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Introduction

The avascular status of the cornea is vital for light refraction 
and visual acuity (1). Corneal neovascularization (CNV) 
involves the formation of new vascular structures in the 
cornea and can reduce corneal transparency and lead to 

impaired vision (2-4). It is estimated that about 1.4 million 
people experience CNV each year in the United States (5);  
however, the available treatment options for CNV are 
limited. Thus, the development of effective measures to 
prevent CNV is necessary. Multiple studies have confirmed 
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that inflammation is the core mechanism of CNV, and 
is caused by chemical injury, infection, immune diseases, 
and degenerative disorders (6-8). In particular, corneal 
injury leads to a rapid inflammatory response involving the 
elevation of pro-angiogenic factors. The imbalance of pro-
angiogenic and anti-angiogenic factors ultimately leads 
to neovascularization. Inflammation and angiogenesis are 
intertwined, with each process influencing the other (9). 
Thus, inhibiting the inflammatory response has become a 
strategy for treating CNV (6,10,11).

After corneal injury, neutrophils and macrophages 
infiltrate the cornea. Compared with other inflammatory 
cells, macrophages are presumed to be an important source 
of pro-angiogenic molecules, and they can support vascular 
endothelial sprouting (9,12,13). Furthermore, recent 
studies have revealed that the development of CNV can be 
suppressed by inhibiting macrophage infiltration but not 
neutrophil infiltration (14,15). Therefore, understanding 
the regulatory mechanisms of macrophages is crucial to the 
treatment of pathologic neovascularization.

Melatonin (N-acetyl-5-methoxytryptamine) is a 
hormone mainly released by the pineal gland in a circadian 
rhythm. This neurohormone has been reported to have 
multiple biologic functions, such as maintaining circadian 
rhythmicity (16), participating in sexual maturation 
and gonadal development (17), regulating sleep (18) 
and immunity (19), inhibiting tumor progression (20), 
protecting against oxidative damage (21), and exerting anti-
angiogenetic (22,23) and anti-inflammatory effects (24,25). 
Furthermore, melatonin receptors have been identified in 
many ocular structures, including the cornea, ciliary body, 
lens, retina, choroid, and sclera (17). This evidence indicates 
that melatonin may play a role in ocular physiology. 
Accumulating evidence shows that melatonin could 
potentiate lacrimation, accelerate corneal wound healing, 
regulate intraocular pressure, protect against cataracts, 
reduce retinal vascular leakage, and prevent retinal and 
choroidal vascular proliferation (26-30). However, the 
effects of melatonin on CNV have not yet been elucidated. 
In this study, we utilized alkali injury models to examine 
whether melatonin could suppress inflammation-induced 
CNV. Moreover, we investigated the role of melatonin 
regarding pro-angiogenic factors and inflammation-related 
molecules in vivo and in vitro macrophages. We present the 
following article in accordance with the Animal Research: 
Reporting In Vivo Experiments (ARRIVE) reporting 
checklist (available at https://atm.amegroups.com/article/
view/10.21037/atm-21-4927/rc).

Methods

Animals

Male C57BL/6 mice aged 6 to 8 weeks were purchased 
from the Animal Laboratory of the Zhongshan Ophthalmic 
Center (Guangzhou, China). All mice were reared in 
specific-pathogen-free (SPF) conditions, at 20–25 ℃ and 
40–60% humidity, with a 12-hour light/12-hour dark cycle. 
Mice with abnormal corneas, including corneal ulcers, 
corneal scars, and corneal dysplasia, were excluded from 
this study. A total of 111 mice were randomly allocated 
to 3 groups: the normal group, the vehicle control group, 
and the melatonin-treated group. The normal group was 
defined as wild type mice without any injury. The corneal 
injury model was induced by sodium hydroxide (NaOH). 
In the vehicle control group, mice with corneal injury 
were treated with phosphate-buffered saline (PBS). In the 
melatonin-treated group, mice with corneal injury were 
treated with melatonin. During the different stages of the 
experiment, the researchers (Huang and Meng) were aware 
of the group allocation. A protocol was prepared before 
the study without registration. Animal experiments were 
performed in accordance with the Association for Research 
in Vision and Ophthalmology (ARVO) statement for the 
use of animals in Ophthalmology and Vision Research and 
approved by the Animal Ethical Committee at Zhongshan 
Ophthalmic Center of Sun Yat-sen University (Permit 
Number 2020-149).

Alkali injury-induced CNV 

The vehicle control group and the melatonin-treated group 
of mice were intraperitoneally anesthetized with 1.5% 
pelltobarbitalum natricum at a dose of 50 mg/kg body 
weight. Tetracaine was applied to the right eye of each mouse 
after anesthesia. Then, a 2 mm diameter filter paper saturated 
with 1 M NaOH was placed gently on the right eye for  
40 seconds, and the eye was immediately rinsed with 20 mL  
PBS. After alkali injury, the corneal epithelium was removed 
using a swab. Mice in the vehicle control group and the 
melatonin-treated group were treated with 5 μL PBS and 
melatonin, respectively, followed by tobramycin ophthalmic 
ointment. The left eye of each mouse remained uninjured. 
Then, the mice were treated with 5 μL PBS or melatonin 
twice daily for either 7 or 14 days. During the experiment, if 
mice experienced corneal perforation, they were euthanized 
and replaced by new mice. At the indicated times (days 
7 and 14), the mice were sacrificed, and their eyes were 
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enucleated for additional evaluation.

Biomicroscopic examination

Slit lamp (ZEISS, Jena, Germany) examinations and in vivo 
photographs of corneas were performed on days 7 and 14 
after alkali burn injury. Each group contained 6 eyes at each 
time point. The CNV area was quantified, as previously 
reported (15). On day 7, 0.5% fluorescein sodium salt was 
used to detect corneal epithelial defects. Each epithelial 
defect area was evaluated using ImageJ software (imagej.nih.
gov/il/; National Institutes of Health, Bethesda, MD, USA). 
The percentage of epithelial defect area referred to the area 
of epithelial defect of each eye as compared to the area of 
the entire cornea. 

Corneal whole mounts

The mice were sacrificed on days 7 and 14, and the right 
eyes were harvested and fixed for 30 minutes at 4 ℃ in 4% 
paraformaldehyde. The corneas were separated and blocked 
with 0.5% Triton X-100 in PBS for 20 minutes at −80 ℃ 
and then for 10 minutes at room temperature. Corneas were 
incubated overnight at 4 ℃ with goat anti-mouse CD31 
(1:20; catalog no. AF3628; R&D Systems, Minneapolis, 
MN, USA), 2% bovine serum albumin (BSA), 5% normal 
donkey serum (NDS), and 2% Triton X-100 in PBS. After 
rinsing in PBS, the corneas were incubated with Alexa Fluor 
555-conjugated donkey anti-goat IgG antibody (1:500; 
catalog no. A-21432; Thermo Fisher Scientific, Waltham, 
MA, USA) for 2 hours at room temperature. Under the 
microscope, the corneas were flat mounted on glass slides 
using mounting medium and coverslips after 3 washes in 
PBS. In the vehicle control group and the melatonin-treated 
group, 6 cornea flat mounts were detected at each time 
point, and in the normal group, a total of 6 corneas were 
examined. All the flat mounts were captured with a confocal 
microscope (Carl Zeiss LSM 880, Germany). The degree of 
CNV was expressed as a percentage of the corneal area by 
using the confocal microscope built-in software (ZEN 2.3 
blue edition, Carl Zeiss Microscopy GmbH, Germany).

Histopathologic examination

At 7 days after alkali injury, the right eyes were harvested 
and fixed in 10% neutral buffered formalin overnight, then 
embedded in paraffin. Each eye was cut into 5 μm vertical 
sections through the corneal central area and stained 

with hematoxylin and eosin (H&E) according to standard 
techniques (31). Histopathologic analyses of corneal tissues 
were performed under a microscope (Carl Zeiss LSM 
510, Germany) to detect inflammatory cells and central 
corneal thickness. The number of inflammatory cells was 
counted on 5 randomly chosen fields of 1 cornea at 200-fold 
magnification. Then, the numbers of inflammatory cells 
per square millimeter were calculated. The central corneal 
thickness was calculated as the average of 3 measurements 
in the central region of the cornea. In each group, 3 corneas 
were detected. The data were measured by 2 independent 
examiners blinded to the experimental procedures.

Immunohistochemical (IHC) analysis

On day 7 after corneal injury, right eyes were harvested 
and fixed in 4% paraformaldehyde for 2 hours. After 
rinsing in PBS, the eyes were embedded in optimal 
cutting temperature compound (OCT) and frozen at 
−80 ℃. We prepared 8 μm-thick corneal sections and 
blocked them with 2% BSA −0.5% Triton for 1 hour at 
room temperature. For the detection of macrophages, the 
sections were incubated with anti-F4/80 antibody (1:200; 
catalog no. ab6640; Abcam, Cambridge, Cambridge, UK) 
overnight at 4 ℃. Then, Alexa Fluor 488-conjugated 
donkey anti-rat lg G antibody (1:500; catalog no. A-21208; 
Thermo Fisher Scientific, USA) was used as the secondary 
antibody. The sections were further counterstained with 4', 
6-diamidino-2-phenylindole (DAPI) and mounted. Images 
were captured with a confocal microscope (Carl Zeiss LSM 
880, Germany) at 400-fold magnification. In each group,  
6 corneas were detected, and the number of F4/80+ cells per 
square millimeter was calculated, as described above.

Murine peritoneal macrophage extraction and culture

The SPF, 8-week-old, male mice were sacrificed, and 
murine peritoneal macrophages were harvested, as 
described previously (32). Briefly, sterile PBS was injected in 
the peritoneal cavity and then the macrophage suspension 
was removed from the peritoneum. After centrifugation, the 
cells were resuspended in Roswell Park Memorial Institute 
(RPMI) 1,640 medium containing 10% fetal bovine serum 
(FBS), 100 μg/mL streptomycin, and 100 IU/mL penicillin 
(Thermo Fisher Scientific, USA) and incubated in 6-well 
cell culture plates under 5% carbon dioxide (CO2) at  
37 ℃. After 2 hours, the medium was changed, and the non-
adherent cells were discarded. Flow cytometry confirmed 
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that more than 95% of cells were F4/80+ macrophages. 
Then, murine macrophages were pre-stimulated with 
lipopolysaccharide (LPS) (100 ng/mL) for 1 hour and 
treated with either 20 μM melatonin or PBS in the presence 
of LPS for 18 hours.

Quantitative real-time reverse transcription-polymerase 
chain reaction (qRT-PCR) 

The total RNA of the cornea samples (n=3 corneas per 
sample) and cultured cells were extracted using the RNA 
Purification Kit (Yishan Biotechnology, Shanghai, China) 
and miRNeasy Micro kit (Qiagen, Wolfsburg, Germany), 
respectively, according to the manufacturers’ instructions. 
An Evo M-MLV RT kit (Accurate Biology, Hunan, China) 
was used for reverse transcription into complementary 
DNA (cDNA). Subsequently, qRT-PCR was carried out 
with a SYBR Premix Pro Taq HS (Accurate Biology, Hunan, 
China). To determine the relative expression of the target 
gene, all target messenger RNAs (mRNAs) were normalized 
to glyceraldehyde-3-phosphate dehydrogenase (GAPDH). 
The qRT-PCR analysis was performed using the Light 
Cycler 480 Real-Time PCR System (Roche Molecular 
Systems, Inc., Pleasanton, CA, USA). The primer sequences 
used in this study are listed in Table 1.

Western blotting

At 7 days after alkali injury, corneas of the right eyes were 
harvested and homogenized in a lysis buffer containing 

protease and phosphatase inhibitors (Keygen Biotech Co., 
Ltd., Jiangsu, China). After the total protein was isolated 
from the cornea samples (n=3 corneas per sample), the 
protein concentration was measured using a bicinchoninic 
acid (BCA) protein assay kit (Beyotime Biotechnology, 
Shanghai, China). Equal amounts of protein samples 
were run on 8% polyacrylamide gels and transferred to 
polyvinylidene fluoride (PVDF) membranes (Millipore, 
Darmstadt, Germany). The PVDF membranes were 
blocked with 5% BSA in phosphate-buffered saline 
with tween (PBST) for 1 hour at room temperature and 
subsequently incubated with primary antibodies overnight 
at 4 ℃. Primary antibodies in this study, including anti-
vascular endothelial growth factors (VEGF; 1:1,000; catalog 
no. NB100-644; Novus Biologicals, Centennial, CO, 
USA), anti-nucleotide-binding oligomerization domain-
like receptor family pyrin domain-containing 3 [NLRP3; 
1:1,000; catalog no.15101; Cell Signaling Technology 
(CST), Beverly, MA, USA], β-actin (1:1,000; catalog no. 
3700; CST, USA). Then, horseradish peroxidase (HRP)-
conjugated secondary antibody (CST, USA) was diluted 
to 1:2,000 and added to the membranes for 1 hour at 
room temperature. The expression of target proteins was 
normalized to β-actin and then quantified using ImageJ 
software (33).

Cell counting kit-8 (CCK-8) assay

The cells were seeded at 1×105 cells/mL in a 96-well plate 
with 100 μL media in each well. Subsequently, the cells 

Table 1 Primer sequences of qRT-PCR

Gene Forward primer 5'-3' Reverse primer 5'-3'

VEGF GCACATAGAGAGAATGAGCTTCC CTCCGCTCTGAACAAGGCT

MMP-9 GCAGAGGCATACTTGTACCG TGATGTTATGATGGTCCCACTTG

MCP-1 TAAAAACCTGGATCGGAACCAAA GCATTAGCTTCAGATTTACGGGT

NLRP3 ATCAACAGGCGAGACCTCTG GTCCTCCTGGCATACCATAGA

IL-1β TTCAGGCAGGCAGTATCACTC GAAGGTCCACGGGAAAGACAC

IL-6 TCTATACCACTTCACAAGTCGGA GAATTGCCATTGCACAACTCTTT

TNF-α CCTGTAGCCCACGTCGTAG GGGAGTAGACAAGGTACAACCC

GAPDH TGACCTCAACTACATGGTCTACA CTTCCCATTCTCGGCCTTG

qRT-PCR, quantitative real-time reverse transcription-polymerase chain reaction; VEGF, vascular endothelial growth factor; MMP-9, matrix 
metallopeptidase-9; MCP-1, monocyte chemoattractant protein-1; NLRP3, nucleotide-binding oligomerization domain-like receptor family 
pyrin domain-containing 3; IL-1β, interleukin-1β; IL-6, interleukin-6; TNF-α, tumor necrosis factor-α; GAPDH, glyceraldehyde 3-phosphate 
dehydrogenase.
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were treated with different concentrations of melatonin 
(0, 5, 10, 20, 40, 80, and 160 μM). After 24 hours, the cells 
were treated with 10 μL of CCK-8 (AbMole Bioscience, 
Houston, TX, USA) and further incubated for 1 hour at 37 
℃. Cell viability was evaluated through the measurement of 
absorbance at 450 nm using a microplate reader (Thermo 
Fisher Scientific, USA).

Enzyme-linked immunosorbent assay (ELISA)

Murine macrophages were seeded onto 6-well plates and 
cultured with growth medium. After stimulation with LPS 
(100 ng/mL) for 1 hour, the cells were treated with 20 μM  
melatonin or PBS. After 24 hours, the supernatants 
were collected and detected with a mouse VEGF ELISA 
kit (MMV00; R&D Systems, USA) according to the 
manufacturer’s instructions.

Statistical analysis

The qRT-PCR and western blot analyses were repeated 
3 times. Data were presented as mean ± standard error of 
mean (SEM). A one-way analysis of variance (ANOVA) 
was performed, followed by Bonferroni’s post-hoc test 
using Stata software (StataCorp LLC, College Station, TX, 
USA). Statistical significance was set at P<0.05.

Results

Topical administration of melatonin reduced CNV in the 
alkali injury model

To investigate the effect of melatonin on CNV, we applied 
different concentrations of melatonin solution (30, 50, or 
70 μM) to alkali-burned corneas. In the control group, new 
blood vessels had sprouted in over half of the cornea on 
day 7 and reached the central area of the cornea on day 14  
(Figure 1A). However, compared with the control group, 
the CNV was significantly decreased in a dose-dependent 
manner in the melatonin-treated group (Figure 1A,1B), 
and the most significant inhibitory effect was observed at a 
concentration of 70 μM. Thus, we selected 70 μM melatonin 
to treat corneas in the following study. Corneal whole-
mounts were further stained with anti-CD31, a specific 
endothelial cell marker, to identify blood vessels. The CNV 
area was also markedly reduced in the melatonin-treated 
eyes on days 7 and 14 after an alkali injury (Figure 1C,1D).

After an alkali burn, the rapid repair of corneal 

epithelium is of great importance in avoiding further 
damage to the cornea (4,34). Therefore, we next used 
fluorescein staining to detect the regeneration of the corneal 
epithelium. We observed that melatonin had no toxic effect 
on the epithelium and could promote epithelial wound 
healing on day 7 (Figure 2). These results demonstrated that 
melatonin could markedly attenuate CNV and epithelial 
defects area in alkali-burned corneas.

Melatonin inhibited the infiltration of inflammatory cells 
and macrophages in alkali-injured corneas

Corneal alkali burn can lead to the infiltration of 
inflammatory cells. Compared with other inflammatory 
cells, macrophages are known to play a key role in the 
development of CNV (4). To further understand the 
effect of melatonin in the process of CNV, we examined 
the infiltration of inflammatory cells and macrophages 
in the alkali-injured corneas using H&E staining and 
immunofluorescence staining, respectively. On day 7 after 
alkali burn injury, numerous inflammatory cells were 
observed in the corneas. However, the number of cells was 
significantly decreased in the corneas treated with melatonin 
(Figure 3A,3B). Also, the number of F4/80+ cells noticeably 
increased in the alkali-injured corneas but significantly 
decreased after melatonin treatment (Figure 3C,3D). These 
results suggest that melatonin inhibited the alkali-induced 
infiltration of macrophages and other inflammatory cells.

Further examination revealed that corneal thickness in 
the melatonin-treated corneas was significantly reduced 
compared to that in the control group (Figure 3E). This 
indicated that melatonin protected the eyes from visual loss 
due to corneal edema (1).

Melatonin reduced the expression of pro-angiogenic 
factors, chemokines, and inflammation-related molecules 
in alkali-burned corneas

The previous results have demonstrated that inflammation 
is of vital importance in alkali-induced CNV. Macrophages 
can be a rich source of numerous angiogenic factors, 
chemokines, and inflammatory cytokines, and the 
abnormal release of these factors can lead to angiogenetic 
processes (12,15). Therefore, we next examined the effect 
of melatonin on the expression of these factors in alkali-
burned corneas. Pro-angiogenic factors, such as VEGF and 
matrix metalloproteinase (MMP)-9, were up-regulated in 
corneas after alkali injury. Melatonin treatment resulted in 
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Figure 1 The effect of melatonin in alkali injury-induced CNV. (A) After alkali burn injury, PBS or melatonin (30, 50, or 70 μM) was 
topically applied to the corneas twice a day. Microscopic photographs of CNV were taken via slit lamp on days 7 and 14; (B) percentage of 
CNV area relative to the whole corneal area was analyzed, n=6 eyes per group; (C) PBS or melatonin (70 μM) was topically applied to alkali-
burned corneas twice a day. Corneal whole-mounts were made and stained with anti-CD31 on days 7 and 14 and compared with normal 
whole mounts. Scale bar =500 µm; (D) percentage of CNV area was assessed on corneal whole mounts on days 7 and 14, n=6 eyes per group. 
The data are mean ± SEM. PBS as control group. *, P<0.05; **, P<0.01. CNV, corneal neovascularization; PBS, phosphate-buffered saline; 
SEM, standard error of the mean.
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a significant decrease in the intracorneal mRNA expression 
of pro-angiogenic factors. Similar to the expression of 
pro-angiogenic genes, chemokine [monocyte chemotactic 
protein-1 (MCP-1)] and inflammation-related molecules 
[NLRP3, interleukin-1β (IL-1β), interleukin-6 (IL-6),  
and tumor necrosis  factor-α  (TNF-α ) ]  were a lso 
significantly decreased after melatonin treatment in alkali-
burned corneas (Figure 4).

As VEGF and NLRP3 are important pro-angiogenic 
and inflammatory-related factors, respectively, we further 
confirmed the protein expression of these 2 factors. The 
results of the western blot analysis showed that VEGF and 
NLRP3 were up-regulated in the alkali-injured cornea and 
down-regulated after melatonin treatment (Figure 5). These 
data indicated that the topical application of melatonin 
inhibited angiogenesis and inflammation induced by corneal 
alkali injury.

Melatonin inhibited pro-angiogenic factors and 
inflammation-related molecules in vitro in murine 
peritoneal macrophages

Our previous analysis revealed that melatonin could down-
regulate the infiltration of macrophage and the expression 
of CNV-related genes in vivo. We next examined the 
effects of melatonin on pro-angiogenic and inflammation-
related molecules in murine peritoneal macrophages. The 
result of the CCK-8 assay showed that melatonin did not 
affect cell viability at concentrations of 20 μM or lower 
(Figure 6A). When cells were treated with melatonin, 
the mRNA expression levels of LPS-induced angiogenic 
and inflammatory factors were significantly decreased 

(Figure 6B-6G). Furthermore, the results of ELISA also 
showed that melatonin inhibited the secretion of VEGF 
in vitro in murine peritoneal macrophages (Figure 6H). 
These data indicated that melatonin may attenuate CNV 
by down regulating the expression of pro-angiogenic and 
inflammatory factors in macrophages.

Discussion

The role of melatonin in controlling angiogenesis has 
been extensively studied under various conditions. In 
tumor tissue, melatonin has been shown to be effective 
in inhibiting angiogenesis by reducing VEGF, vascular 
endothelial growth factor receptor 2 (VEGFR2), and 
hypoxia-inducible factor 1 alpha (HIF-1α) expression (35).  
In the retina, melatonin and its metabolites play protective 
roles against retinal neovascularization by reducing the 
levels of VEGF, nitric oxide, and free radicals (23,36). 
Xu et  al .  demonstrated that melatonin attenuates 
choroidal neovascularization by regulating macrophage  
polarization (30). Moreover, multiple studies have shown 
that melatonin can markedly inhibit cell viability of 
human umbilical vein endothelial cells (HUVEC) and 
disrupt the process of cell migration, invasion, and tube 
formation (35,37,38). However, previous studies have not 
investigated the role of melatonin in corneal inflammatory 
neovascularization. In the present study, our results showed 
that the topical administration of melatonin is effective in 
inhibiting alkali-induced CNV (Figure 1).

In the early stages of corneal alkali injury, epithelial 
defects appear. To reduce the risk of corneal ulceration, 
per fora t ion ,  CNV,  and  opac i f i ca t ion ,  r ap id  re -
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Figure 2 The effect of melatonin in corneal epithelial wound healing. (A) Melatonin was applied to normal or alkali-burned corneas for 
7 days. PBS was applied to alkali-burned corneas as a control group. Photographs of fluorescein-stained corneas were captured with a 
slit lamp; (B) quantitative analysis of corneal epithelial defect area in the photographs. The data are mean ± SEM, n=6 eyes per group. **, 
P<0.01. PBS, phosphate-buffered saline; SEM, standard error of the mean.
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Figure 3 Melatonin-treated mice showed inhibited inflammatory cells and F4/80+ cells and reduced central cornea thickness in alkali-
burned corneas. PBS or 70 μM melatonin was topically applied to alkali-burned corneas twice a day for 7 days. (A) H&E-stained sections 
were obtained. Pictures are shown at 200× magnification. Scale bar =50 µm; (B) the number of inflammatory cells per square millimeter 
was calculated in the H&E-stained section, n=3 eyes per group; (C) corneas were immunostained with anti-F4/80 (green) and DAPI (blue). 
Pictures are shown at 400× magnification. Scale bar =50 µm; (D) the number of F4/80+ macrophages per square millimeter was calculated 
in the immunofluorescence staining, n=6 eyes per group; (E) the average corneal thickness of 3 measurements per eye was analyzed in the 
H&E-stained section, n=3 eyes per group. The data are mean ± SEM. PBS as control group. **, P<0.01. PBS, phosphate-buffered saline; 
H&E, hematoxylin and eosin; DAPI, 4', 6-diamidino-2-phenylindole; SEM, standard error of the mean. 
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epithelialization of the damaged area is extremely  
important (39). Previous studies have indicated that 
melatonin is involved in normal corneal growth (40) 
and can enhance the defense ability of corneal epithelial 
cells (41). Similarly, we found that topical administration 
of melatonin could accelerate corneal wound healing 
(Figure 2), which is consistent with previous studies (27). 
Other experiments have revealed the role of melatonin in 
promoting tear secretion (26), which can help create an 

environment conducive to corneal healing. These findings, 
as well as previous reports, indicate that melatonin has a 
protective effect on alkali corneal injury. Moreover, in our 
study, normal corneas that received melatonin for 7 days 
had no corneal epithelial defects (Figure 2), indicating the 
safety of melatonin for use in vivo.

Angiogenesis is an essential process in wound repair 
because it provides oxygen, nutrients, and immune cells to 
the damaged area. However, excessive and dysfunctional 
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Figure 4 The effect of melatonin on the mRNA expression of angiogenic factors and inflammation-related molecules in injured corneas. 
PBS or 70 μM melatonin was topically applied to alkali-burned corneas twice a day for 7 days. Relative mRNA levels of VEGF, MMP-9, 
MCP-1, NLRP3, IL-1β, IL-6, and TNF-α were calculated. The data are mean ± SEM, n=3 samples per group. PBS as control group. *, 
P<0.05; **, P<0.01. mRNA, messenger RNA; PBS, phosphate-buffered saline; VEGF, vascular endothelial growth factor; MMP-9, matrix 
metallopeptidase-9; MCP-1, monocyte chemoattractant protein-1; NLRP3, nucleotide-binding oligomerization domain-like receptor family 
pyrin domain-containing 3; IL-1β, interleukin-1β; IL-6, interleukin-6; TNF-α, tumor necrosis factor-α; SEM, standard error of the mean. 
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angiogenesis may cause detrimental effects on repair 
outcomes (9). The level of angiogenesis in wounds often 
correlates with the inflammatory response. Numerous 
mediators, including angiogenic molecules, chemokines, and 
inflammatory cytokines, have been reported to play a major 
role in inflammation-associated angiogenesis (15). The 
most bioactive endogenous proangiogenic factor identified 
thus far, VEGF, is also a chemoattractant for macrophages 
and stimulates pathologic positive inflammation feedback 
during CNV formation (9). The MMPs are also involved in 

the process of angiogenesis, which degrade the extracellular 
matrix and allow for endothelial cell differentiation, 
migration, and survival (23). Previous studies have shown 
that VEGF and MMP-9 gene silencing are both beneficial 
in terms of reducing CNV (31,42). Our experiments 
demonstrated that the topical application of melatonin 
markedly down-regulated the expression of VEGF and 
MMP-9 in alkali-burned corneas, suggesting that melatonin 
attenuates CNV by suppressing the expression of VEGF 
and MMP-9. 
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Figure 5 The effect of melatonin on the expression of VEGF and NLRP3 in injured corneas. PBS or 70 μM melatonin was topically 
applied to alkali-burned corneas twice a day for 7 days. Western blot analysis for the expression of VEGF and NLRP3. The data are mean 
± SEM, n=3 samples per group. PBS as control group. *, P<0.05. VEGF, vascular endothelial growth factor; NLRP3, nucleotide-binding 
oligomerization domain-like receptor family pyrin domain-containing 3; PBS, phosphate-buffered saline; SEM, standard error of the mean.
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Figure 6 The effect of melatonin on the expression of angiogenic and inflammatory factors in murine peritoneal macrophages. (A) Murine 
peritoneal macrophages were treated with melatonin (0, 5, 10, 20, 40, 80, or 160 μM) for 24 h, and cell viability was determined via CCK-
8 assay; (B-G) murine peritoneal macrophages were pre-stimulated with LPS for 1 h and treated with either 20 μM melatonin or PBS in 
the presence of LPS for 18 h. Relative mRNA levels of VEGF, MMP-9, NLRP3, IL-1β, IL-6, and TNF-α were analyzed; (H) after pre-
stimulation with LPS for 1 h, murine peritoneal macrophages were treated with either 20 μM melatonin or PBS in the presence of LPS for 
24 h. VEGF secretion in the supernatant was detected by ELISA, n=3 samples per group. The data are mean ± SEM. LPS + PBS as control 
group. LPS + melatonin as melatonin group. **, P<0.01. CCK-8, cell counting kit-8; LPS, lipopolysaccharide; VEGF, vascular endothelial 
growth factor; MMP-9, matrix metallopeptidase-9; NLRP3, nucleotide-binding oligomerization domain-like receptor family pyrin domain-
containing 3; IL-1β, interleukin-1β; IL-6, interleukin-6; TNF-α, tumor necrosis factor-α; ELISA, enzyme-linked immunosorbent assay; 
SEM, standard error of the mean. 
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The NLRP3 inflammasome is the most extensively 
studied inflammasome, and it promotes the maturation 
of IL-1β and activates a more robust inflammatory  
response (43). As an intracellular sensor, NLRP3 can detect 
a broad range of stimuli, including pathogen-associated 
molecular patterns (PAMPs) and danger-associated 
molecular patterns (DAMPs) (44). In resting macrophages, 
the expression of NLRP3 is low and inadequate for 
initiating inflammasome activation. When cells are exposed 
to priming stimuli, the up-regulation of NLRP3 promotes 
inflammasome activation (45). Recently, mounting 
evidence has demonstrated that NLRP3 is involved in the 
pathogenesis of corneal diseases (43,46,47). In particular, 
the inhibition of NLRP3 improves wound healing and 
corneal clarity in an alkali burn model by reducing 
inflammation (46,48). The NLRP3 inflammasome is also 
considered as a target of melatonin. By inhibiting NLRP3, 
melatonin can reduce inflammation and affect various 
molecular pathways (49). Consistent with these studies, we 
found that melatonin reduced the expression of NLRP3 and 
other proinflammatory molecules, suggesting that the anti-
angiogenic effects of melatonin also involve non-VEGF-
dependent mechanisms. 

Currently, the exact mechanism of CNV is unclear, 
but it is generally believed that the development of 
inflammatory corneal angiogenesis is directly related to 
macrophages. In this study, we observed that the number 
of F4/80+ cells in alkali-burned corneas were markedly 
reduced after melatonin treatment (Figure 3). Additionally, 
as a chemoattractant molecule for macrophages, MCP-
1 was also decreased in melatonin-treated corneas. 
Previous studies have revealed that the production of pro-
angiogenic factors (VEGF and MMP-9), NLRP3, and 
pro-inflammatory factors (IL-1β, IL-6, and TNF-α) are 
mainly associated with macrophages (4,11,50). To further 
understand the role of melatonin in macrophage function, 
we used murine peritoneal macrophages. Similar to the 
expression in alkali-injured corneas, melatonin was able 
to reduce the expression of VEGF, MMP-9, NLRP3, IL-
1β, IL-6, and TNF-α in macrophages (Figure 6), which is 
in accordance with previous studies (51). However, further 
studies are needed to explore the mechanism via which 
melatonin modulates cell activity and regulates the release 
of cytokines and growth factors. In addition, the diversity 
and plasticity of macrophages make it possible for them to 
polarize into distinct functional phenotypes according to 
the micro-environment. It is worth pursuing further study 
of the effect of melatonin on macrophage polarization in 

corneal alkali burn model.
Interestingly, some other studies have suggested that 

melatonin could have an opposite effect on angiogenesis. In 
gastric ulcers, skin lesions, and some physiologic processes, 
melatonin promotes neovascularization. Ganguly et al. 
reported that implanting melatonin in normal rat corneal 
micropockets could increase blood vessels (52). This 
seems to contradict our results. However, melatonin exerts 
different functions (for example, it stimulates or inhibits 
neovascularization) according to specific pathophysiological 
processes and conditions (23). Specifically, corneal alkali 
burn injuries and corneal micropockets have totally 
different mechanisms in terms of blood vessel formation. 
In contrast to an alkali injury model, a corneal micropocket 
is an incisional wound that often heals without CNV (5). 
Furthermore, the corneal alkali injury model is a well-
known model of inflammation-induced CNV, while 
the corneal micropocket assay is not affected by the 
inflammatory response (50). Collectively, our findings may 
support a mechanism via which melatonin directly inhibits 
the inflammatory response and thus results in the reduction 
of CNV. 

In conclusion, we found that melatonin has efficacy in 
suppressing angiogenesis in alkali-injured corneas. The 
effect of melatonin is mediated, at least partially, through 
inhibiting macrophage infiltration and the secretion 
of proangiogenic factors and inflammatory molecules. 
These results suggest that melatonin may be useful in the 
prevention and treatment of inflammatory CNV.
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