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Regulating Neutrophil Extracellular
Traps in Alkali Burn
Ting Wan †, Yue Zhang †, Kelan Yuan, Jinjin Min, Yujie Mou and Xiuming Jin*

Eye Center, Second Affiliated Hospital, School of Medicine, Zhejiang University, Hangzhou, China

Neutrophils are the first cells to migrate into the cornea in response to alkali burns,

and excessive neutrophil infiltration is associated with inflammatory injury and a poorer

prognosis. In an effort to understand the mechanisms underlying the inflammation

mediated by neutrophils after alkali burns, we examined the role of alkali-activated

neutrophils on human corneal epithelial cells (HCEs) proliferation and migration, as well

as the effects of acetylsalicylic acid (ASA) and dexamethasone (DXM) on NETosis. We

stimulated human neutrophils with sodium hydroxide (NaOH) and observed dose- and

time-dependent neutrophil extracellular traps (NETs) formation. We also observed that

ASA, but not DXM, significantly inhibited NaOH-induced NETosis. Furthermore, the

activation of nuclear factor (NF)-κB, but not the production of reactive oxygen species,

was involved in ASA-regulated NETosis. Moreover, NETs were found to be involved

in alkali-activated neutrophils (ANs) induced neutrophil-HCE adhesion. ANs enhanced

HCEs proliferation via phagocytosis. Meanwhile, ANs inhibited HCEs migration through

the release of NETs, which was partially rescued by 5mM ASA. In conclusion, ANs may

interfere with HCEs proliferation and migration by phagocytosis and NETs formation,

respectively. ASA may enhance HCEs migration by decreasing NETs formation through

inhibition of NF-κB activation and could be a promising strategy for improving the

prognosis of corneal alkali burns.

Keywords: migration, corneal epithelium, alkali burn, neutrophil extracellular traps, acetylsalicylic acid (ASA)

INTRODUCTION

Ocular alkali burns, which account for 12–22% of ocular injuries (1), are vision-threatening
emergencies that require prompt management. They rarely heal spontaneously and could lead to
recurrent epithelium erosion, ulceration, neovascularization, extensive formation of scar tissue,
and consequent visual impairment (2). Although keratoplasty is a feasible therapy for treating
corneal scars in the chronic phase, the outcome of this surgery is largely dependent on whether
the destructive responses post alkali injury are controlled in the early stages. Thus, appropriate
treatment during the early period after an alkali burn is important for promoting corneal healing
and decreasing corneal opacity. To date, the precise mechanisms of alkali-induced destruction
remain elusive, and there is still a lack of proper and effective clinical treatments.
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Once an alkali burn occurs, immune cells are mobilized to the
injured tissues and are accompanied by rises in pro-inflammatory
cytokine levels (3, 4). Among these cells, neutrophils are the
first to migrate into the tissues in response to insults and
are reported to be highly involved in the pathophysiological
progression of corneal alkali burns. Neutrophils not only remove
tissue debris resulting from an alkali burn but are also involved
in the initiation of cellular proliferation and scar formation
through releasing growth factors and pro-angiogenic factors
(5, 6). Moreover, neutrophils are known to exert negative
influences on wound healing in corneal alkali burn models.
Extensive infiltration of neutrophils has been observed in
corneal tissues after alkali burns and is associated with poor
outcomes. Previously, neutrophils have been demonstrated to
engulf and degrade the pathogens intracellularly, while also
releasing microbicidal proteins and reactive oxygen species
(ROS) (7). More recently, another effector mechanism of
neutrophils has been discovered in which they release neutrophil
extracellular traps (NETs), which exacerbate inflammation and
tissue damage. NETs are characterized as net-like structures
containing not only extracellular DNA and histones, but also
cytoplasmic proteases and antimicrobial peptides, as well as
oxidant molecules (8). Excessive NETs formation has been
reported to be involved in the development of transfusion-related
acute lung injury, autoimmune diseases, and thrombosis (9–
11). Furthermore, excessive NETs formation can also contribute
to ocular inflammatory diseases, such as dry-eye disease and
diabetic retinopathy (12, 13). However, little is known about
the mechanisms underlying neutrophil-mediated inflammatory
responses to alkali burns. New approaches involving the
manipulation of neutrophil-related inflammatory injury may
shed light on the medical treatment of corneal alkali burns.

Rapid epithelial wound healing, a key element of successful
corneal rehabilitation, is a complicated process requiring the
coordination of cells, growth factors, and cytokines (14, 15). A
failure in re-epithelialization could lead to a higher incidence of
infection, increased severity of inflammation, and dysfunctional
stromal remodeling, which in turn result in corneal scarring
and visual loss. Therefore, in the present study, we investigated
the involvement of NETs in alkali burns, and elucidated
the effect of alkali-activated neutrophils (ANs) on corneal
epithelial cell proliferation and migration. Moreover, as NETs
are highly correlated with inflammation, we also assessed the
effects of commonly used anti-inflammatory drugs, including
acetylsalicylic acid (ASA) and dexamethasone (DXM), on NETs
formation and epithelial cell function.

METHODS

Reagents
Percoll was purchased from GE Healthcare (Little Chalfont,
UK). Phorbol 12-myristate 13-acetate (PMA), DNase I, Sodium
hydroxide (NaOH), cytochalasin D, ASA, DXM, Calcein AM, and
dichlorofluorescein diacetate (DCF-DA) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Anti-histone H3 antibody,
anti-phosphorylated nuclear factor κB (anti-p-NF-κB, p65)
antibody, horseradish peroxidase (HRP) secondary antibody,

and secondary antibodies coupled to AF488 or AF555 were
purchased from Santa Cruz Biotechnology (CA, USA). Anti-
myeloperoxidase (MPO) antibody and anti-β actin antibody were
purchased fromAbcam(Cambridge, UK). SYTOXGreen, Quant-
iTPicoGreen double-stranded deoxyribonucleic acid assay kits
were purchased fromThermoFisher Scientific (Basingstoke, UK).
Cell proliferation reagent WST-1 was purchased from Roche
(Basal, Switzerland).

Isolation of Human Neutrophils
The present study was conducted with adherent to the tenets
of the Declaration of Helsinki, and was approved by the ethics
committee of Second Affiliated Hospital, School of Medicine,
Zhejiang University, China. All participants participating in
the investigation provided written informed consent for the
collection and subsequent analyses of blood. Neutrophils were
isolated from the peripheral blood of fasting healthy donors
has been described before using Percoll gradient centrifugation,
(16). For each donor, 10 to 30ml blood was drawn, and bloods
from at least three donors were used to repeat the same assay.
The isolated cells contained >96% neutrophils as determined
by Wright–Giemsa staining, with 98% cell viable as determined
by Trypan blue staining. The isolated cells (4 × 105/ml) were
finally cultured in RPMI 1,640 medium supplied with 2% bovine
serum albumin.

Neutrophil Stimulation
Neutrophils (2 × 105 cells in 500 µL of media per well) were
treated with PMA (50 nM) or NaOH of specific concentrations
and placed in a humidified incubator at 37◦C with 5% CO2
for a designated period. In some assays, neutrophils were first
incubated with ASA (1 or 5mM), DXM (10 or 50µM), or vehicle
(controls) for 30min. In one experiment, stimulated neutrophils
were treated with DNase I (100 U/mL) to degrade the structure of
NETs as a control. All chemicals were freshly prepared before use.

Identification and Quantification of NETs
Formation
For indentifying the structure of NETs, stimulated neutrophils
were incubated with primary anti-MPO and anti-histone H3
antibodies after fixation and blocking, and then stained with
secondary antibodies coupled to AF555 or AF488. Meanwhile,
DNA was detected by 4′, 6′-diamidino-2-phenylindole (DAPI)
staining. After mounting, the NETs structures were observed
and analyzed using confocal microscope (Olympus IX-50).
NETs were also accessed by adding a membrane-impermeable
DNA-binding dye SYTOX green (5µM, Molecular Probes,
Invitrogen Life Technologies) to the culture medium after
specific stimulation. SYTOX green stained dead-cell cultures
were imaged with an inverted fluorescencemicroscope (Olympus
IX-50). Besides, quantification of the extracellular DNA in
supernatants was accomplished by using Quant-iT PicoGreen
dsDNA assay kit according to the manufacturer’s instructions, as
previously described (17).
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ROS Production
Neutrophils were incubated in Ca2+ and Mg2+ free PBS with
10µMDCF-DA at 37◦C for 20min, and then transferred to a 96-
well plate. Subsequently, the neutrophils (1× 106 cells/well) were
pretreated with vehicle or ASA for 30min, and then stimulated
with 5mM NaOH for 30min. The fluorescence was accessed
using SpectraMaxM3 fluorescent plate reader with the excitation
wavelength as 480 nm and the emission wavelength as 520 nm.

Immunoblotting
The neutrophils (3× 106 cells/well) were pretreated with vehicle,
ASA or DXM for 30min and then stimulated with NaOH
(5mM) for another 30min. After preparing cells lysates with
1× loading buffer, equal amounts of boiled proteins from each
sample were run on 12% sodium dodecyl sulfate-polyacrylamide
gel followed by electrotransferring onto polyvinylidenefluoride
membranes. After blocking with 5% bovine serum albumin,
membranes were incubated with anti- phospho-NF-κBp65 and
anti-β actin antibody overnight at 4◦C, and then with HRP-
conjugated secondary antibody for 2 h at room temperature.
Protein bands were visualized by enhanced chemiluminescence.
The gray degree of protein bands was detected by image J, and the
value of p-NF-κB p65/β actin was calculated.

Cell Culture Experiments
Human corneal epithelial cells (HCEs) were purchased from
American Type Culture Collections. The cells (3 × 105/mL)
were cultured in Dulbecco’s Modified Eagle Medium–Nutrient
Mixture F12 (DMEM/F12, Gibco) supplemented with bovine
serum albumin (10%) and treated with different stimuli as
described in the following assays.

To investigate the effect of alkali-activated neutrophils (ANs)
on epithelial cells, neutrophils were activated with NaOH
(5mM), after which the culture medium was neutralized using
hydrochloric acid. For experiments investigating the effect
of alkali together with ANs, the culture medium was not
neutralized, and the final NaOH concentration was 0.5mM.
DNase I (100 U/mL), which degrades the structure of NETs,
was used to assess the function of neutrophil phagocytosis after
alkali stimulation. Cytochalasin D (100µg/mL), which inhibits
the ability of neutrophils to perform phagocytosis, was used to
examine the function of NETs after alkali stimulation.

Neutrophil-HCE Adhesion Assay
HCEs (5.0 × 104 cells/well) were cultured and allowed to adhere
overnight in 12-well plates (Costar). Meanwhile, neutrophils (5
× 105 cells/mL) were labeled with Calcein AM. After washing
in warm phenol red-free DMEM/F12, neutrophils were co-
cultured with HCEs for 2 h in the presence of a vehicle, 0.5mM
NaOH, ANs, or ANs with DNase I. Subsequently, non-adherent
neutrophils were gently removed by washing with DMEM/F12.
The adherent neutrophils were imaged using an inverted
fluorescence microscope (Olympus IX-50) and quantified using
Image J. Adhesion was quantified by calculating the ratio of the
number of neutrophils to that of HCEs.

Assessment of HCE Proliferation
The proliferation of HCEs was examined by performing the
WST-1 based colorimetric assay according to the manufacturer’s
instructions. Briefly, the HCEs were plated into 96-well plates
at densities of 2,500, 5,000, 10,000, and 20,000 cells/mL and
incubated overnight. The HCEs were then co-cultured with
vehicle, ANs, ANs with DNase I, ANs with cytochalasin D, ANs
with ASA, or ANs with DXM. After 24 h of incubation, 10 µL
of WST-1 was added and the cells were incubated for another
4 h. The proliferation of HCEs was quantified by measuring the
absorbances of the wells at the 450 and 630 nm wavelengths.

HCE Migration Assay
Themigration of HCEs was examined by performing the scratch-
wound assay on confluent monolayer of HCEs. Briefly, HCEs (5
× 104 cells/well) were seeded into 12-well plates and allowed
to reach confluence within 24 h. Then, a 200 µL pipette tip
was used to scrape the confluent monolayer of HCEs, and the
cell debris was removed by gentle washing with phosphate-
buffered saline (PBS). Afterwards, the HCEs were incubated
with vehicle, 0.5mM NaOH, ANs, ANs with DNase I, ANs
with cytochalasin D, ANs with ASA, or ANs with DXM in
growth media. Images were taken after 24 h using a BH-
2 Multifunctional Optical Microscope (Olympus) after crystal
violet staining. Cell migration was quantified by assessing the
wound closure percentage across the scratch, as calculated using
the following formula:

Wound closure %=W0–Wn/W0, where Wn is the width of
the gap 24 h after scratching, and W0 is the initial width of the
gap immediately after scratching.

Statistical Analysis
All results were presented as mean ± Standard deviation (SD).
Statistical analyses were performed using the Statistical Package
for Social Sciences, version 13. The Student’s t-test was used to
compare normally distributed data of two groups. Comparisons
between multiple groups were performed using one-way analysis
of variance (ANOVA). Results were considered statistically
significant when p < 0.05.

RESULTS

Alkali Conditions Induce Dose- and
Time-Dependent NETs Formation
The neutrophils exhibited NETs structures as observed by
microscopy after PMA (50 nM) stimulation for 2 h and NaOH
(5mM) stimulation for 30min (Figure 1A). Neutrophils were
labeled with antibodies to identify myeloperoxidase (MPO,
red) and histones (green), while DNA (blue) was labeled with
4′,6-diamidino-2-phenylindole (DAPI). Immunofluorescence
staining confirmed the presence of PMA- and alkali-induced
NETs formation. Furthermore, NaOH (5mM) stimulated
NETs formation could be degraded by DNase I as observed by
SYTOX green staining (Figure 1B). Additionally, the time- and
dose-dependent formation of NETs triggered by alkali is shown
in Figure 2 with SYTOX green staining. While only a few NETs
structures were observed 60min after 1mM NaOH and 3mM
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FIGURE 1 | Phorbol 12-myristate 13-acetate (PMA) and Sodium hydroxide (NaOH) stimulate neutrophil extracellular traps (NETs) formation in human neutrophils. (A)

Human neutrophil suspended in media were treated with PMA (50 nM) for 2 h or NaOH (5mM) for 30min. Neutrophils were labeled with 4′,

6′-diamidino-2-phenylindole (DAPI) to identify DNA (blue) and with antibodies to identify neutrophil histone (green) and MPO (red). (B) NaOH stimulated NETs formation

could be degraded by DNase I as observed by SYTOX green staining. Bar: 75µm.

NaOH treatment, 5mM NaOH stimulation for 30min induced
significant NETs generation. Moreover, many neutrophils died
and detached as early as 15min after both 7mM NaOH and
9mM NaOH treatment. From the above results, a 5mM NaOH
concentration and a stimulation time of 30min were chosen for
subsequent experiments.

Alkali-Induced NETs Formation Is Inhibited
by ASA, but Not by DXM
Fluorescence microscopy revealed that 5mM ASA significantly
inhibited alkali–induced NETs formation. However, DXM and
1mM ASA did not have any effect (Figure 3A). To further verify
the effects of ASA and DXM on alkali-induced NETosis, NETs
formation was quantified by measuring the extracellular DNA in
the supernatants. This assay corroborated that alkali-stimulated
NETs formation was significantly decreased by 5mM ASA (p
< 0.05). In contrast, both DXM-treated and 1mM ASA-treated
neutrophils exhibited similar amounts of alkali-induced NETs
formation when compared to the controls (p> 0.05) (Figure 3B).

NF-κB Activation, but Not ROS Production,
Is Involved in ASA-Regulated NETs
Formation
Previous reports have thoroughly demonstrated that NETs could
be formed via ROS-dependent or -independent pathways (18).
In the present study, ROS generation was examined using a
DCF-DA fluorescence assay to determine its role in alkali–
induced NETs formation. As expected, there was a significant

oxidative burst in neutrophils upon alkali induction (p < 0.05).
Furthermore, ROS production by alkali-activated neutrophils
was also examined with ASA pre-treatment to determine if ASA-
regulated NETs formation is ROS-dependent. Our results showed
that neither 1mMASA nor 5mMASA had a significant effect on
alkali-induced ROS production (p > 0.05; Figure 4A).

The phosphorylation of the transcription factor NF-κB, which
is a critical element in the inflammatory environment, has been
previously reported to contribute to NETs formation (19). To
this end, we also examined the effect of ASA on alkali-induced
NF-κB phosphorylation. The expression of p-NF-κB (p65) in
neutrophils was obviously elevated after alkali stimulation,
and this effect was inhibited by 5mM ASA (Figures 4B,C,
Supplementary Figure 1). Conversely, 1mM ASA did not affect
alkali–induced NF-κB activation.

NETs Are Involved in AN-Induced
Neutrophil-HCE Adhesion
As shown in Figure 5, 0.5mM NaOH enhanced the adhesion
of neutrophils to the surface of HCEs as compared to cells
cultured with normal DMEM/F12 (p < 0.05). Meanwhile,
ANs significantly increased the neutrophil-HCE adhesion ratios
compared to both control cells and cells treated with 0.5mM
NaOH (p < 0.05). Moreover, this AN-induced increase in
neutrophil-HCE adhesion was significantly inhibited by DNase
I (p < 0.05), which eliminates NETs by degradation. This
suggests that NETs are involved in AN-induced neutrophil-
HCE adhesion.
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FIGURE 2 | Alkali induces dose- and time-dependent NETs formation. Alkali triggered dose- and time-dependent NETs formation as demonstrated by SYTOX green

staining. While only a few NETs structures were observed 60min after 1mM NaOH and 3mM NaOH treatment, 5mM NaOH stimulation for 30min induced significant

NETs generation. Moreover, many neutrophils died and detached as early as 15min after both 7mM NaOH and 9mM NaOH treatment. Bar: 250µm.

ANs Promote HCE Proliferation via
Phagocytosis, Which Could Be Inhibited by
5mM ASA
HCE proliferation was accessed by the WST-1 assay. In order to
distinguish between the effects of neutrophil phagocytosis and
NETs, we inhibited neutrophil phagocytosis using cytochalasin D

or degraded NETs using DNase I.We showed that ANs promoted
HCE proliferation (p< 0.05), which was significantly inhibited by

cytochalasin D (p < 0.05; Figure 6A). However, DNase I had no

effect on this response (p > 0.05). This indicates that ANs may

promote HCE proliferation via phagocytosis but not via NETs

generation. Moreover, 5mM ASA slightly inhibited the increase
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FIGURE 3 | Alkali induced NETs formation is inhibited by ASA, but not by DXM. Human neutrophils suspended in media were pretreated for 30min with ASA, DXM, or

vehicle, and then NETs formation 30min after stimulation with NaOH (5mM) was examined using the membrane-impermeable DNA-binding dye SYTOX green and

quantified by Quant-iTPicoGreen double-stranded deoxyribonucleic acid assay kit. (A) 5mM ASA significantly inhibited alkali induced NETs formation. DXM and 1mM

ASA did not have any effect (B) Quantification of extracellular DNA confirmed that NaOH induced NETs formation was inhibited by ASA, but not by DXM. (C) Neither

ASA nor DXM could induce NETs formation. The assay was repeated for three times with bloods from three different donors; error bars represent SD. *p < 0.05. Bar:

75µm.

in AN-induced HCE proliferation (p < 0.05), while DXM and
1mM ASA had no effect (p > 0.05; Figures 6B,C).

ANs Inhibit HCE Migration Through NETs
Formation, Which Could Be Partially
Rescued by 5mM ASA
As shown in Figure 7A, 0.5mM NaOH slightly inhibited HCE
migration, as shown by the scratch-wound healing assay (p <

0.05). Moreover, although 0.5mM NaOH together with ANs
significantly inhibited HCE migration (p < 0.05), this response
was not eliminated by neutralizing the alkali in the medium
with hydrochloric acid (p > 0.05). Meanwhile, DNase I rescued
AN-inhibited HCE migration (p < 0.05), but cytochalasin D

exacerbated it (p < 0.05). These results indicate that ANs
may inhibit HCE migration through the formation of NETs.
Furthermore, 5mM ASA partially rescued AN-inhibited HCE
migration (p < 0.05). However, both DXM and 1mM ASA had
no effect (p >0.05; Figure 7B).

DISCUSSION

It is notable that the unrelenting and dysregulated corneal
inflammation induced by alkali burns can lead to persistent
visual impairment (20, 21). Although surgical procedures during
the chronic phase may slightly improve the prognosis, visual
outcomes from alkali burns remain poor (22), mainly because
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FIGURE 4 | NF-κB activation, but not ROS production is involved in ASA regulated NETs formation. Neutrophils were pretreated for 30min with ASA, DXM, or vehicle,

and then stimulated with NaOH (5mM) for 30min. (A) ROS production was determined by dichlorofluorescein diacetate fluorescence. NaOH elicited significant

neutrophil oxidative burst, but ASA treatment neither increased nor decreased this response. (B) NF-κB activation after alkali stimulation was determined by Western

blot. (C) The gray degree of protein bands was detected by image J, and the value of p-NF-κB p65/β-actin was calculated. Quantification showed that p-NF-κB (p65)

expression was significantly higher when the cells were stimulated with NaOH. This effect was inhibited by 5mM ASA, but not modified by 1mM ASA. Data represent

mean ± SD of triplicate experiments, *p < 0.05.

of insufficient control of inflammatory and proteolytic responses
in tissues subjected to alkali insults. In general, neutrophils are
believed to be the predominant cells in the early phase of alkali
burns; they have been demonstrated to be present in the rat
cornea as early as 6 h post-injury (23).

NETs formation is a newly discovered effector mechanism
of neutrophils. Excessive NETs generation is known to be
involved in the pathogenesis of various disorders, including
autoimmune diseases, dysfunctional wound healing, and sterile
inflammation (24, 25). Lately, the link between NETs and
inflammatory injury after alkali burns has received more
attention. Not surprisingly, we have demonstrated that NaOH
could induce the formation of NETs in vitro. This implies that
neutrophils release NETs in the injured corneal tissue after
an alkali burn, which may lead to inflammatory injury and,
subsequently, slower re-epithelialization, persistent ulceration,
and corneal perforation. Actually, the effect of pH on NET
formation has been examined before. Palaniyar and his team
previously reported that alkaline pH regulates NOX-independent
NET formation by promoting intracellular calcium influx,
mROS generation, PAD4-mediated CitH3 formation, histone 4
cleavage, and eventually NET formation, which is often related
to sterile inflammation (26). The same team also found that
Nox-dependent NET formation is promoted by alkaline pH
(27). Similarly, Behnen et al. noted that PMA-induced NET
formation was suppressed by extracellular and intracellular
acidification (28). Besides, Maueroder et al. not only found

that alkaline pH promoted NET formation when induced by
PMA, ionomycin, and LPS but also that an acidic pH was
suppressive (29).

ASA and DXM are the two main clinically used anti-
inflammatory drugs, and their effects on the extracellular-acting
form of neutrophils have attracted significant attention recently.
Vargas et al. reported that NETs generation in the lungs was
inhibited by glucocorticosteroids in an asthma model (30). We
also previously showed that DXM decreased NETs formation via
a toll-like receptor (TLR)-dependent mechanism (17). Moreover,
we found that glucocorticoids reduced neutrophil infiltration
and inhibited NETs generation in fungal keratitis (31). However,
DXM did not have a significant effect on NaOH-induced NETs
generation in the present study. This divergence may be due to
the different stimuli used in these studies. It has been shown
that NETosis is a complex process, and that the mechanisms
of NETs formation differ depending on the stimulus (32). With
regards to the relationship between ASA and NETs formation,
it has been reported that ASA selectively inhibits platelet-
mediated NETs generation (33). Caudrillier et al. also reported
that ASA treatment, through the inhibition of thromboxane
(TX) A2 signaling, decreased NETs formation and subsequent
transfusion-associated acute lung injury (10). In the present
study, we demonstrated that ASA inhibited alkali-induced NETs
formation. Similarly, Lapponi et al. results showed that ASA
treatment inhibited NETs generation induced by low pH, while
DXM had no effect (19).
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FIGURE 5 | NETs are involved in AN-induced neutrophil-HCE adhesion. (A) Images presented showed the adhesion of Calcein AM (green) stained live neutrophils to

corneal epithelial cells exposed to vehicle, 0.5mM NaOH, AN, or AN with DNase I. (B) Quantification of the mean ratio of neutrophil/HCE showed that ANs

significantly increased the neutrophil-HCE adhesion as compared with both control cells and cells treated with 0.5mM NaOH. Moreover, this response could be

significantly inhibited by DNase I. Data represent mean ± SD of triplicate experiments, *p < 0.05. Bar: 75 µm.

FIGURE 6 | ANs promote HCE proliferation via phagocytosis, which could be inhibited by 5mM ASA. The HCE proliferation exposed to vehicle, ANs, ANs with DNase

I, ANs with Cytochalasin D, ANs with ASA or ANs with DXM were accessed by WST-1 test. (A) ANs promoted HCEs proliferation, which was inhibited by cytochalasin

D, but not by DNase I. (B) DXM had no effect on the increase in AN-induced HCEs proliferation. (C) While 5mM ASA slightly inhibited the increase in AN-induced HCE

proliferation, 1mM ASA had no effect on that response. Data represent mean ± SD of triplicate experiments, *p < 0.05.

NETs formation has been previously reported to be
ROS-dependent or -independent. In the present study,
we demonstrated that ROS was involved in the process

of alkali-induced NETs generation. However, contrary to
our prediction, there was no change in ROS levels during
ASA-regulated NETs formation induced by NaOH. This
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FIGURE 7 | ANs inhibit HCE migration through NETs formation, which could be partially rescued by 5mM ASA. (A) The HCE migration exposed to vehicle, 0.5mM

NaOH, 0.5mM NaOH with ANs, ANs, ANs with DNase I, or ANs with Cytochalasin D were accessed by making a scratch on confluent monolayer of HCEs. (B)

Quantification showed that 0.5mM NaOH together with ANs significantly inhibited HCEs migration, this response was not eliminated by neutralizing the alkali in the

medium with hydrochloric acid. Meanwhile, DNase I rescued AN-inhibited HCE migration (p < 0.05), but cytochalasin D exacerbated it. (C) The HCEs migration

exposed to vehicle, ANs, ANs with ASA, or ANs with DXM were accessed by making a scratch on confluent monolayer of HCEs. (D) Quantification showed that while

5mM ASA partially rescued AN-inhibited HCE migration, but neither DXM nor 1mM ASA had any effect on that response. Data represent mean ± SD of triplicate

experiments, *p < 0.05. Bar: 75 µm.

suggests that ROS signaling pathways are not involved in
ASA-regulated NETs formation and that ASA may modulate
ROS-independent NETosis. Furthermore, we showed that
NF-κB was activated during alkali-induced NETs generation.
Moreover, NF-κB phosphorylation was inhibited in ASA-
treated, NaOH-stimulated neutrophils, which indicates that the
NF-κB signaling pathway is involved in ASA-regulated NETs
generation. Similarly, previous report suggested that NF-κB
activation was required for acid-induced NETs formation,
and that ASA treatment inhibited NETs formation and
significantly downregulated the phosphorylation of the NF-κB
p65 subunit (19). Conventionally, ASA is believed to exert its
anti-inflammatory functions by inhibiting cyclooxygenases (34)

and subsequent prostaglandin production. Recently, Negrotto
et al. demonstrated that ASA exerts anti-inflammatory actions
through a novel pathway by inhibiting NF-κB-mediated survival
signals and accelerating the apoptosis of neutrophils (35).
Thus, ASA may prevent inflammatory responses by enhancing
neutrophil apoptosis as well as inhibiting NETs formation by
down-regulating NF-κB activation.

Apart from suppressing inflammation and tissue destruction,
the acceleration of epithelial healing during the acute phase
is another key strategy for improving the prognosis of ocular
alkali burns (36). This is because the corneal epithelium
is critical for preserving the integrity and function of the
cornea (37). However, the role of neutrophils in epithelial
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healing after alkali burns is controversial. Gan et al. reported
that the corneal epithelial healing rate is delayed in the
absence of polymorphonuclear neutrophils (PMNs) in vivo (38).
However, most researchers recognize the role of neutrophils in
inflammatory injury. Neutrophils and their lysates have been
demonstrated to significantly decelerate wound healing in rat
corneal epithelial cells in vitro (39), and the selective suppression
of neutrophils also alleviated the formation of corneal ulcerations
in a porcine alkali burn model (40). Moreover, it was reported
that skin wound closure was accelerated in neutrophil-depleted
mice (41). Zeng et al. also noted that fasudil eye drops
significantly promoted the healing of corneal epithelial defects
in corneal alkali-burned mice by decreasing the infiltration of
inflammatory cells (42). As neutrophils may function through
distinct mechanisms, we investigated the effect of neutrophil
phagocytosis and NETs formation on the proliferation and
migration of corneal epithelial cells. We showed that ANs could
enhance epithelial cell proliferation through the pathway of
phagocytosis, which removes damaged cells and toxins from
the microenvironment to allow epithelial cells to stay healthy
and proliferate. Meanwhile, ANs could inhibit epithelial cell
migration by generating NETs. These results may reconcile the
controversial results of previous reports. In fact, it has already
been demonstrated that neutrophils may exert their functions
via multiple distinct pathways. On one hand, mature neutrophils
promote cell regeneration and revascularization by releasing
pro-angiogenic factors or growth factors from their segmented
nuclei and granules upon activation (6). Conversely, NETs could
be harmful to host tissues and lead to the development of
various sterile inflammatory diseases (24). The role of NETs
in wound healing may be further supported by a study in
which NETs delayed wound healing in mice and humans with
diabetes (43). Thus, we hypothesize that neutrophils may exert
reparative and injurious functions through distinct pathways
by promoting epithelial cell proliferation via phagocytosis and
inhibiting epithelial cell migration via NETs production. To
the best of our knowledge, there are no reports to date
focusing on the relationship between NETs and corneal wound
healing. Likewise, the role of neutrophil phagocytosis and
NETs formation in corneal epithelial cell healing has not been
previously described.

Currently, various strategies are being proposed to interfere
with NETs formation, such as by degrading the DNA frame
of NETs with DNase I or antagonizing the function of NETs-
associated proteins. Previous studies have shown that preventing
NETs generation could reduce the severity of tissue injuries
(16, 44, 45). As a result, the regulation of NETs formation
or prompt degradation of NETs may promote corneal wound
healing. In the present study, we found that ASA, which inhibited
alkali–induced NETs formation, had a beneficial effect on corneal
epithelial cell migration. This is consistent with previous reports
that non-steroidal anti-inflammatory drugs were effective in the
treatment of inflammation in experimentally induced corneal
alkali burns (46–48). Moreover, we found that ASA slightly

inhibited the increase in AN-induced corneal epithelial cell
proliferation, which is consistent with previous studies reporting
that ASA inhibited proliferation and induced apoptosis in several
types of human cells (49, 50). Further in vivo studies investigating
the effects of ASA and DNase I on corneal wound healing
are necessary to develop new approaches for treating corneal
alkali burns.

In conclusion, we found that NETosis was highly involved in
the pathogenesis of corneal alkali burns. Alkalis could induce
dose- and time-dependent NETs formation, which could be
inhibited by ASA, but not by DXM. ANs may interfere with
HCE proliferation and migration by phagocytosis and NETs
formation, respectively. ASA may enhance HCE migration by
decreasing NETs formation through inhibition of NF-κB and
could be a promising strategy for improving the prognosis of
corneal alkali burns.
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