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Abstract. Numerous treatments have been used in the 
management of corneal chemical burns; however, no optimal 
treatment for corneal chemical burns currently exists. The 
present study investigated the effects of topical chondro-
cyte-derived extracellular matrix (CD-ECM) treatment on 
corneal wound healing, using an alkali burn mouse model. 
Topical treatment with CD-ECM was shown to reduce corneal 
opacity following an alkali burn. A histological examina-
tion observed the presence of regenerated epithelial cells 
and a small number of inflammatory cells in the corneas of 
CD-ECM-treated mice. The majority of the inflammatory 
cells present in the corneas of the phosphate-buffered saline 
(PBS)-treated mice were neutrophils that expressed matrix 
metalloproteinase (MMP)-9. The amount of neutrophils was 
significantly reduced in the corneas of the CD‑ECM‑treated 
mice. Furthermore, the expression levels of interleukin (IL)-8  
were significantly reduced in the CD‑ECM treatment group, 
but not in the mice that received the PBS treatment. The results 
of the present study indicate that CD-ECM treatment may 
accelerate wound healing in a model of alkali burn-induced 
corneal injury. The therapeutic mechanism may be associated 
with accelerated reepithelialization and reduced recruitment 
of MMP-9-expressing neutrophils, through inhibiting the 
production of IL-8.

Introduction

Chemical burns can cause severe injury to corneal tissues. 
These burns often result in a marked infiltration of 

inflammatory cells, extensive formation of scar tissue, recur-
rent erosion of the epithelium, ulceration, stromal edema 
and neovascularization (1-3). These processes often lead to 
a significant loss of corneal transparency. Numerous treat-
ments have been developed to manage corneal chemical 
burns (4,5); however, there is currently no optimal treatment 
for corneal chemical burns.

Corneal epithelial cells undergo a process of self-renewal, 
in order to replace surface layer cells and repair corneal 
surface wounds (6,7). Therefore, the fast recovery of epithelial 
cells following an acute corneal injury is important for wound 
healing (8,9). Impaired reepithelialization, following corneal 
injury, leads to the recruitment of inflammatory cells that 
destruct corneal tissues. Inflammatory chemokines, cytokines 
and matrix metalloproteinases (MMPs) are essential factors in 
these inflammatory responses (10).

The components of the extracellular matrix (ECM) include: 
Glycosaminoglycans, proteoglycans, glycoproteins, and colla-
gens. These components have previously been shown to promote 
tissue renewal and healing, following injury (11,12). During 
injury repair and tissue engineering, the ECM induces the 
surrounding cells to repair the wounded tissue, instead of forming 
scar tissue. The ECM also prevents the triggering of immune 
responses that are associated with inflammation. Collagen has 
previously been introduced as a wound-healing agent used for 
the treatment of burns and skin ulcerations (13,14). Treatment 
with collagen leads to the formation of a collagen corneal 
shield, which acts as an ocular surface bandage (15). Collagen 
shields have been investigated using both animal and human 
subjects, and have been shown to promote corneal epithelial and 
stromal healing (16,17). Hyaluronic acid (HA), a glycosamino-
glycan (GAG), has demonstrated anti‑inflammatory properties 
in enhancing wound repair (18,19). Therefore, in response to the 
findings of previous studies, the clinical application of ECM 
materials has been studied in the regeneration of injured tissues. 

Previous reports have shown the potential use of chondro-
cyte-derived extracellular matrix (CD-ECM), isolated from 
porcine chondrocytes, as a biomaterial scaffold. The composi-
tion of the CD-ECM scaffold consists of: 73% collagen type I, 
16% GAGs, and 11% water (20). The CD-ECM scaffold 
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supports chondrogenic differentiation of mesenchymal 
stem cells (MSCs) and helps maintain the phenotype in 
vivo (21,22). The aims of the present study were to determine 
the wound-healing effects of CD-ECM on corneal injury and 
to elucidate the cellular mechanism underlying these effects. 

Materials and methods

Animals. The female outbred imprinting control region mice 
were purchased from Charles River Laboratories (Tokyo, 
Japan) between the ages of six and seven weeks. The mice 
were handled according to the guidelines in the Association 
for Research in Vision and Opthalmology Statement for the 
Use of Animals in Opthalmic and Vision Research. The 
animal protocols were approved by the Institutional Animal 
Care and Use Committee of Inje University (Busan, South 
Korea) (ethical approval no. 2012-034).

Preparation of CD‑ECM solution. The CD-ECM was 
provided by RegenRrime Co., Ltd. (Suwon, South Korea), and 
was prepared as described by previous methods (20). Briefly, 
primary chondrocytes were isolated from porcine knee joints 
and were initially expanded in a monolayer culture for three 
weeks, and further cultured in a 3-dimensional (3-D) pellet 
for another three weeks. The ECM scaffold was produced 
from the 3-D pellet, following removal of the chondrocytes. 
The scaffold was treated with 200 U/ml DNase I and washed 
completely with phosphate-buffered saline (PBS). Finally, the 
scaffold was dried and converted to a powder. To prepare the 
solution for topical application, the CD-ECM was dissolved at 
various concentrations in PBS. 1% CD-ECM in PBS was the 
highest concentration to be used for the topical treatment. The 
1% CD-ECM was vortexed vigorously for 5 min and centri-
fuged at 300 x g for 5 min. The supernatant was collected and 
stored at 4˚C until further use.

Alkali burn. The mice were anesthetized with an intraperito-
neal injection of 5 mg/kg rompun (Bayer, Monheim, Germany) 
and 40 mg/kg zoletil (Virbac, Carros Cedex, France). To induce 
the alkali burns, 3  µl of 1.0 N NaOH was instilled onto the 
entire surface of the right cornea for 18 sec. The ocular surface 
was then rinsed with 10 ml PBS. After one day, the mice were 
randomly separated into two treatment groups, and CD-ECM 
(10 µl of 1%, n=10) or PBS (10 µl, n=10) was topically applied 
to the corneas three times daily, between days 1-7. The eyes 
of the mice were observed daily using slip lamp microscopy 
(SL-D7; Topcon Medical System Inc., Oakland NJ, USA) 
under a dim lighting condition. For this procedure, live mice 
were anesthetized and handled with care each time opacity 
was observed in their cornea.

Clinical observation. The corneal opacity was deter-
mined based on the following parameters, as previously 
described (8): 0, no opacity; 1, <1/3 of the corneal surface was 
clouded; 2, <2/3 of the corneal surface was clouded; 3, >2/3 of 
the corneal surface was clouded; 4, almost all of the corneal 
surface was clouded.

Histological examination. Four days following the alkali burn, 
a subset of the mice from each group (n=5) were sacrificed. 

The eyeballs of these mice were fixed in 10% buffered 
formalin and embedded in paraffin. The paraffin sections were 
cut into 5 µm and stained with hematoxylin and eosin (H&E). 
The corneal morphology was assessed using a NanoZoomer 
2.0 RS (Hamamatsu, Shizuoka, Japan).

Immunohistochemical detection. Four days following the 
alkali burn, a subset of the mice from each group (n=5) were 
sacrificed by carbon dioxide (CO2) inhalation. The eyeballs 
were harvested and embedded in paraffin for immunohisto-
chemical staining, to detect the expression levels of MMP-9. 
The sections were deparaffinized and boiled in antigen 
retrieval solution (Vector Laboratories Inc., Burlingame, 
CA, USA), at 121˚C for 5 min. The endogenous peroxidase 
activity was blocked by 3% hydrogen peroxide treatment for 
10 min. Nonspecific staining was blocked by treatment with 
CAS-Block™ (Invitrogen Life Technologies, Carlsbad, CA. 
USA) for 10 min. The sections were then incubated with the 
primary monoclonal rat anti-mouse MMP-9 antibody (R&D 
Systems Inc., Minneapolis, MN, USA) diluted in CAS-Block™ 
(1:50), overnight at 4˚C. Following three washes with PBS 
for 5 min, the sections were incubated with horseradish 
peroxidase-conjugated secondary anti-rat Immunoglobulin G 
antibody (Santa Cruz Biotechnology Inc., Dallas, TX, 
USA), for 1 hour at room temperature, followed by a further 
wash with PBS. The reaction product was developed using 
3, 3 N-diaminobenzidine tetrahydrochloride for 5 min. The 
sections were then counter-stained with Mayer hematoxylin. 
The corneal morphology was assessed using the NanoZoomer 
2.0 RS. 

Reverse‑transcription (RT) and quantitative (q) polymerase 
chain reaction (PCR). The corneal samples were obtained 
on days four and seven, following the alkali burn. Total 
RNA was extracted from the corneal samples (pooling five 
corneas from each group) using TRIzol® reagent (Invitrogen 
Life Technologies). The RNA was reverse-transcribed 
into cDNA using a PCR cDNA Synthesis kit (Clontech 
Laboratories Inc., Mountain View, CA, USA). The RT-PCR 
was performed using sense/antisense primers. The qPCR 
(45 cycles) was performed using SYBR-green Supermix 
(Bio-Rad Laboratories, Hercules, CA, USA) and run on an 
iCycler System (Bio-Rad Laboratories), according to the 
manufacturer's instructions. The PCR and qPCR primer 
sequences are shown in Table I. The Ct values were calcu-
lated as the ratio of the SYBR fluorescence. Each sample was 
normalized by the Ct value of GAPDH.

Statistical analyses. A student's t-test was used for the statis-
tical analysis of the clinical scores and qPCR. A P<0.05 was 
considered to indicate a statistically significant difference.

Results

Effects of CD‑ECM on alkali burn‑induced corneal injury. 
The effects of topical CD-ECM treatment were investigated 
on corneal injuries, following an alkali burn. In the PBS 
treatment group the corneal opacity was observed from day 2 
following the alkali burn, and markedly increased in severity 
in a time-dependent manner. Conversely, the corneal opacity 
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of the group treated with CD-ECM was markedly lower, as 
compared with the PBS treatment group, and it did not increase 
in a time-dependent manner (Fig. 1). These data indicate that 
CD-ECM treatment may inhibit corneal injury, following an 
alkali burn. 

CD‑ECM treatment accelerates corneal wound healing. 
The effects of CD-ECM were evaluated using histologic 
examination of the corneas. Prior to the topical treat-
ment with CD-ECM or PBS, the corneal epithelium was 
completely destructed by an alkali burn at day 1 (Fig. 2A), 
as compared with the normal cornea (Fig. 2B). Consistent 
with the previous clinical scores, the corneas of the PBS 
treatment group were markedly thicker, had higher levels of 
inflammatory cell infiltration and their epithelium remained 
destructed (Fig. 2C); however, recovered epithelial cells and 
a smaller number of inflammatory cells were present in the 
corneas of the CD-ECM treatment group (Fig. 2D). These 
results indicate that topical treatment with CD-ECM may 
enhance the repair of corneal epithelial cells and inhibit the 
infiltration of inflammatory cells. 

CD‑ECM treatment inhibits the expression levels of MMP‑9. To 
identify the inflammatory factors associated with the decreased 
corneal opacity following CD-ECM treatment the corneas were 
collected at days 4 and 7, following the alkali burn, and RT 
followed by qPCR was performed. There were no significant 
differences in the expression levels of vascular endothelial 
growth factor (VEGF), IL-1β, tumor necrosis factor (TNF)-α, 
or MMP-2 between the PBS and CD-ECM treatment groups 

  B

Figure 1. Effects of chondrocyte-dervied extracelullar matrix (CD-ECM) on 
alkali burn-induced corneal injury. (A) Clinical score of corneal alkali burn 
in the CD-ECM- and phosphate-buffered saline (PBS)-treated mice. The cor-
neas of the mice were treated with 1.0 N NaOH solution. CD-ECM and PBS 
were applied topically to the corneas three times daily between days 1 and 7. 
The corneal opacity was scored as described previously. The clinical score 
data are presented as the means ± standard deviation. Concordant results 
were obtained from three independent experiments. *P<0.05, **P<0.01, and 
***P<0.001 for the PBS versus the CD-ECM group. (B) Representative images 
of the cornea at day 7 following an alkali burn (magnification, x80).

Table I. Primer sets used for polymerase chain reaction (PCR) and quantitative PCR.

Gene Sequence (5'‑3')  Size (bp) Annealing temp (˚C) PCR cycle
 
GAPDH F : TTCACCACCATGGAGAAGGC 244 58 23
 R : GGCATGGACTGTGGTCATGA
IL-8/KC F : CAGCCACCCGCTCGCTTCTC 223 58 30
 R : TCAAGGCAAGCCTCGCGACCAT
MMP-9 F : CTGGACAGCCAGACACTAAA 145 58 30
 R : CTCGCGGCAAGTCTTCAGAG
VEGF F :TTACTGCTGTACCTCCACC 189 58 30
 R : ACAGGACGGCTTGAAGATG
IL-1β F : CTCGTGCTGTCGGACCCATAT 253 58 30
 R : TTGAAGACAAACCGCTTTTCCA
IL-6 F : TGGGAAATCGTGGAAATGAG 249 58 30
 R : GAAGGACTCTGGCTTTGTCTT
MMP-2 F : CCCCGATGCTGATACTGA 152 58 30
 R : CTGTCCGCCAAATAAACC
TNF-α F : CCACACCGTCAGCCGATTTG 255 58 30
 R : CACCCATTCCCTTCACAGAG
CXCL-1 F : GTGTCCCCAAGTAACGGAGA 317 58 30
 R : TGCACTTCTTTTCGCACAAC
CXCL-2 F : AGTTTGCCTTGACCCTGAAGCC 468 58 30
 R : TGGGTGGGATGTAGCTAGTTCC

F, forward; R, reverse; bp, base pairs; PCR, polymerase chain reaction.

  A
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at either day 4 or 7 (Fig. 3A). The expression levels of IL-6 
levels were similar at day 4; however, they were reduced in the 
CD-ECM treatment group at day 7, as compared with the PBS 
treatment group. There was a marked difference in the expres-
sion levels of MMP-9 between the PBS and CD-ECM treatment 
groups. At day 4, the expression levels of MMP-9 were induced 
in the corneas of the PBS-treated mice, and the levels were 

significantly lower in the corneas of the CD‑ECM‑treated mice. 
Furthermore, the expression levels of MMP-9 were markedly 
increased in the PBS-treated corneas at day 7, whereas the 
expression levels in the CD-ECM-treated corneas at day 7 were 
similar to those at day 4 (Fig. 3B). These results suggest that 
CD-ECM treatment may inhibit the upregulation of MMP-9 
expression in corneas, following an alkali burn.

Figure 2. Chondrocyte-dervied extracelullar matrix (CD-ECM) treatment accelerates corneal model wound healing, as determined by histological examina-
tion of the corneas. (A) The corneas of the mice were treated with 1.0 N NaOH solution (alkali-burn). After one day, the corneas were collected and stained with 
hematoxylin and eosin and compared with (B) the normal corneas. (C) Phosphate-buffered saline (PBS) or (D) CD-ECM was applied topically to the burned 
corneas three times daily between days 1 and 4. The corneas were collected at day 4. Concordant results were obtained in three independent experiments. 
Magnification, x200.

  A   B

  C
  D

Figure 3. Chondrocyte-dervied extracelullar matrix (CD-ECM) treatment inhibits the expression levels of matrix metalloproteinase (MMP)-9. (A) Expression 
profiles of pro‑inflammatory factors in CD‑ECM‑ and phosphate‑buffered saline (PBS)‑treated corneas. The corneas of the mice were treated with 1.0 N NaOH 
solution. After one day, CD-ECM was applied topically on the corneas three times daily. The corneas (n=5) were collected on days 4 and 7. Total RNA was 
extracted from the corneas and reverse transcribed into cDNA. A polymerase chain reaction (PCR) was performed using the specific primers shown in 
Table I, and the products were analyzed by agarose gel electrophoresis. The results are representative of three experiments. (B) Quantitative PCR analysis of 
MMP-9 expression levels. The results are expressed as the mean ratio of MMP-9/GAPDH ± standard deviation. The data represent two combined experiments. 
***P<0.001, the PBS versus the CD-ECM group. VEGF, vascular endothelial growth factor; IL, interleukin; TNF, tumor necrosis factor; MMP, matrix metal-
loproteinase.NC, normal corneas; P, PBS; C, CD-ECM. 

  A   B
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CD‑ECM treatment inhibits the recruitment of neutrophils, a 
major source of MMP‑9 expression. CD-ECM treatment was 
shown to inhibit the upregulation of MMP-9 expression levels 
following an alkali burn; therefore, the present study aimed to 
determine the cellular source of MMP-9 expression, using immu-
nohistochemical staining. The H&E staining demonstrated that 

the infiltrating cells were predominantly neutrophils, which were 
identified by the “horse shoe” shape of their nuclei (Fig. 4A). 
The expresssion of MMP-9 was observed in the neutrophils 
from the corneas of the PBS-treated mice; however, MMP-9 
expression was observed in several epithelial cells in the corneas 
of the CD-ECM-treated mice (Fig. 4B). These may be healing 

Figure 4. Chondrocyte-derived extracelullar matrix (CD-ECM) treatment inhibits the recruitment of matrix metalloproteinase (MMP)-9 expressing neutro-
phils. (A) Histologic examination was used to detect neutrophils, as represented by the arrows. The corneas were collected at day 4 following an alkali burn 
and stained with hematoxylin and eosin. The results are representative of three experiments. (B) A section of a cornea stained to detect MMP-9 expressing 
cells, as represented by the arrows. The corneas were collected from CD-ECM and phosphate-buffered saline (PBS) treatment groups at day 4 following an 
alkali burn. Magnification, x200.

  A

  B

Figure 5. Chondrocyte‑dervied extracelullar matrix (CD‑ECM) treatment inhibits the production of interleukin (IL)‑8. (A) Expression profiles of chemokines 
in CD-ECM- and phosphate-buffered saline (PBS)-treated corneas. The corneas of the mice were treated with 1.0 N NaOH solution. After one day, CD-ECM 
was applied topically to the corneas three times daily. The corneas (n=5) were collected at the indicated time points. Total RNA was extracted from the corneas 
and reverse transcribed into cDNA. A polymerase chain reaction (PCR) was performed using the specific primers shown in Table 1, and the products were 
analyzed by agarose gel electrophoresis. The results are representative of three experiments. NC, normal corneas; P, PBS; C, CD-ECM. (B) Semi-quantitative 
PCR analysis of IL-8 expression levels. The results are expressed as the mean ratio of IL-8/GAPD ± standard deviation. The data represent two combined 
experiments. ***P<0.001 for PBS versus CD-ECM. MCP, monocyte chemoattractant protein; CXCL, chemokine ligand.

  A   B
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epithelial cells, as these cells have previously been identified as 
being a cellular source of MMP-9 expression in wound healing 
conditions (23). There were few MMP-9-expressing neutrophils 
in the CD-ECM treatment group. These data suggest that the 
suppressed expression of MMP-9 may be due to the inhibitory 
effects of CD-ECM treatment on neutrophil recruitment.

CD‑ECM treatment inhibits IL‑8 production. Chemokines 
have been strongly implicated as crucial mediators of neutrophil 
influx. Therefore the present study investigated the expression 
levels of chemokines associated with neutrophil recruitment, 
including IL-8, chemokine ligand (CXCL)-1, CXCL-2, and 
monocyte chemoattractant protein-1, using qPCR. All of these 
chemokines were induced by alkali burn and were maintained 
in the corneas of the PBS treatment group. In the corneas from 
the CD-ECM treatment group, the expression levels of IL-8 
were reduced by day 3 (Fig. 5A). The decrease in IL-8 expres-
sion levels, as determined by qPCR, at day 3 in the CD-ECM 
treatment group were significantly reduced, as compared with 
the PBS treatment group (Fig. 5B). However, no differences 
were observed in the expression levels of the other chemokines 
between the two groups. These data indicate that the decrease 
in IL-8 expression levels may be responsible for the inhibition 
of the influx of neutrophils into the corneas of CD‑ECM‑treated 
mice following an alkali burn.

Discussion

Chemical burn of the cornea is a common ocular injury. Slow 
epithelialization, persistent ulceration, corneal perforation and 
angiogenesis are common complications associated with the 
acute phase of corneal chemical burn. Clinical management 
during the acute phase of corneal chemical burn is important; 
however, there remains a lack of appropriate management. 
Novel ways to immediately and appropriately treat the acute 
phase of corneal chemical burns are required (24). 

Due to the ability of the components of the ECM to promote 
wound healing, the clinical application of ECM materials have 
been studied in the regeneration of injured tissues (25). Previous 
studies have shown that CD-ECM may serve as a biomate-
rial scaffold. The CD-ECM scaffold supports chondrogenic 
differentiation of MSCs and helps maintain the phenotype of 
these cells in vivo (21,22). This phenomenon is responsible for 
the major composition of CD-ECM involved in collagen type II 
and HA. Therefore, it was hypothesized in the present study 
that CD-ECM may be used to heal corneal chemical burns. 
Soluble CD-ECM was prepared from its sponge form (20) 
and its wound healing effects were evaluated by the topical 
administration of CD-ECM against corneal alkali burn. Prior 
to treatment with CD-ECM or PBS, the corneas were observed 
for neovascularization and destruction of the epithelium, 
following an alkali burn. The corneal opacity was significantly 
increased in the PBS treatment group; however, treatment with 
CD-ECM markedly reduced corneal opacity. Using histological 
analysis on corneas isolated on day 4, regenerating epithelial 
cells and few infiltrated inflammatory cells were observed in 
the CD-ECM-treated mice. These results suggest that topical 
CD-ECM treatment facilitated the repair of corneal epithelial 
cells, following injury by alkali burn and may inhibit the further 
infiltration of inflammatory cells.

Impaired reepithelialization is associated with heightened 
inflammation and insufficient stromal remodeling, resulting in 
the loss of transparency of the corneal tissues (10). The produc-
tion of proinflammatory factors, including IL‑1β, TNF-α, IL-6, 
and VEGF, has been shown to occur quickly in alkali-burned 
corneas (26). These cytokines are released from the injured 
corneal epithelial cells and lead to the induction of the angio-
genic response and keratocyte apoptosis (27). In the present 
study CD‑ECM treatment did not significantly affect the expres-
sion levels of these factors, following an alkali burn. Based on 
these data, it may be hypothesized that CD-ECM promotes the 
repair of injured corneal epithelial cells and does not reduce the 
expression levels of IL-1β, TNF-α, IL-6, and VEGF produced 
by the epithelial cells. Notably, CD-ECM treatment strongly 
prevented the upregulation of the expression levels of MMP-9. 
MMP-9 is predominantly expressed by neutrophils (28) and 
aids the infiltration of these cells into non‑lymphoid tissues and 
enhances tissue destruction (29). Neutrophils were demonstrated 
to be the predominant cell type that infiltrated the alkali‑burned 
corneas of the PBS-treated mice, and these cells expressed 
MMP-9 (Fig. 4). These data suggest that CD-ECM treatment 
inhibited the infiltration of neutrophils into the cornea, following 
an alkali burn, and also inhibited the production of neutrophil 
chemoattractants by corneal epithelial cells.

Chemokines have previously been implicated as crucial 
mediators of inflammatory cell recruitment (30). Therefore, 
the expression levels of neutrophil chemoattractants were 
compared between CD-ECM- and PBS-treated corneas. 
IL-8 expression levels were markedly reduced in the 
CD-ECM-treated corneas on day 3, as compared with the 
corneas from the PBS treatment group. IL-8 is an important 
and representative CXC-chemokine that is known for its 
potent ability to initiate chemotaxis and activate neutro-
phils (31). Corneal epithelial cells usually produce IL-8 in 
response to IL-1β, TNF-α, and IL-6 stimulation, following an 
alkali burn (32). Upon stimulation by IL-8, neutrophils have 
been shown to express high levels of MMP-9 (33). The data 
of the present study suggests that CD-ECM treatment reduced 
the production of IL-8 by the epithelial cells of alkali-burned 
corneas, and this resulted in the inhibition of the infiltration of 
MMP-9-expressing neutrophils.

In conclusion, the present study demonstrated that topical 
treatment with CD-ECM reduced corneal opacity, following 
an alkali burn. This treatment may facilitate reepithelializa-
tion and inhibit IL‑8‑mediated neutrophil infiltration. These 
results provide supporting evidence for the potential use of 
CD-ECM as a novel therapeutic drug for the acute manage-
ment of corneal chemical burns.
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