diabetic corneal wound healing and nerve
regeneration, but the mechanism by which the NLRP3
inflammasome was persistently activated remained
uncertain. As an important diabetes-associated
endogenous danger-associated molecular pattern
(DAMP), AGE products generated by hyperglycemia
were reported to be implicated in the pathogenesis of
DM and their complications through Toll-like
receptors (TLRs) and other receptors [8,29]. Therefore,
we inferred that the deposited AGE probably
contributed to the sustained activation of the NLRP3
inflammasome, subsequently leading to postponed

corneal wound healing. The IHC and immunofluorescence staining showed more accumulation of
AGEs in mouse diabetic corneas than that in
age-matched controls, mainly located at the corneal
epithelium, epithelial basement membrane and
endothelium (Fig. 4A-B). The western blot analysis
further revealed increased accumulation of AGEs in
diabetic corneas, when compared with age-matched
controls (Fig. 4C-D). Moreover, we also found a
higher basal activation of NLRP3 inflammasome in
diabetic corneas than in age-matched controls,
characterized by elevated matured form of IL-1β and
GSDMD, as well as increased expression of NLRP3
and ASC (Fig. 4E-F). Taken together, these results
revealed the exacerbated accumulation of AGEs and
increased NLRP3 inflammasome activity in diabetic
corneas.
https://www.ijbs.com
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Figure 5. Pharmacologically inhibiting endogenous AGEs formation accelerated diabetic corneal epithelial wound healing with reduced NLRP3
inflammasome activity. (A) The content and location of AGEs in diabetic corneas treated with or without PM was determined using immunohistochemistry (n=3). (B) The
expression and distribution of AGEs in diabetic corneas after treatment with PM was evaluated via immunofluorescence staining (n=3). E, epithelium; S, stroma. (C) The levels
of AGEs in diabetic corneas treated with or without PM were examined through western blot, and the relative intensities of AGEs (the below) in different groups were quantified
by Image J (n=3). (D) The representative images of corneal defects in different groups (n=5) at 0 h, 24 h and 48 h after epithelial abrasion were observed by fluorescein sodium
staining. (E) The relative wound areas of corneas with different groups (n=5) at different time points were calculated by Image J software. (F) The protein levels of NLRP3 and
m-IL-1β in PM-treated diabetic corneas at 48 hours after epithelial injury were assessed by immunoblotting (n=3). The quantification of NLRP3 and m-IL-1β was performed using
Image J. Data were showed as mean ±SD. Scale bar, 50 µm. **P <0.01, ***P <0.01.

Pharmacologically inhibiting endogenous
AGEs formation promoted diabetic corneal
epithelial wound healing with reduced NLRP3
inflammasome activation
To testify whether the deposited AGEs were
closely associated with delayed corneal wound
healing and increased NLRP3 inflammasome activity
in diabetic mice, PM in drinking water was given to
diabetic mice for 2 months to inhibit endogenous
AGEs formation [24]. Through IHC and immuno-

fluorescence staining, reduced AGEs deposition in
diabetic corneas was observed after PM treatment
than in untreated diabetic corneas (Fig. 5A-B). The
western blot analysis also revealed the decreased
accumulation of AGEs in diabetic corneas treated
with PM (Fig. 5C). These findings indicated that PM
treatment significantly blocked AGEs formation.
Using corneal abrasion models, we further found that
the PM-treated diabetic corneas showed more
accelerated epithelial wound closure, when compared
with the untreated diabetic mice (Fig. 5D-E).
https://www.ijbs.com
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Moreover, the diabetic corneas treated with PM also
displayed decreased NLRP3 inflammasome activity,
with less production of matured IL-1β and lower
expression of NLRP3 (Fig. 5F). These results
demonstrated that the accumulated AGEs in diabetic
corneas led to the delayed corneal epithelial wound
healing probably through activation of the NLRP3
inflammasome.

Exogenous AGEs promoted NLRP3
inflammasome activation and impaired
corneal wound healing and nerve regeneration
To further address the effect of AGE on NLRP3
inflammasome activation and corneal wound healing,
exogenous AGEs were subconjunctivally injected into
normal mice after corneal epithelium scraping. When
compared with the untreated mice, AGEs
subconjunctival injection significantly delayed corneal
epithelial wound healing and impaired nerve
regeneration (Fig. 6A-E), with reduced Ki67 positive
corneal epithelial cells (Fig. 6I) and decreased STAT3
activity (Supplementary Fig. 4A). Moreover, western
blot analysis revealed the increased NLRP3
inflammasome activity in scraped corneas after AGEs
treatment, with more production of matured Casp-1,
IL-1β and GSDMD and higher expression of NLRP3
and ASC (Fig. 6F-H). The immunofluorescence
analysis showed more expression of NLRP3 and IL-1β
in scraped corneas after AGEs treatment than in
untreated vehicles, further indicative of increased
NLRP3 inflammasome activity caused by AGEs (Fig.
6I). Meanwhile, the AGE-treated scraped corneas also
showed stronger oxidative stress, as presented by
more accumulation of ROS (Fig. 6I) and
overexpression of NOX2 and NOX4 (Supplementary
Fig. 4B-C). Thus, exogenous AGEs promoted NLRP3
inflammasome activation and oxidative stress, but
impaired corneal wound healing and nerve
regeneration in normal mice, which were quite similar
to the phenotypes obtained in diabetic wound
healing.

AGE-treated TKE2 cells showed increased
NLRP3 inflammasome activation but
decreased proliferative potential
To verify the effect of AGEs on NLRP3
inflammasome in vivo, the TKE2 cell line was cultured
and stimulated with AGE-BSA and MCC950. Through
ELISA, we showed higher IL-1β levels in the
supernatants of AGE-treated TKE2 than in
BSA-treated and normal controls. However, when
pre-treated with MCC950, the secretion of IL-1β was
significantly inhibited (Fig. 7A). Western blot revealed
that AGEs promoted activation of the NLRP3
inflammasome, with a pronounced increase of the
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matured form of Casp-1(p10), IL-1β and GSDMD, as
well as elevated expression of NLRP3 and ASC (Fig.
7B-E). Through immunofluorescence staining, we
observed more ASC foci (an indicative of the NLRP3
inflammasome assembly and activation [30]) in TKE2
after treatment with AGE-BSA, while MCC950
treatment significantly reversed the BSA-AGEinduced ASC foci formation (Supplementary Fig. 5A).
These results further indicated that AGEs contributed
to the activation of NLRP3 inflammasome. Moreover,
the AGE-treated TKE2 cells also showed aggravated
ROS accumulation (Supplementary Fig. 5B), which
was in agreement with the findings in AGE-treated
mice. In addition to promoting NLRP3 inflammasome
activation, AGE-BSA treatment also significantly
lowered the proliferative potential and survival rates
of TKE2, as presented by decreased cell viability and
reduced Ki67 positive cells (Fig. 7F-H). However,
MCC950 pre-treatment significantly restored the
reduced proliferative potential and survival rates
caused by AGE (Fig. 7F-H). Collectively, these results
demonstrated that AGEs promoted the activation of
the NLRP3 inflammasome, thereby leading to lower
proliferative potential and survival rates, probably
through inflammation and pyroptosis.

Scavenging ROS expedited diabetic corneal
epithelial wound healing and nerve
regeneration through inhibiting NLRP3
inflammasome activation
To dissect the association of oxidative stress,
NLRP3 inflammasome and diabetic corneal wound
healing, the antioxidant NAC was used to evaluate
the effect of ROS on the NLRP3 inflammasome and
diabetic corneal wound healing. When compared
with untreated diabetic mice, the corneal wound
closure and nerve regeneration were more
dramatically accelerated in NAC-treated diabetic mice
(Fig. 8A-D). Consistently, the corneal sensory
sensation recovery in treated mice was also
significantly improved (Supplementary Fig. 6). These
effects were quite similar to the effects achieved by
inhibiting NLRP3 inflammasome activity. In addition
to the beneficial effect on diabetic corneal wound
healing and nerve regeneration, the NAC treated
diabetic corneas further displayed lower NLRP3
inflammasome activation than in the untreated
vehicles, featured with less production of activated
Casp-1(p10), IL-1β and GSDMD, as well as decreased
expression of NLRP3 and ASC (Fig. 8E-F). Based on
the effective scavenging effect of NAC on oxidative
stress (Fig. 8G-H), we concluded that NAC promoted
diabetic corneal wound healing and nerve
regeneration
through
blocking
the
NLRP3
inflammasome.
https://www.ijbs.com

Int. J. Biol. Sci. 2022, Vol. 18

819

Figure 6. Exogenous AGEs promoted NLRP3 inflammasome activation and impaired corneal wound healing and nerve regeneration. (A) The photographs
of corneal defects in the two groups at 0 h, 24 h and 48 h after epithelial abrasion were taken by slit-lamp microscope. (B) The relative defect area of corneal epithelium with
different groups at different time points was quantified using Image J. (C) The representative images of the regenerated corneal nerve fibers in different groups were showed by
β-tubulin III staining. Above, whole corneas; below, central corneas. (D) The quantification of central corneal nerve fibers in different groups (n=5) was performed using Image
J. (E) The corneal sensitivity at different groups (n=5) detected by Cochet-Bonnet esthesiometer at 5 and 7 d after epithelial abrasion was presented in a histogram. (F) The
expression of NLRP3, ASC, m-Casp-1, m-IL-1β and m-GSDMD in the corneas in different groups (n=3) was evaluated using western blot. (G) The quantification of NLRP3, ASC,
m-Casp-1, m-IL-1β and m-GSDMD in corneas of different groups (as in F) was performed using Image J. (H) The concentrations of IL-1β in corneas in different groups (n = 3)
at 48 h after injury were quantified using ELISA. (I) The accumulation of ROS and expression of NLRP3, IL-1β and Ki67 in the cornea were evaluated by immunofluorescence
staining. E, epithelium; S, stroma. Data were given as mean ±SD, ** P <0.01, *** P <0.001.

Discussion
As the major diabetic complications in the ocular
surface, the main clinical manifestations of DK
present delayed corneal wound healing and the loss

of corneal sensitivity [21,31]. However, the
underlying pathogenesis of DK is not fully
understood, and effective therapeutic approaches
remain elusive. In the current study, the main novel
finding was that the sustained activation of NLRP3
https://www.ijbs.com
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inflammasome led to postponed diabetic corneal
wound healing and impaired nerve regeneration.
Mechanistically, the accumulated AGEs contributed
to the hyperactivation of NLRP3 inflammasome
through ROS generation, ultimately resulting in
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chronic inflammation and pyroptosis of corneal
epithelial
cells.
Moreover,
genetic
and
pharmacological blockade of the AGEs/ROS/NLRP3
inflammasome axis promoted diabetic corneal wound
healing and nerve regeneration.

Figure 7. Exogenous AGEs increased the activation of NLRP3 inflammasome and decreased proliferative potential in TKE2 cells. (A) The concentrations of
IL-1β in supernatants derived from AGE-treated TKE2 in the presence or absence of MCC950 were detected by ELISA (n = 4). (B) The protein contents of NLRP3, ASC,
m-Casp-1, m-IL-1β and m-GSDMD in TKE2 after treatment with different conditions were examined via immunoblotting. (C) The quantification of NLRP3, ASC, m-Casp-1,
m-IL-1β and m-GSDMD as in (B) was analyzed by Image J (n=3). (D) The expression of GSDMD in TKE2 after treatment with different stimulations was assessed by
immunofluorescence staining. (E) The relative fluorescence intensity of GSDMD as in (D) was quantified by Image J software. (F) The survival of TKE2 after treatment with
BSA-AGEs in the presence or absence of MCC950 was evaluated using CCK-8 experiments (n=5). (G) The expression of Ki67 in TKE2 cells treated with different stimulations
was examined through immunofluorescence staining (n=3). (H) The fluorescence intensity of Ki67 as in (G) was quantified by Image J software. The data was reported as mean
±SD. n.s, not significant, * P <0.05, ** P <0.01, *** P <0.001.
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Figure 8. Scavenging ROS expedited diabetic corneal epithelial wound healing and nerve regeneration by inhibiting NLRP3 inflammasome activation. (A)
Typical photographs of corneal defects in diabetic mice treated or untreated with NAC at different time points were taken by a slit-lamp microscope. (B) The relative epithelial
defects of corneas in different groups at various time points were analyzed using Image J software (n=5). (C) The dynamic changes of regenerated corneal nerve fibers after
treatment with NAC at 7days after epithelial injury were examined using β-tubulin III staining. Below, images of central corneas. (D) The density of central corneal nerves as in
C was quantified by Image J (n=5). (E) The protein levels of NLRP3, ASC, m-Casp-1, m-IL-1β and m-GSDMD in the NAC-treated corneas at 48 h after corneal epithelial injury
were evaluated by western blot. (F) The relative intensity of key proteins as in (E) was quantified (n=3). (G) The expression of NOX2 and NOX4 in NAC-treated diabetic
corneas was examined by immunoblotting. (H) The relative levels of NOX2 and NOX4 as in (G) were determined through Image J software (n=3). (I) Immunofluorescence
staining was performed to investigate the expression of ROS, NOX2 and NOX4 in NAC-treated diabetic corneas at 48h after abrasion. E, epithelium; S, stroma. Data were
presented as mean ±SD, ** P <0.01, *** P <0.001.

A growing body of evidence supported NLRP3inflammasome-mediated inflammation as one of the
most important contributors to the pathogenesis of
DM and its complications, including diabetes, diabetic
nephropathy, diabetic retinopathy, and diabetic

cardiomyopathy [6,16,18]. Although several mechanisms have been offered to explain the pathogenesis
of DK, including disrupted signalling pathways, the
loss of trophic support, and increased oxidative stress
[31,32], whether NLRP3 inflammasome-mediated
https://www.ijbs.com
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chronic inflammation contributed to the development
of DK has not been fully investigated. Through
genetic and pharmacological approaches, we revealed
that the NLRP3 inflammasome was required for
corneal wound healing and nerve regeneration under
physiological conditions. These results were
consistent with other’s reports [33-35]. However,
under diabetic conditions, the hyperactivation of the
NLRP3 inflammasome led to delayed corneal wound
closure and impaired nerve regeneration, which is in
line with the findings from diabetic skin wound
healing and diabetic foot ulcer [36-38]. These
observations supported that chronic low-grade
inflammation contributed to the pathogenesis of DK.
Several TLRs were reported to detect the
diabetes-associated endogenous DAMPs, including
HMGB1 and AGEs, and spark sterile inflammation
responses through NF-κB signalling, thereby resulting
in diabetic complications [17, 18, 39]. Numerous
diabetes-associated DAMPs, such as palmitate, lipids,
ceramides and amylin, also promote NLRP3
inflammasome activation and lead to proinflammatory cascades by induction of IL-1β and
IL-18, ultimately contributing to the pathogenesis of
diabetes and its complications [7, 40]. In this study, we
showed more accumulation of AGEs in diabetic
corneas than that in normal controls, corresponding
with previous reports [41,42]. Importantly, the normal
mice subconjunctivally treated with AGEs showed
delayed corneal wound closure, accompanied with
increased NLRP3 inflammasome activity and
oxidative stress, as well as decreased expression of
Ki67 and p-STAT3 in the corneal epithelium, which
was quite similar to DK. However, pharmacologically
inhibiting AGEs formation (PM) and ROS scavenger
(NAC) treatment significantly expedited diabetic
corneal wound healing, along with decreased NLRP3
inflammasome activity, which was in line with the
effect of pharmacologically or genetically blocking the
NLRP3 inflammasome on diabetic corneal wound
healing. Combined with the overexpression of
NADPH oxidase (NOX2 and NOX4) during diabetic
corneal
wound
healing,
these
findings
mechanistically demonstrated that the AGEgenerated ROS promoted NLRP3 inflammasome
activity and inflammatory cascades, resulting in
postponed diabetic corneal wound closure and
impaired nerve regeneration. As previous studies
supported that the ROS derived from NADPH
oxidase and mitochondria both contributed to NLRP3
inflammasome activation [27,43-48], further studies
are required to determine which kind of ROS
promotes AGE-induced NLRP3 inflammasome
activation and delayed diabetic corneal wound
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healing, mitochondria- or NADPH oxidase-generated
ROS.
In addition to inflammatory cascades, the
activated NLRP3 inflammasome also promoted
GSDMD-executed pyroptosis, a kind of programmed
cell death [7, 14, 15]. Several lines of studies indicated
that pyroptosis was involved in the pathogenesis of
diabetes and its complications, such as diabetic
nephropathy [49, 50], diabetic retinopathy [51-53], and
diabetic cardiomyopathy [18, 54, 55]. However,
whether GSDMD-executed pyroptosis was involved
in the pathogenesis of DK remained unknown.
During corneal wound closure, we also showed more
m-GSDMD formation in diabetic corneas than in
control corneas. However, when subconjunctivally
treated with MCC950 and antioxidant NAC, the
diabetic mice presented accelerated corneal wound
healing, with lower m-IL-1β and m-GSDMD.
Moreover, the AGE-treated TKE2 cells also exhibited
lower proliferative capacity and increased NLRP3
inflammasome activity characterized by higher levels
of m-IL-1β and m-GSDMD. These results
demonstrated that the diabetic corneal epithelial cells
endowing with properties of lower proliferative
potential, increased GSDMD-executed pyroptosis and
chronic inflammation probably resulted in the
postponed corneal wound closure and impaired
nerve regeneration. However, further studies are
required to investigate the pathological roles of
pyroptosis in the pathogenesis of DK.
Wound healing is an important and complicated
process for maintaining corneal homeostasis and
transparency, involving in various cell types, such as
corneal epithelial cells, stem cells, neurons and
immune cells [56,57]. Although we have
demonstrated the different roles of NLRP3
inflammasome in physiological and diabetic corneal
wound healing, there are still several limitations in
need of resolution. First, it remains uncertain how
much epithelial, neural functions are affected by both
normal and hyperactivation of NLRP3 inflammasome
and how they individually contribute to DK. Second,
further study is required to address whether
hyperactivated NLRP3 inflammasome is the major
driver causing diabetic epithelial or neural
dysfunction, which subsequently delayed corneal
wound closure. Third, although we determined the
critical roles of AGE in activating NLRP3
inflammasome, it is necessary to identify other key
diabetes-associated DAMPs contributing to the
hyperactivated NLRP3 inflammasome [40].
In summary, we, for the first time, revealed the
contributions of NLRP3-inflammasome–mediated
chronic inflammation to the pathogenesis of DK. We
proposed that the accumulated AGEs promoted
https://www.ijbs.com
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Figure 9. Modes of the AGEs/ROS/NLRP3 inflammasome axis leading to delayed diabetic corneal wound healing.

NLRP3 inflammasome through ROS, leading to
sustained low-grade inflammatory cascades and
GSDMD-executed pyroptosis, which ultimately
resulted in impaired corneal wound healing and
nerve regeneration (Fig. 9). Topically, pharmacological blockade of the NLRP3 inflammasome was
sufficient to improve corneal wound healing and
nerve regeneration. Our findings not only highlighted
the pathogenic roles of the AGEs/ROS/NLRP3
inflammasome axis in the development of DK but also
provided a new candidate target for improving
diabetic corneal wound healing.
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