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Purpose: To compare the corneal epithelial wound healing effects of RCI001, Solcoseryl, and polydeoxyribonucleotide (PDRN) 
in a rat alkali burn model.

Methods: In 40 male Sprague-Dawley rats, we induced alkali burn using filter paper soaked in 0.2N sodium hydroxide. The 
rats were then treated with topical 0.5% RCI001, 1.0% RCI001, Solcoseryl, or PDRN twice a day for 2 weeks. Corneal epithelial 
integrity and epithelial healing rate were measured at day 0, 3, 5, 7, 10, and 14. Histologic and immunohistochemistry findings 
were also assessed. 

Results: Both the 0.5% and 1.0% RCI001 groups showed significantly more epithelial healing compared to the control group 
at day 5, 7, 10, and 14 (each p < 0.05). No statistical difference was found between the 0.5% and 1.0% RCI001 groups. Neither 
the Solcoseryl nor the PDRN groups showed a significant difference from the control. RCI001 treatment resulted in signifi-
cantly reduced stromal edema, and a trend towards less inflammatory cell infiltration.

Conclusions: Topical application of RCI001 showed enhanced corneal epithelial wound healing in the murine corneal alkali 
burn model, presumably by suppressing inflammation. Meanwhile, Solcoseryl and PDRN did not show sufficient therapeutic 
effects compared to RCI001. 
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The corneal epithelium is crucial in protecting the eye 
against the external environment and maintaining a 

smooth optical surface. Disruption to the epithelium leads 
to blurred vision, pain, and an increased risk of infection, 
ulceration, and scarring. Upon injury, epithelial healing is 
initiated, involving migration and proliferation of epitheli-
al cells, followed by reassembly of junctional apparatus [1]. 
Impaired epithelial healing prevents regeneration of the 
epithelial basement membrane and initiation of stromal 
healing, ultimately leading to stromal scarring and a de-
cline in vision [2,3]. Therapeutic agents of corneal epitheli-
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al healing aim to stimulate the healing process or suppress 
inhibitors of healing.

Solcoseryl and polydeoxyribonucleotide (PDRN) are 
two agents used as adjunctive therapy in corneal abrasions 
[4,5]. Solcoseryl (Solcorin, Hanlim Pharm), the protein-free 
dialysate of calf blood [6,7], has been found to accelerate 
the re-epithelization of the cornea after mechanical injury 
[4,8–10]. PDRN (Re-An, PharmaResearch), a salmon 
sperm-derived DNA drug [11], has also been shown to fa-
cilitate corneal epithelium regeneration after photorefrac-
tive keratectomy [5]. However, their clinical efficacy in 
more severe corneal injury remains unclear.

RCI001 is a potential therapeutic candidate for ocular 
surface disorders [12]. Its main component is 8-oxo-2’-de-
oxyguanosine (8-oxo-dG), which is the oxidized derivative 
of deoxyguanosine, produced when DNA base guanine is 
damaged [13]. Previous experiments demonstrated excel-
lent wound healing, antioxidant, and anti-inflammatory ef-
fects of RCI001 in ocular chemical burn and dry eye mod-
els [14–16]. In murine models of corneal ethanol injury and 
alkali burn, 1-week treatment with RCI001 showed marked 
improvement of corneal epithelial defects, with reduced 
inflammatory cell infiltration and proinflammatory cyto-
kines [14,15]. Also in a murine inflammatory dry eye mod-
el, RCI001 treatment improved ocular surface staining and 
tear secretion, and repressed inflammatory cytokines [16]. 

In this study, we aimed to compare the eff icacy of 
RCI001, Solcoseryl, and PDRN in promoting corneal epi-
thelial wound healing using a rat corneal alkali burn mod-
el. Since Solcoseryl and PDRN have already demonstrated 
clinical efficacy in mechanical injuries [5,9,10], we selected 
the alkali burn model to achieve a definitive comparison of 
these agents in the severe ocular surface inf lammatory 
model. To the best of our knowledge, no previous compari-
son has been made between these agents in regards to ocu-
lar surface disorders, and we hoped to provide insight into 
application of these agents in clinical settings of significant 
corneal epithelial injury. 

Materials and Methods

Ethics statements

The present study’s experimental protocol was approved 
by the Institutional Animal Care and Use Committee of 

Lee Gil Ya Cancer and Diabetes Institute (No. LCDI-2018-
0083). The animals were handled according to the Guide 
for the Care and Use of Laboratory Animals of the Nation-
al Institutes of Health and treated following the guidelines 
in the Association for Research in Vision and Ophthalmol-
ogy Statement for the Use of Animals in Ophthalmic and 
Vision Research. 

Animals and experimental design

A total of 40 male Sprague-Dawley rats at 7 weeks of 
age were used for the experiments (Dae Han Bio Link). 
The rats were kept in a pathogen-free environment with 
unlimited access to water and food. Anesthesia was in-
duced with intraperitoneal injection of sodium pentobarbi-
tal (30–70 mg/kg, Entobar, Hanlim Pharm). In the right 
eye of each rat, alkali burn was created with a 30-second 
application of a 0.5 × 0.5-cm filter paper soaked in 0.2N 
sodium hydroxide. Then the eye was irrigated with 10 mL 
normal saline. To control equal corneal epithelial defect at 
baseline, the residual corneal epithelium was debrided with 
a surgical blade [14,17], and irrigated once more with 2 mL 
normal saline. Then each rat was treated with topical ap-
plication of 10 μL eyedrops twice daily for 2 weeks ac-
cording to its previously assigned group: group 1 was con-
trol (no treatment), group 2 was treated with 1.0% RCI001, 
group 3 with 0.5% RCI001, group 4 with Solcoseryl 120 
concentrate 70.05 mg/mL, and group 5 with PDRN 0.75 
mg/mL. Topical treatment was initiated 4 hours after cre-
ation of the chemical burn. 

Clinical and histological examination

Corneal epithelial integrity score and epithelial healing 
rate were evaluated on day 0, 3, 5, 7, 10, and 14 after the 
chemical burn. Ocular surface staining was done with 1% 
Lissamine green B (Sigma-Aldrich), and then photo-
graphed using OPMI LUMERA 300 (Carl Zeiss) and Ez-
Recorder 130 (AVerMedia). Corneal epithelial integrity 
was graded using a scale from 0 to 4 depending on the size 
of the epithelial defect: 0, no defect; 1, defect less than 
25%; 2, 25% to 50% epithelial defect; 3, 50% to 75% epi-
thelial defect; and 4, more than 75% epithelial defect [18]. 
Epithelial healing rate was determined using ImageJ ver. 
1.44 (US National Institute of Health). Area of the epitheli-
al defect and the entire cornea were manually delineated 
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and determined using the ImageJ software, after which the 
percentage of the defect area was calculated. Corneal epi-
thelial integrity scores and epithelial healing rate were 
measured by an experienced researcher (YAK). After the 
2 weeks of treatment, the eyes were enucleated, fixed in 
10% formalin and embedded in paraffin. The tissue was 
cut into 4 μm sections and stained with hematoxylin-eosin 
(H&E). For immunohistochemistry (IHC) staining for tu-
mor necrosis factor α (TNF-α), the sections were deparaf-
finized, rehydrated, and boiled in 10mM citrate buffer  
(pH 6) or 1mM EDTA buffer (pH 8) for antibody retrieval. 
Then sections were incubated with peroxidase blocking 
solution (PBS; Agilent) for 10 minutes, washed to remove 
PBS, then blocked with blocking buffer (Protein Block Se-

rum Free, Dako) for 10 minutes. After overnight incuba-
tion with the primary antibody (TNF-α, sc-1351; Santa 
Cruz Biotechnology) at 4 °C, sections were incubated for 
15 minutes with the secondary antibody (Horse anti-goat 
immunoglobulin G antibody, BA9500; Vector Laborato-
ries), and treated with 3,3ʹ-diaminobenzidine. Each section 
was counterstained with hematoxylin and mounted with 
Canada balsam. All slides were photographed with a digi-
tal slide scanner (Pannoramic SCAN, 3DHISTECH). The 
H&E-stained sections were examined for stromal thick-
ness measurement using ImageJ. An experienced examiner 
(DHK) counted the number of TNF-α–positive cells at 400 
high power field (HPF) magnifications in two different 
sections and determined the average cell count.

0 day 3 day 5 day 7 day 10 day 14 day

Control

0.5% RCI001

1.0% RCI001

PDRN

Solcoseryl

Fig. 1. Representative cornea images of the control, 0.5% RCI001, 1.0% RCI001, Solcoseryl, and polydeoxyribonucleotide (PDRN) groups 
from days 0 to 14 following corneal alkali burn. The 0.5% and 1.0% RCI001 groups showed faster corneal epithelial healing and less stro-
mal opacity. 
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Statistical analysis

All data were presented as the mean ± standard error of 
the mean. Friedman and Kruskal-Wallis tests were used to 
evaluate improvement of corneal epithelial integrity, and 
comparison between groups was performed using Dunn 
test for multiple comparisons (GradPad Prism Inc). Results 
were considered statistically significant when p-value  
< 0.05.

Results

RCI001 groups showed better corneal epithelial heal-
ing effects compared to the other groups

Topical application of RCI001 following alkali corneal 
burn accelerated healing of epithelial defects and de-
creased stromal opacity when compared with other two 
agents (Fig. 1). Starting from initial modeling, we could 
observe stromal opacity in all groups, which generally 
peaked at day 5 and 7 and diminished by day 14. 

In regards to epithelial healing, the 0.5% and 1.0% 
RCI001 groups showed significantly better epithelial integ-
rity scores than the control group starting from day 5 (day 5,  
p < 0.05; day 7, p < 0.01; day 10, p < 0.001; day 14, p < 0.001) 
(Fig. 2). The mean epithelial integrity scores in the control, 
PDRN, Solcoseryl, 0.5% RCI001, and 1.0% RCI001 groups 
on day 7 were 2.90 ± 0.26, 3.23 ± 0.15, 3.00 ± 0.19, 2.10 ± 

0.16, and 2.15 ± 0.26, respectively. On day 14, the mean ep-
ithelial integrity scores in the control, PDRN, Solcoseryl, 
0.5% RCI001, and 1.0% RCI001 groups were 2.47 ± 0.24, 
2.50 ± 0.31, 2.30 ± 0.28, 0.97 ± 0.23, and 1.20 ± 0.25, re-
spectively (Fig 2). While the Solcoseryl and PDRN groups 
did show a trend of improving epithelial integrity, their 
scores did not differ significantly from the control group. 
There was no significant difference between the two 
RCI001 groups. The area percentage analysis showed that 
at 1 week of treatment, 0.5% and 1.0% RCI001 groups 
showed significantly more epithelial healing compared to 
the PDRN group (p = 0.009, p = 0.013, respectively) (Table 1).  
On day 7, the control, PDRN, and Solcoseryl groups had 
27.5%, 19.4%, and 25.0% healing of epithelial defects re-
spectively, whereas the in 0.5% and 1.0% RCI001-treated 
groups exhibited 47.5% and 46.3% improvements, respec-
tively. After 2 weeks of treatment, the two RCI001 groups 
each had 75.8% and 70.0% healed corneas, both signifi-
cantly greater than the PDRN group (p = 0.019, p = 0.047, 
respectively). The control, PDRN, and Solcoseryl groups 
had 38.3%, 37.5%, 42.5% healing of epithelial defects, re-
spectively (Table 1).

RCI001 groups showed less disruption of the corneal 
epithelium and inflammatory cell infiltration into the 
stroma, with improved stromal edema

H&E staining revealed that following alkali-induced 
corneal burn, RCI001 treatment resulted in less stromal 
edema and epithelial irregularity compared to the control 
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Fig. 2. Comparative analysis of corneal epithelial integrity 
scores of the control, 0.5% RCI001, 1.0% RCI001, Solcoseryl, 
and polydeoxyribonucleotide (PDRN) groups from 0 to 14 days 
following corneal alkali burn. Starting from day 5, 0.5% and 
1.0% RCI001 groups showed significant improvement of epithe-
lial integrity compared to the control group. The Solcoseryl and 
PDRN groups did not significantly differ from the control group.  
*p < 0.05; †p < 0.01; ‡p < 0.001.

Table 1. Comparison of corneal epithelial healing rates at 7 
and 14 days after treatment

Group
Corneal epithelial healing rate* (%)

7 day p-value† 14 day p-value†

Control 27.5 ± 7.1 0.999 38.3 ± 7.4 0.999
PDRN 19.4 ± 8.7 NA 37.5 ± 4.9 NA
Solcoceryl 25.0 ± 4.9 0.999 42.5 ± 4.1 0.999
0.5% RCI001 47.5 ± 7.1 0.009‡ 75.8 ± 9.5 0.019‡

1.0% RCI001 46.3 ± 6.4 0.013‡ 70.0 ± 7.2 0.047‡

p-value‡ 0.001 NA 0.001 NA

Values are presented as mean ± standard deviation.
PDRN = polydeoxyribonucleotide; NA, not applicable.
*Corneal epithelial healing rate = epithelial healing area / total 
corneal area; †Dunn test for multiple comparisons (comparison 
with PDRN group); ‡Kruskal-Wallis test.
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group (Fig. 3A–3E, 4A–4D). Although the differences in 
inflammatory cell and TNF-α–positive cell infiltration did 
not reach statistical significance due to the small sample 
size (n = 2), there was a trend indicating that RCI001 treat-
ed groups had fewer inflammatory cells and TNF-α–posi-
tive cells infiltrating the cornea (Fig. 3A–3E, 4A–4D). The 
control group showed considerable penetration of inflam-
matory cells, and the superficial epithelium and anterior 
stromal surface were irregular. The PDRN and Solcoseryl 

groups appeared to have smoother anterior stroma than the 
control, but there was still notable amount of inflammatory 
cell infiltration at the stroma. Notably, the PDRN group 
showed epithelial hyperplasia unlike other treatment 
groups. Immunohistochemistry results indicated that there 
was a trend of fewer TNF-α–positive cells in RCI001 treat-
ed eyes, whereas in the control group, PDRN, and Solcos-
eryl treatment groups many TNF-α–positive cells could be 
found (Fig. 4A–4D). The mean number of TNF-α–positive 

A B C

D E

Fig. 3. Representative images of hematoxylin-eosin staining (×100) of the central cornea 2 weeks following corneal alkali burn. (A) Con-
trol group. (B) Polydeoxyribonucleotide group. (C) Solcoseryl group. (D) 0.5% RCI001 group. (E) 1.0% RCI001 group. RCI001-treated 
corneas are more organized and thinner compared to the other groups and show a trend of less inflammatory cell infiltration. Arrows 
indicate inflammatory cells.

A B

C D

Fig. 4. Representative images of immunohistochemistry staining (×100, ×400) for tumor necrosis factor α (TNF-α) positive cells 2 weeks 
following corneal alkali burn. (A) Control group. (B) Polydeoxyribonucleotide group. (C) Solcoseryl group. (D) 1.0% RCI001 group. 
RCI001 group show a trend of less TNF-α positive cell infiltration. Red and blue arrows indicate the TNF-α positive cells.
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cells in the 1.0% RCI001 group was 6.5 cells/HPF, whereas 
for the control, Solcoseryl, and PDRN groups the mean 
cell count was 76.0, 57.0, and 57.5 cells/HPF, respectively.

Mean corneal stromal thickness of RCI001 treated eyes 
were significantly thinner than the control group (Fig. 5). 
The mean stromal thickness of the control group was 517.8 
± 96.5 μm, while the 0.5% and 1.0% RCI001 groups mea-
sured 237.4 ± 22.2 and 195.5 ± 7.5 μm, respectively (p < 0.01  
and p < 0.0001, respectively). Stromal thickness of the 
PDRN group (395.9 ± 26.2 μm) and Solcoseryl group (332.5 
± 28.3 μm) did not significantly differ from the control 
(each p > 0.05).

Discussion

This study demonstrated that the 2-week topical applica-
tion of RCI001 resulted in significant improvement of cor-
neal epithelial healing in a murine ocular alkali burn mod-
el, unlike the two other agents, Solcoseryl and PDRN. 
Furthermore, RCI001 showed a significant decrease in 
stromal edema and a trend of less inflammatory cell infil-
tration. 

Insults to the cornea result in oxidative stress and in-
flammation [19]. The damaged corneal epithelium releases 
reactive oxygen species (ROS) and proinflammatory cyto-
kines which lead to recruitment of innate immune cells 
such as neutrophils and macrophages [20,21]. Excessive 

sterile inf lammation has been shown to impede corneal 
epithelial healing [22], so early suppression of inflamma-
tion is crucial to minimize damage. Given that inflamma-
tion is controlled, the following sequence of events occurs 
to heal the epithelium [1]: corneal epithelial cells begin to 
synthesize various cytoskeletal proteins and cell surface 
receptors to prepare for migration [23,24]. Integrins that 
normally anchor the basal cells to the basement membrane 
dissociate and redistribute to act as adhesion molecules to 
the extracellular matrix (ECM) [25]. After a single layer of 
epithelium migrates centripetally to cover the defect area, 
transient amplifying cells, differentiated from limbal stem 
cells, proliferate to restore normal thickness [26,27]. Then 
the basal epithelial cells regenerate the basement mem-
brane and reestablish junctional apparatus to attach the ep-
ithelium to the underlying stroma [26,28]. If there is exces-
sive damage, poor epithelial proliferation due to limbal cell 
insufficiency, or uncontrolled inflammation, the epithelium 
may not heal promptly, and through the defective basement 
membrane, cytokines such as transforming growth factor 
β and platelet-derived growth factor penetrate the stroma 
to stimulate development of stromal keratocytes into myo-
fibroblasts [2]. These cells then produce disordered ECM 
that result in stromal opacity and decreased vision [29]. 

The significant wound healing effects of RCI001 for al-
kali burns, compared to the lack of effectiveness of PDRN 
and Solcoseryl, may be attributed to the potent anti-in-
flammatory properties of RCI001, as opposed to the limit-
ed effects in the other two agents. Of note, Solcoseryl has 
recently stopped its production in Korea, failing to under-
go clinical trials after being designated for clinical reeval-
uation. Also, PDRN has only recently been launched as 
limited over-the-counter products and is not widely evalu-
ated as primary therapy for ocular surface damage. Sol-
coseryl is a deproteinized calf-blood extract containing 
amino acids, lipids, small peptides, and nucleotides that 
support wound healing in trauma, burns, and ulcers [6,30–
33]. At the cornea, Solcoseryl shows accelerated epithelial 
healing in dry eye and foreign body injuries [4,8–10]. Its 
mechanism has been suggested to work by enhancing cor-
neal epithelial cell migration and proliferation, with in-
creased expression of mucin genes [7]. In another experi-
ment, rat cornea treated with Solcoseryl after alkali burn 
showed a trend of improved epithelial healing, but its dif-
ference from the control did not reach statistical signifi-
cance, which agrees with the results of our study [34]. 
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Fig. 5. Comparison of central stromal thickness 2 weeks after 
corneal alkali burn in the control, 0.5% RCI001, 1.0% RCI001, 
Solcoseryl, and polydeoxyribonucleotide (PDRN) groups. The 
0.5% and 1.0% RCI001 groups had significantly thinner stro-
ma than the control group. The Solcoseryl and PDRN groups 
showed no statistical difference from the control group. *p < 0.01;  
†p < 0.0001. 
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These findings suggest that though Solcoseryl may en-
hance epithelial cell migration and proliferation, it may 
lack the anti-inflammatory properties needed in the acute 
phase of chemical burns; therefore, limited healing effects 
were observed in this study. 

PDRN is a DNA drug extracted from salmon sperm 
cells, consisting of deoxyribonucleotides that activate ade-
nosine A2a receptors [11]. It is known to improve wound 
healing by stimulating cell proliferation, improving tissue 
oxygenation, and anti-inf lammatory effects [11]. In a rat 
dry eye model, PDRN reduced fluorescein staining and in-
flammatory cell infiltration [35] and following photorefrac-
tive keratectomy PDRN treatment stimulated corneal epi-
thelium regeneration [5]. In a zebrafish corneal chemical 
burn model, PDRN accelerated corneal re-epithelialization 
and suppressed the increase of TNF-α and matrix metallo-
proteinases expression [36]. In our study, histology showed 
that PDRN treated corneas were more organized than the 
control group, and there was epithelial hyperplasia  
(Fig. 3A–3E). This agrees with previous studies stating 
PDRN enhances cell proliferation and helps tissue repair 
[11,36]. However epithelial healing did not significantly 
differ from control and the reported anti-inflammatory ef-
fect was not evident in our study; it is possible that the 
twice daily application is insufficient to reach the thera-
peutic dose, failing to control inflammation for prompt ep-
ithelial healing. 

Meanwhile, RCI001 significantly enhanced epithelial 
healing to more than 70% at 2 weeks. This may be associ-
ated with the known robust anti-inflammatory and antioxi-
dative effect of RCI001. In experiments of various inflam-
mator y condit ions (such as metabolic syndrome, 
dermatitis, gastritis, and atherosclerosis), RCI001 has 
demonstrated significant anti-inflammatory effect [37–40]. 
Though our study did not reveal significant difference of 
inf lammatory cell infiltration due to small sample size, 
there was a trend of less inflammatory cell infiltration to 
the cornea in RCI001 groups. Moreover, previous studies 
of mouse ocular chemical burns showed one-week treat-
ment with RCI001 yielded significantly less neutrophil and 
macrophage infiltration, with reduction of inflammatory 
markers interleukin 1β (IL-1β), IL-6, and TNF-α [14,15]. In 
addition, RCI001 was found to repress total ROS levels, 
with reduced Nox2 and Nox4 messenger RNA expression 
[15]. The anti-inflammatory and antioxidative mechanism 
are known to be through Rac1 inhibition in neutrophils 

and macrophages [40–42]. Since Rac1 pathway leads to 
ROS production, chemotaxis, and cytokine release [43], in-
hibiting Rac1 with RCI001 would exert anti-inflammatory 
effects and support corneal epithelial wound healing. 
Moreover, in an ocular chemical burn model RCI001 not 
only inhibited Rac1 but also the NLRP3 inf lammasome 
[12]. Inhibition of NLRP3 inf lammasome is known im-
prove corneal epithelial healing in dry eye disease and oc-
ular alkali burns [44–46]. These previous studies indicate 
that RCI001 can multimodally benefit corneal wound heal-
ing in alkali burn, in terms of anti-inflammation and anti-
oxidative properties. 

In conclusion, our findings revealed that in an ocular al-
kali burn model, 2-week treatment of RCI001 significantly 
improved corneal epithelial healing compared to Solcoser-
yl and PDRN. While further research is needed to opti-
mize dosage and confirm efficacy in other conditions, we 
believe that topical RCI001 may be a promising therapeutic 
agent for ocular surface diseases.
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