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Purpose. To investigate the changes of corneal endothelium under different crosslinking conditions and the protective effect of
ripasudil. Methods. Corneal crosslinking groups were infiltrated with riboflavin and subsequently irradiated with 0.54 J/cm® or
1.08 J/cm® UVA, while noncrosslinking groups included neither UVA nor riboflavin treatment, only 1.08 J/cm® UVA and only
riboflavin treatment. Corneal opacity, variations in corneal endothelial cells, and corneal thickness of all groups were observed
by slit lamp, in vivo confocal microscopy, and optical coherence tomography. Immunofluorescence staining and scanning
electron microscopy were performed to evaluate changes in the structure and function of the corneal endothelium. The mice
that received a corneal crosslinking dose of 1.08J/cm?® were instilled with ripasudil to explore its protective effect on the
corneal endothelium. Results. Treatment with UVA and riboflavin caused an increase in corneal opacity and corneal thickness
and decreased endothelial cell density. Furthermore, treatment with UVA and riboflavin caused endothelial cell DNA damage
and destroyed the tight junction and pump function of the endothelium, while riboflavin or the same dose of UVA alone did
not affect the endothelium. Ripasudil reduced DNA damage in endothelial cells, increased the density of cells, and protected
the endothelium’s integrity and function. Conclusion. Riboflavin combined with UVA can damage the corneal endothelium’s
normal functioning. The corneal endothelium’s wound healing is dose-dependent, and the ROCK inhibitor ripasudil maintains

the endothelium’s pump and barrier functions.

1. Introduction

Corneal crosslinking (CXL) therapy has been introduced as
a minimally invasive treatment to prevent the development
of keratectasia, which has completely changed the treatment
of keratoconus and other corneal ectasias such as pellucid
marginal degeneration and iatrogenic ectasia. CXL has also
been used in the treatment of other diseases, such as bullous
keratopathy, infectious ulcers, ulcerative keratitis, and other
causes of corneal edema [1].

The fundamentals of CXL and the molecular processes
of photooxidative CXL are combined with riboflavin as a
photosensitizer in this treatment. The intention of collagen
CXL with riboflavin/UVA light is to artificially enhance
crosslinking in the corneal stroma to restore mechanical sta-

bility [2]. The procedure damages cell membranes, causing
keratocyte death, in addition to the positive tissue stiffening
impact [3, 4]. Riboflavin is nontoxic and can be used as a
biological drug or a coloring agent in food processing [2].
Riboflavin serves both as a photosensitizer to promote cor-
neal stiffening (crosslinking) by UVA and as a shield to
reduce the level of UVA to below the cytotoxic threshold [5].

Regarding the adverse reactions caused by CXL, some
studies have reported damage or inflammation of the
corneal endothelium following CXL [6]. According to the
previous studies [7], the endothelial phototoxic level is
0.35mW/cm’, and a minimal corneal thickness of 400 ym
is required to ensure safe riboflavin/UVA CXL using the typ-
ical 3mW/cm? surface irradiance (5.4]/cm? surface dose)
[8]. Although some preventive measures have been taken,
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postoperative corneal edema, suggestive of endothelial dam-
age, has also been reported in thicker corneas [9]. Further-
more, despite some studies linking CXL to endothelial cell
death, scientists have yet to definitively ascertain whether
CXL alters the structure and function of the corneal endo-
thelium in vivo models.

Since the use of a mouse model can increase knowledge
regarding the basic cellular and molecular pathways acti-
vated by CXL therapy [10], studying different CXL protocols
in mice is useful for understanding the physiological
responses of different intensities of CXL and to determine
the appropriate range of UVA fluence of CXL in mice.
Previous studies have demonstrated that even when the
UVA fluence is dropped to 0.09]/cm? a considerable
corneal stiffening impact is still generated, and a fluence
between 1.62 and 2.7]J/cm’ generates the least negative
effects, such as scar formation and neovascularization [10,
11]. A CXL protocol for mice has previously been estab-
lished [12]. Since the corneal thickness of mice differs from
that of human, the treatment parameters were altered
according to the Lambert-Beer law to make the relative
UVA absorption of the mouse cornea equal to that of the
human cornea in the Dresden protocol [13]. According to
this calculation [14], when the radiation dosage to the mouse
cornea is 1.53 J/cm?, the corresponding radiation dose to the
human cornea is 5.4 ]/cmz. However, white central scars in
the cornea can even be found at a dose of 1.53 J/cm? [10]. Since
a dose of 1.53]/cm” may be a relatively high dose for mouse
corneal crosslinking, we chose threshold UVA dosages below
1.53]/cm” to investigate potential damage to the corneal endo-
thelium by combined riboflavin/UVA therapy.

Previous pioneering studies have shown that inhibiting
ROCK signaling promotes corneal endothelial cell adhesion,
migration, proliferation, and wound healing [15-20]. In
human keratinocytes, RhoA/ROCK signaling is one of the
regulators involved in oxidative damage and apoptosis, and
blockade of RhoA/ROCK with a ROCK inhibitor can reduce
the levels of DNA damage [21]. After destroying the central
endothelium via transcorneal freezing, individuals with
Fuchs endothelial corneal dystrophy (FECD) were given
eye drops containing a ROCK inhibitor, which reduced
corneal edema and increased visual acuity [22, 23]. In
individuals with bullous keratopathy, cell-based treatments
also assisted the reformation of the corneal endothelium
layer [24]. Ripasudil hydrochloride hydrate (K-115) is a
ROCK inhibitor that selectively inhibits ROCK1 and ROCK2,
and a dose of 0.4 percent ripasudil has been licensed in Japan
for the treatment of glaucoma [25]. Ripasudil has been recom-
mended as an effective medicine for adjuvant therapy in
FECD patients [26, 27], as well as a prospective therapeutic
agent for retinal hypoxia neovascular diseases [28].

In the present study, we exploited the transparent prop-
erty of the cornea and created a model that provided direct
visualization of the cellular behavior in response to CXL
in vivo, as determined by in vivo confocal microscopy and
optical coherence tomography (OCT), monitoring the swell-
ing of the cornea as a result of endothelial cell function and
morphology. Moreover, we found that riboflavin plays an
important role in mediating corneal endothelial damage.
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Since ROCK inhibitors have been reported to suppress oxi-
dative damage, we tested the effect of ripasudil on corneal
endothelium changes in CXL-induced mice.

2. Materials and Methods

2.1. Animals. 58 SPF male C57/BL6 mice (6—8 weeks old)
(Shanghai SLAC Experimental Animal Center, China) were
utilized in this work. They were housed in a clean environ-
ment with a temperature of 24 + 1°C, a relative humidity of
59 + 9%, and a 12h/12h light/dark cycle. The Xiamen Uni-
versity Experimental Animal Ethics Committee authorized
the research procedure, which complied with the ARVO
Declaration on the Use of Animals in Ophthalmology and
Visual Studies. The mice (n = 58) were randomly separated
into two sets. For the first part of the study, 40 mice were
divided into five groups: 1.08]J/cm® UVA only, riboflavin
only, 0.54]/cm” UVA plus riboflavin, 1.08 J/cm*> UVA plus
riboflavin, and neither UVA nor riboflavin, to investigate
their effect of independent variables on endothelium layer
integrity. In a second assessment using 6 mice from each
group, for the control and Ripa group, mice received
1.08 J/cm® UVA plus riboflavin to examine ripasudil’s phar-
macological effectiveness in the mouse CXL model.

2.2. Corneal Crosslinking Procedure. Pentobarbital (40 mg/kg)
was injected intraperitoneally for anesthesia, and proparacaine
eye drops were given topically. Mechanical removal of corneal
epithelium in the range of diameter 2 mm and 0.27% ribofla-
vin solution diluted in sodium chloride (Avedro, USA) was
applied to the deepithelialized corneas for 20 minutes. Subse-
quently, a UVA lamp would be used to irradiate the cornea
at 365nm with a fluence of 0.54J/cm® (9 mW/cm? for 1
minute) or 1.08 J/cm? (9 mW/cm? for 2 minutes) (UVX 2000
system, IROC Innocross AG Co. Ltd., Switzerland). Following
CXL, the corneal epithelial incision was treated with levoflox-
acin eye drops (Tobradex; Alcon Laboratories, Inc) three times
a day until it healed.

2.3. Eye Drop Treatment. One drop of 0.4% ripasudil (Kowa
Company, Tokyo, Japan) was topically instilled (2.5 yL) four
times daily in both eyes of six mice; PBS was instilled in both
eyes of six further mice as a control.

2.4. Assessment of the Ocular Surface. Having followed CXL,
all the corneas were checked daily using a slit light (BQ900H
Haag-Streit, Bern, Switzerland). Corneal opacity scores were
made depending on the sum of the scores of the several
stated measures employed for this aim at postoperative
36h, 4d, 7d, and 14d. Corneal opacity scores were calcu-
lated according to the degree of edema in the central and
peripheral part of the cornea.

2.5. In Vivo Confocal Microscopy. The mice were used in our
trial following the administration of pentobarbital (40 mg/kg).
The central corneal structure was examined by confocal laser
scanning microscopy using a Heidelberg Retina Scanner III/
Rostock Corneal Module (Heidelberg Engineer GmbH,
Heidelberg, Germany). One drop of carbomer gel (Alcon Lab-
oratories, Fort Worth, TX) was utilized prior to observation.
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By adjusting the controller, the cap center was extended to the
center of the cornea, and the computer screen showed a digital
image of the cornea. At least 10 images were photographed of
each structure: the superficial epithelial layer, basal epithelial
layer, stromal layer, and endothelial layer. All measurements
were performed by a researcher who was blinded to the spe-
cific experimental conditions. The built-in software program
was used to evaluate the density of endothelial cells.

2.6. Optical Coherence Tomography. Anterior segment
images were taken using optical coherence tomography
(OCT) (OPTOPROBE, England) at postoperative 36h, 4d,
7d, and 14d. The central corneal thickness was measured
using inbuilt software.

2.7. Staining with Immunofluorescence. Frozen sections and
corneal whole mounts were fixed with acetone at -20°C for
10 minutes and then incubated at 4°C overnight with
primary antibodies for Texas Red-X phalloidin (1:150),
anti-ZO-1 (1:150), anti-Na*/K"-ATPase (1:200), anti-y-
H2AX (1:400), and anti-8-OHdG (1:200). The next day,
samples were incubated with Alexa Fluor 488-conjugated
IgG (1:300) or Alexa Fluor 594-conjugated IgG (1:300)
for 2h at room temperature in the darkness. A laser confocal
scanning microscope (Fluoview 1000, Olympus, Japan) had
been used to investigate the immunofluorescence staining
after three washes in PBS and counterstaining with DAPI
(H-1200, Vector).

2.8. Ultrastructure of the Corneal Endothelium. The corneas
of the 5 groups were fixed overnight in PBS (pH?7.4)
containing 2.5% glutaraldehyde at 4°C, following which
4mm x 2mm pieces were produced without contact with
the endothelium. Then, the ultrastructure of the corneal
endothelium was observed by scanning electron microscope
(SEM, JSM6390LV, JEOL, Tokyo, Japan) after dehydration,
drying, and gold plating.

2.9. Statistical Analysis. Statistical analysis was performed by
using the GraphPad Prism 8.0 program (GraphPad Software,
Inc, San Diego, CA). Two-way ANOVA was used to compare
symptoms at different time points. One-way ANOVA was
used to compare multiple groups. The probability < 0.05 was
considered statistically significant. All data is reported as
mean + SD.

3. Results

3.1. CXL Irradiation Causes Corneal Edema in Mice. Slit-
lamp examination revealed visible edema in the cornea of
each CXL-treated group at posttreatment 36h, while in the
U(-), R(-), U(++), R(-), and U(-), R(+) groups, corneal
edema was not obvious. In the U(+), R(+) group, corneal
transparency was restored after 14 days, while the corneas
remained edematous in the U(++), R(+) group (Figure 1(a)).
In comparison with the U(++), R(-), or U(-), R(+) groups,
the corneal opacity scores of CXL group were significantly
higher at 36 h after treatment. In the U(+), R(+) group, scores
reversed to the baseline on the 14th day, but in the U(++),
R(+) group, the values remained high (Figure 1(b)).

3.2. CXL Irradiation Causes Alterations in Mouse Corneal
Endothelial Cell Morphology. Mouse corneal endothelial cell
morphology and density were assessed by in vivo confocal
microscopy at various time points after CXL. The corneal
endothelium showed a characteristic hexagonal monolayer
with a regular size and shape in the U(-), R(-), U(++), R(-),
and U(-), R(+) groups. However, CXL mice showed exacer-
bated morphological changes, such as increased cell size and
loss of discernible cell borders as compared with the other
three groups at the same recovery time points (Figure 2(a)).
Figure 2(b) depicts the variations in corneal endothelial cell
density in each group over time. In the U(++), R(+) group,
endothelial damage from 36h to d14 persisted, and endothe-
lial cell density was the lowest, being significantly less than that
in the U(++), R(-), or U(-), R(+) groups.

3.3. CXL Irradiation Increases the Thickness of the Central
Cornea by OCT. Corneal edema leads to an increase in
central corneal thickness (CCT), which is a hallmark of
endothelial cell functional impairment. In the U(++), R(-),
and U(-), R(+) groups, the corneal thickness did not change
significantly. OCT demonstrated that in the U(+), R(+), and
U(++), R(+) groups, the corneal thickness was considerably
higher than in the U(++), R(-), or U(-), R(+) groups at 36 h
after CXL (Figures 3(a) and 3(b)). In the U(+), R(+) group,
the thickness tended to be increased by 36 h, reaching signif-
icance but then returning to normal by day 14; however, the
corneal thickness in the U(++), R(+) group did not recover
even after 14 days (Figure 3(b)).

34. CXL Induces Na*/K'-ATPase Mislocalization and
Disruption of Cytoskeletal Organization and Tight Junction
Integrity. Ion transporter proteins including as bicarbonate
transporters, monocarboxylate transporters (MCT), and
aquaporin water channels assist the pump function, which
is primarily maintained by Na'/K'-ATPase [29]. In the
U(++), R(-), and U(-), R(+) groups on day 4, Na'/K'-
ATPase was uniformly and consistently expressed at the cell
membrane, while its localized expression was disrupted and
dispersed in the CXL groups (Figure 4(a)). The U(+), R(+)
group’s Na"/K"-ATPase localization began to restore to its
usual distribution after 14 days, but the U(++), R(+) group’s
recovery was only partially complete (Figure 4(b)).

In the typical corneal endothelium, F-actin was found at
the apical cell borders, resulting in a double-banded appear-
ance. In the CXL groups, the double-banded structure had
vanished by day 4 and the F-actin expression pattern was
diffused (Figure 4(a)). The F-actin distribution in the U(+),
R(+) group almost recovered after 14 days, but the F-actin
distribution in the U(++), R(+) group was only partially
restored and the cytoskeleton was partially rearranged
(Figure 4(b)).

The corneal endothelium’s barrier integrity is supported
by cell-to-cell connections such as adhesion and tight junc-
tions, which are primarily formed by ZO-1. ZO-1 produced
a consistent hexagonal pattern in the non-CXL groups’ cor-
neal endothelium and was continually expressed along the
cell boundary. On day 4, ZO-1 expression at the cell bound-
ary in the CXL groups turned partial and discontinuous
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Figure 1: CXL irradiation causes corneal edema in mice. Representative slit-lamp images showing differences between the 5 different groups
at time points corresponding to 36 h, 4d, 7d, and 14 d after CXL treatment. (a) Time-dependent changes in corneal opacity scores in the 5
groups. Data are expressed as the mean + SD; n=6. **P <0.01; ***P < 0.001. (b) U(-), R(-): neither UVA norriboflavin; U(++), R(+): 1.08 ]/
cm? UVA; U(-), R(+): riboflavin only; U(+), R(+): 0.54 J/em® UVA plus riboflavin; U(++), R(+): 1.08 J/em® UVA plus riboflavin.
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FiGure 2: CXL irradiation causes morphological changes in mouse corneal endothelial cells and decreases cell density. (a) Representative
confocal microscopy images showing differences in the endothelial cell layer between the 5 different groups at time points corresponding
to 36h, 4d, 7d, and 14d after CXL treatment. (b) Cell density analysis of the 5 groups. Data are expressed as the mean + SD; n =6.

***P <0.001.

(Figure 4(a)); however, 14 days later, the distribution of ZO-
1 in the U(+), R(+) group was substantially restored, while
the distribution of ZO-1 in the U(++), R(+) group had not
recovered (Figure 4(b)).

3.5. CXL Disrupts the Fine Structure of the Mouse Corneal
Endothelial Cells. To obtain a more comprehensive overview
of the CXL-induced changes in corneal endothelial cells, the
fine structure of the posterior cornea was evaluated by SEM.
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Figure 3: CXL irradiation modulates the thickness of the central cornea. (a) Representative OCT images of mouse corneas in the 5 different
groups at time points corresponding to 36 h, 4d, 7d, and 14 d after CXL treatment. (b) Central corneal thickness analysis based on OCT
images. Data are expressed as the mean + SD; n=5. *P < 0.05; **P <0.01; ***P < 0.001.

In the U(-), R(-), U(++), R(-), and U(-), R(+) groups, the
corneal endothelial cells appeared flat and hexagonal. In
addition, sharply demarcated and interdigitating cellular
borders, apical microvilli, and infrequent cilia were also
observed. On day 14, the morphology of the corneal endo-
thelial cells in the U(+), R(+) group had virtually recovered
as compared to the U(-), R(+) group. The cell border
between corneal endothelial cells became blurry in several
locations in the U(++), R(+) group, indicating breakdown
of cell-cell tight junctions (Figure 4(c), arrow).

3.6. CXL Induces DNA Damage in Mouse Corneal
Endothelial Cells. Intense immunostaining with anti-8-
OHAG (8-hydroxy-2'-deoxyguanosine), a biomarker of
DNA oxidation [30] occurring when DNA is oxidatively
modified by ROS, was detected in the corneal endothelium
in the CXL groups after 36h. There was a significant
increase in CXL-induced nuclear 8-OHdG in comparison
with the U (++), R(-) or U(-), R(+) group, especially in the
U(++), R(+) group (Figure 5(a)). H2AX is found in the
nucleosome as a histone variant. H2AX is quickly phosphor-
ylated at Ser139 within 1-3 minutes after DNA double-
strand breaks, and the relative amount of phosphorylated

H2AX molecules rises linearly with the severity of DNA
damage [31, 32]. In the endothelial monolayer of the CXL
groups, nuclei with very intense staining were evident,
indicating the presence of DNA damage. The amount of
y-H2AX expression in the CXL groups was considerably
greater than in the U(++), R(-) or U(-), R(+) groups. The
punctate staining pattern clearly implies that corneal endothe-
lial cells respond to nuclear DNA damage by producing DNA
damage foci, and positive nuclear staining for H2AX
phosphorylated at Ser139 gives evidence that corneal endothe-
lial cells are capable of detecting nuclear DNA damage

(Figure 5(b)).

3.7. Ripasudil Reduces Corneal Edema in CXL Mice and
Protects the Corneal Endothelium from CXL-Induced
Injury. It was observed that multiple daily administrations
of ripasudil eye drops in mouse eyes for 7 days improved
corneal opacification as compared with the U(++), R(+),
Ripa(-) group (control) (Figure 6(a)). On day 7, the corneal
thickness of the U(++), R(+), Ripa(+) mice was considerably
lower than that of the control group (Figures 6(b) and 6(d)).

In vivo confocal microscopy revealed relatively minor
cell body expansion and loose intercellular connections in
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FiGure 4: CXL irradiation destroys the integrity of tight junctions and disrupts the localization of Na™/K"-ATPase in corneal endothelial
cells. (a, b) Representative confocal images of wholemount mouse central corneal endothelial cells detecting ZO-1, F-actin, and Na'/K*-
ATPase localization on (a) day 4 and (b) day 14. On day 4, ZO-1, F-actin, and Na'/K*-ATPase staining of endothelial cells show a
disrupted distribution of these markers in the U(+), R(+), and U(++), R(+) groups as compared with that in the other 3 groups. After 14
days, the normal distribution around the cell borders was restored in the U(+), R(+) group, but the recovery was still incomplete in the
U(++), R(+) group. (c) Representative SEM images of the apical surface of central corneal endothelial cells on day 14. The microvilli on
endothelial cells have almost disappeared, and the cell boundary between endothelial cells is discontinuous (arrows) in the U(++), R(+)

group as compared with the U(++), R(-), or U(-), R(+) group.

the U(++), R(+), Ripa(+) group, in contrast to the loose and
flaky shedding seen in the control group (Figure 6(c)). Ripa-
treated corneal endothelial cells had a considerably higher
density than those in the control group (Figure 6(e)).
Wholemount immunofluorescence labeling of ZO-1, Na*/
K*-ATPase, and -H2AX was done to further investigate
the protective effect of ripasudil on corneal endothelial cells

in CXL animals. The tight junction marker ZO-1 exhibited
integrated structures with a defined boundary in the Ripa-
treated group, but ZO-1 expression at the cell border was
irregular, even absent, in the control group. Na*/K"-ATPase,
a pump functional marker, exhibited regular and continuous
expression around the cell border in the Ripa-treated group,
which was similar to the non-CXL group. However, the
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immunofluorescence intensity of y-H2AX in endothelial cells. Data are expressed as the mean + SD; n=3. ***P < 0.001.

expression of Na'/K"-ATPase became sparse and was absent
in certain localized areas in the control group. y-H2AX is an
important marker of DNA damage. In the control group,
some nuclei with intense staining were observed in the cor-
neal endothelium on day 7; however, the Ripa-treated group
showed no positive nuclei staining in the endothelium at the
same time point (Figure 6(f)).

4. Discussion

CXL is a well-known therapy that is receiving increased pop-
ularity as a treatment choice for progressive keratoconus,
especially considering its relatively low level of side effects.
Despite the reported high safety profile, some reports indi-
cate the possibility of corneal endothelial damage with obvi-
ous corneal edema after CXL treatment [33]. We used a
mouse corneal crosslinking model to study endothelial cell
changes caused by different crosslinking conditions, espe-
cially changes in function and morphology, in addition to
studying the protective effect of ripasudil on endothelial
injury to the cornea.

In the present study, we demonstrate that riboflavin, as a
photosensitizer, damaged the corneal endothelium’s integ-

rity and function under UVA irradiation. The barrier integ-
rity and pump efficiency of the corneal endothelium after
combined riboflavin/UVA treatment were destroyed in
comparison with the same dose of UVA treatment alone.
The corneal endothelium’s barrier and pump activities are
critical for maintaining corneal transparency [34, 35]. Our
results revealed a correlation between variations in these char-
acteristics and CXL-induced edema. In the CXL-0.54]/cm?
group, the corneal endothelium’s tight junction and pump
activities were recovered to almost the same extent as those
in the non-CXL groups, and the transparency of the cornea
was also restored by day 14. This reversal indicates that the
corneal endothelial function underwent time-dependent
recovery. In contrast, the recovery of the CXL-1.08]/cm’
group was incomplete after 14 days. In a previous study, the
cytotoxic radiation level following combined riboflavin/UVA
treatment was approximately 10 times lower than that after
UVA treatment alone since riboflavin enhances the cytotoxic
effect caused by the oxidation of UVA light owing to the
increase in UVA absorption [4]. After riboflavin treatment,
the absorption of UVA in the cornea increased to 95%, while
that without riboflavin reached only 25-35% [36]. Pitts et al.
[37] discovered corneal endothelial cell injury in pigmented
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endothelial cells after 7 days of CXL treatment. (d) Analysis of the corneal thickness based on the OCT image on day 7 after CXL
irradiation. (e) Endothelial cell density analysis of corneas on day 7 after CXL irradiation. (f) Representative confocal images of
wholemount mouse corneal endothelium with ZO-1, Na*/K*-ATPase, and y-H2AX staining on day 7 after CXL irradiation. Data are
expressed as the mean + SD; n = 4. *P < 0.05. U(-), R(-), Ripa(-): no UVA, riboflavin, or ripasudil treatment; U(++), R(+), Ripa(-): 1.08 J/cm?
UVA plus riboflavin only; U(++), R(+), Ripa(+): 1.08 J/cm?® UVA, riboflavin, and ripasudil treatment.

rabbits following a relatively high surface UVA dose of
42.5J/cm” in the absence of a photosensitizing agent. Our rel-
atively low cytotoxic UVA surface dose of 0.54 J/cm® can be
paraphrased by the multiplying effect on UVA absorption by
riboflavin [38]. However, UVB-induced endothelial cell loss
can be found at a lower dosage level of 0.47 J/cm” in rabbit cor-
neas due to the shorter wavelength of UVB and accordingly
higher energy content [39].

We found that in vivo treatment with riboflavin and
UVA caused oxidative DNA damage in endothelial cells.
Riboflavin induced increased expression of y-H2AX and 8-
OHAG under UVA irradiation, the extent of which was
dependent on the dose of UVA, but this upregulated expres-
sion did not occur following treatment with either riboflavin
or UVA alone. Reactive oxygen species (ROS), for example,
singlet oxygen produced by CXL, are biologically toxic [40].
Excessive ROS levels cause rapid oxidative damage to pro-
teins, cell membranes, mitochondria, and/or nuclear DNA
[41]; thus, this can explain why we found corneal endothelial
cell DNA damage following combined treatment with ribo-
flavin and UVA. In contrast, UVB is directly absorbed by
DNA, especially aromatic heterocyclic bases, which absorb
chromophores efficiently, with maximal absorption occur-

ring between 260 and 280 nm [42]. The endothelial layer is
more susceptible to the redox imbalance caused by UVA;
therefore, changes in the macromolecules of endothelial cells
during corneal crosslinking require further study. For exam-
ple, oxidative damage to cellular components and modifica-
tion of redox-active proteins are essential for understanding
the molecular basis of the oxidative reaction of endothelial
damage induced by corneal crosslinking. In comparison
with the same dose of UVA or riboflavin treatment alone,
UVA combined with riboflavin caused corneal endothelial
cell DNA damage, disrupted the tight junction and pump
functions of the endothelium, and further induced corneal
edema and increased corneal thickness. This suggests that
riboflavin is phototoxic to the endothelium during CXL
treatment of thin corneas and loses its protective effect at
the endothelial level; thus, new crosslinking agents with
lower corneal toxicity are required.

We observed that the ROCK inhibitor, ripasudil,
exhibited protective effects against damage caused by CXL
in corneal endothelial cells. In previous studies, fasudil,
which has a structure similar to that of ripasudil, had an
indirect antioxidant effect in various disease models such
as hypercholesterolemia, diabetes, and ischemia [43-45].
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ROS can be generated during corneal crosslinking, which
can cause corneal cell damage [46]. Researchers have
reported that ripasudil can inhibit oxidative stress and the
generation of ROS via the Rho/ROCK pathway in the neu-
roprotective treatment of glaucoma [47]; therefore, ripasu-
dil may have similar antioxidant effects and thus protect
endothelial cells in our CXL model. Our study demon-
strates that ROCK inhibition by ripasudil can reduce
DNA damage, decrease the destruction of connections
between endothelial cells, increase endothelial cell density,
and protect the pump and barrier functions of the corneal
endothelium. In a previous study, exposure to UVB greatly
increased the level of DNA damage, and the blockade of
RhoA/ROCK with CT04 or Y27632 could completely
inhibit UVB radiation-induced damage [21]. Here, we show
that ripasudil can decrease the expression of y-H2AX,
which is regarded as a marker of DNA damage. Moreover,
we found that ripasudil protected the key functional pro-
teins involved in endothelial pump and barrier functions
in the CXL model. Based on the present results, the ROCK
inhibitor, ripasudil, decreases endothelial damage induced
by corneal crosslinking, indicating mediation via the ROCK
signaling pathway; however, the specific mechanism has yet
to be elucidated.

There are limitations to this study. Although we found
that the protective effect of ROCK inhibitor ripasudil on cor-
neal crosslinking-induced endothelial injury was mediated
by ROCK signaling pathway, the specific mechanism was
not explained. This is the next step in the future. Secondly,
the animal model used in this study is mice, so rabbits can
be used for characterization and further study of mechanism
to better simulate. There is also more evidence for clinical
trials of drugs that are later extended to humans.

5. Conclusions

Riboflavin combined with UVA may cause oxidative damage
to the corneal endothelium, and the repair of endothelial
damage caused by corneal crosslinking is dose-dependent.
The ROCK inhibitor, ripasudil, had a protective effect on
endothelial cells during corneal crosslinking. These results
provide a basis for further investigation into the specific
mechanism and treatment of endothelial damage caused
by crosslinking.

Data Availability

All data used to support the findings of this study are
available from the corresponding author upon request.

Ethical Approval

The research protocol was approved by the Experimental
Animal Ethics Committee of Xiamen University and met
the standards in the ARVO Declaration on the Use of
Animals in Ophthalmology and Visual Studies.

Disease Markers

Disclosure

The authors are accountable for all aspects of the work in
ensuring that questions related to the accuracy or integ-
rity of any part of the work are appropriately investigated
and resolved.

Conflicts of Interest

None of the authors have any ethical conflicts of interest.

Authors’ Contributions

All of the listed authors have reviewed and approved the con-
tent before submission. Xuemei Wang and Yanlin Zhong con-
tributed equally to this work and share the first authorship.

Acknowledgments

This study was supported in part by grants from the
National Key R&D Program of China (grant numbers
2020YFA0908103 and 2018YFA0107301), the National Nat-
ural Science Foundation of China (grant numbers 82070931
and 81770891), and the Huaxia Translational Medicine
Fund for Young Scholars (grant number 2017-A-001).

References

[1] N. Sorkin and D. Varssano, “Corneal collagen crosslinking: a
systematic review,” Ophthalmologica, vol. 232, no. 1, pp. 10-
27,2014.

[2] F.Raiskup and E. Spoerl, “Corneal crosslinking with riboflavin
and ultraviolet a. part II. Clinical indications and results,” The
Ocular Surface, vol. 11, no. 2, pp. 93-108, 2013.

[3] G. Wollensak, E. Spoerl, M. Wilsch, and T. Seiler, “Keratocyte
apoptosis after corneal collagen cross-linking using riboflavin/
UVA treatment,” Cornea, vol. 23, no. 1, pp. 43-49, 2004.

[4] G. Wollensak, E. Spoerl, F. Reber, and T. Seiler, “Keratocyte
cytotoxicity of riboflavin/UVA-treatment _in vitro_,” Eye,
vol. 18, no. 7, pp. 718-722, 2004.

[5] D.M. Gore, A. Margineanu, P. French, D. O'Brart, C. Dunsby,
and B. D. Allan, “Two-photon fluorescence microscopy of cor-
neal riboflavin absorption,” Investigative Ophthalmology &
Visual Science, vol. 55, no. 4, pp. 2476-2481, 2014.

[6] T.G. Seiler, A. Batista, B. E. Frueh, and K. Koenig, “Riboflavin
concentrations at the endothelium during corneal cross-
linking in humans,” Investigative Ophthalmology & Visual Sci-
ence, vol. 60, no. 6, pp- 2140-2145, 2019.

[7] G. Wollensak, E. Sporl, F. Reber, L. Pillunat, and R. Funk,
“Corneal endothelial cytotoxicity of riboflavin/UVA treatment
in vitro,” Ophthalmic Research, vol. 35, no. 6, pp. 324-328,
2003.

[8] G.Wollensak, E. Spoerl, M. Wilsch, and T. Seiler, “Endothelial
cell damage after riboflavin-ultraviolet-A treatment in the rab-
bit,” Journal of Cataract and Refractive Surgery, vol. 29, no. 9,
pp. 1786-1790, 2003.

[9] N. S. Gokhale, “Corneal endothelial damage after collagen
cross-linking treatment,” Cornea, vol. 30, no. 12, pp. 1495-
1498, 2011.

[10] S.Kling, A. Hammer, A. Conti, and F. Hafezi, “Corneal cross-
linking with riboflavin and UV-A in the mouse cornea in vivo:



Disease Markers

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

(24]

Morphological, Biochemical, and Physiological Analysis,”
Translational Vision Science & Technology, vol. 6, no. 1, p. 7,
2017.

A. Hammer, S. Kling, M. O. Boldi et al., “Establishing corneal
cross-linking with riboflavin and UV-A in the mouse cornea
in vivo: biomechanical analysis,” Investigative Ophthalmology
& Visual Science, vol. 56, no. 11, pp. 6581-6590, 2015.

I. M. Beshtawi, R. Akhtar, M. C. Hillarby et al., “Biomechanical
changes after repeated collagen cross-linking on human cor-
neas assessed in vitro using scanning acoustic microscopy,”
Invest Ophth Vis Sci, vol. 55, no. 3, pp. 1549-1554, 2014.

G. Wollensak, E. Spoerl, and T. Seiler, “Riboflavin/ultraviolet-
A-induced collagen crosslinking for the treatment of keratoco-
nus,” American Journal of Ophthalmology, vol. 135, no. 5,
pp. 620-627, 2003.

D. Tabibian, S. Kling, A. Hammer, O. Richoz, and F. Hafezi,
“Repeated cross-linking after a short time does not provide
any additional biomechanical stiffness in the mouse cornea
in vivo,” Journal of Refractive Surgery, vol. 33, no. 1, pp. 56—
60, 2017.

N. Okumura, N. Koizumi, M. Ueno et al., “Enhancement of
corneal endothelium wound healing by Rho-associated kinase
(ROCK) inhibitor eye drops,” British Journal of Ophthalmol-
0gy, vol. 95, no. 7, pp. 1006-1009, 2011.

N. Okumura, Y. Okazaki, R. Inoue et al., “Effect of the Rho-
associated kinase inhibitor eye drop (Ripasudil) on corneal
endothelial wound healing,” Investigative Ophthalmology &
Visual Science, vol. 57, no. 3, pp. 1284-1292, 2016.

A. Pipparelli, Y. Arsenijevic, G. Thuret, P. Gain, M. Nicolas,
and F. Majo, “ROCK inhibitor enhances adhesion and wound
healing of human corneal endothelial cells,” PLoS One, vol. 8,
no. 4, 2013.

L. C. Meekins, N. Rosado-Adames, R. Maddala, J. J. Zhao, P. V.
Rao, and N. A. Afshari, “Corneal endothelial cell migration
and proliferation enhanced by Rho kinase (ROCK) inhibitors
in in vitro and in vivo models,” Investigative Ophthalmology
& Visual Science, vol. 57, no. 15, pp. 6731-6738, 2016.

A. S. Goldstein, B. T. Aldrich, J. M. Skeie et al., “Assessing the
effects of Ripasudil, a novel Rho kinase inhibitor, on human
corneal endothelial cell health,” Journal of Ocular Pharmacol-
ogy and Therapeutics, vol. 34, no. 10, pp. 692-699, 2018.

S. Kassumeh, A. von Studnitz, S. G. Priglinger et al,, “Ex
vivoexcimer laser ablation of cornea guttata and ROCK
inhibitor-aided endothelial recolonization of ablated central
cornea,” Acta Ophthalmologica, vol. 98, no. 6, pp. E773-
E780, 2020.

J. Q. Liang, X. W. Zeng, Y. Halifu et al., “Blocking RhoA/
ROCK inhibits the pathogenesis of pemphigus vulgaris by
suppressing oxidative stress and apoptosis through TAKI1/
NOD2-mediated NF-«B pathway,” Molecular and Cellular
Biochemistry, vol. 436, no. 1-2, pp. 151-158, 2017.

N. Okumura, N. Koizumi, E. P. Kay et al., “The ROCK inhib-
itor eye drop accelerates corneal endothelium wound healing,”
Investigative Ophthalmology ¢ Visual Science, vol. 54, no. 4,
pp. 2493-2502, 2013.

N. Koizumi, N. Okumura, M. Ueno, H. Nakagawa, ]. Hamuro,
and S. Kinoshita, “Rho-associated kinase inhibitor eye drop
treatment as a possible medical treatment for Fuchs corneal
dystrophy,” Cornea, vol. 32, no. 8, pp. 1167-1170, 2013.

S. Kinoshita, N. Koizumi, M. Ueno et al., “Injection of cultured
cells with a ROCK inhibitor for bullous keratopathy,” New

(25]

(26]

(27]

(28]

(29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

(40]

[41]

11

England Journal of Medicine, vol. 378, no. 11, pp. 995-1003,
2018.

G.-J. K. Ripasudil, “Ripasudil: First global approval,” Drugs,
vol. 74, no. 18, pp. 2211-2215, 2014.

G. Moloney, C. Petsoglou, M. Ball et al., “Descemetorhexis with-
out grafting for Fuchs endothelial dystrophy-supplementation
with topical Ripasudil,” Cornea, vol. 36, no. 6, pp. 642-6438,
2017.

M. S. Macsai and M. Shiloach, “Use of topical rho kinase inhib-
itors in the treatment of Fuchs dystrophy after Descemet strip-
ping only,” Cornea, vol. 38, no. 5, pp. 529-534, 2019.

M. Yamaguchi, S. Nakao, R. Arita et al., “Vascular normaliza-
tion by ROCK inhibitor: therapeutic potential of Ripasudil
(K-115) eye drop in retinal angiogenesis and hypoxia,” Inves-
tigative Ophthalmology & Visual Science, vol. 57, no. 4,
pp. 2264-2276, 2016.

J. A. Bonanno, “Molecular mechanisms underlying the corneal
endothelial pump,” Experimental Eye Research, vol. 95, no. 1,
pp. 2-7, 2012.

S. Melov, “Mitochondrial oxidative stress - physiologic conse-
quences and potential for a role in aging,” Annals of the New
York Academy of Sciences, vol. 908, no. 1, pp. 219-225, 2000.
E. P. Rogakou, D. R. Pilch, A. H. Orr, V. S. Ivanova, and W. M.
Bonner, “DNA Double-stranded Breaks Induce Histone
H2AX Phosphorylation on Serine 139,” The Journal of Biolog-
ical Chemistry, vol. 273, no. 10, pp. 5858-5868, 1998.

T. T. Paull, E. P. Rogakou, V. Yamazaki, C. U. Kirchgessner,
M. Gellert, and W. M. Bonner, “A critical role for histone
H2AX in recruitment of repair factors to nuclear foci after
DNA damage,” Current Biology, vol. 10, no. 15, pp. 886-895,
2000.

A. Sharma, J. M. Nottage, K. Mirchia, R. Sharma, K. Mohan,
and V. S. Nirankari, “Persistent corneal edema after collagen
cross-linking for keratoconus,” American Journal of Ophthal-
mology, vol. 154, no. 6, pp. 922-926.el1, 2012.

S. Dikstein and D. M. Maurice, “The metabolic basis to the
fluid pump in the cornea,” The Journal of Physiology,
vol. 221, no. 1, pp. 29-41, 1972.

J. Fischbarg and D. M. Maurice, “An update on corneal hydra-
tion control,” Experimental Eye Research, vol. 78, no. 3,
pp. 537-541, 2004.

T. Tsubai and M. Matsuo, “Ultraviolet light-induced changes
in the glucose-6-phosphate dehydrogenase activity of porcine
corneas,” Cornea, vol. 21, no. 5, pp. 495-500, 2002.

D. G. Pitts, A. P. Cullen, and P. D. Hacker, “Ocular effects of
ultraviolet radiation from 295 to 365 nm,” Investigative Oph-
thalmology & Visual Science, vol. 16, pp. 932-939, 1977.

K. S. Cho, E. H. Lee, J. S. Choi, and C. K. Joo, “Reactive oxygen
species-induced apoptosis and necrosis in bovine corneal
endothelial cells,” Investigative Ophthalmology ¢ Visual Sci-
ence, vol. 40, pp. 911-919, 1999.

A. Podskochy, L. Gan, and P. Fagerholm, “Apoptosis in UV-
exposed rabbit corneas,” Cornea, vol. 19, no. 1, pp. 99-103,
2000.

G. Wollensak, “Crosslinking treatment of progressive kerato-
conus: new hope,” Current Opinion in Ophthalmology,
vol. 17, no. 4, pp. 356-360, 2006.

C. Zinflou and P. J. Rochette, “Ultraviolet A-induced oxidation
in cornea: characterization of the early oxidation-related
events,” Free Radical Biology and Medicine, vol. 108,
pp. 118-128, 2017.



12

(42]

[43]

(44]

[45]

[46]

(47]

A. Svobodova and J. Vostalova, “Solar radiation induced skin
damage: review of protective and preventive options,” Interna-
tional Journal of Radiation Biology, vol. 86, no. 12, pp. 999-
1030, 2010.

Z.Ma, J. Zhang, E. Ji, G. Cao, G. Li, and L. Chu, “Rho kinase
inhibition by fasudil exerts antioxidant effects in hypercholes-
terolemic rats,” Clinical and Experimental Pharmacology ¢
Physiology, vol. 38, no. 10, pp. 688-694, 2011.

R. Guo, B. X. Liu, S. P. Zhou, B. C. Zhang, and Y. W. Xu, “The
protective effect of Fasudil on the structure and function of
cardiac mitochondria from rats with type 2 diabetes induced
by Streptozotocin with a high-fat diet is mediated by the atten-
uation of oxidative stress,” BioMed Research International,
vol. 2013, Article ID 430791, 9 pages, 2013.

C. L. Gibson, K. Srivastava, N. Sprigg, P. M. W. Bath, and
U. Bayraktutan, “Inhibition of Rho-kinase protects cerebral
barrier from ischaemia-evoked injury through modulations
of endothelial cell oxidative stress and tight junctions,” Journal
of Neurochemistry, vol. 129, no. 5, pp. 816-826, 2014.

G. Wollensak, E. Iomdina, D. D. Dittert, and H. Herbst,
“Wound healing in the rabbit cornea after corneal collagen
cross-linking with riboflavin and UVA,” Cornea, vol. 26,
no. 5, pp. 600-605, 2007.

K. Yamamoto, K. Maruyama, N. Himori et al., “The novel Rho
kinase (ROCK) inhibitor K-115: a new candidate drug for neu-
roprotective treatment in glaucoma,” Investigative Ophthal-
mology & Visual Science, vol. 55, no. 11, pp. 7126-7136, 2014.

Disease Markers



	Crosslinking-Induced Corneal Endothelium Dysfunction and Its Protection by Topical Ripasudil Treatment
	1. Introduction
	2. Materials and Methods
	2.1. Animals
	2.2. Corneal Crosslinking Procedure
	2.3. Eye Drop Treatment
	2.4. Assessment of the Ocular Surface
	2.5. In Vivo Confocal Microscopy
	2.6. Optical Coherence Tomography
	2.7. Staining with Immunofluorescence
	2.8. Ultrastructure of the Corneal Endothelium
	2.9. Statistical Analysis

	3. Results
	3.1. CXL Irradiation Causes Corneal Edema in Mice
	3.2. CXL Irradiation Causes Alterations in Mouse Corneal Endothelial Cell Morphology
	3.3. CXL Irradiation Increases the Thickness of the Central Cornea by OCT
	3.4. CXL Induces Na+/K+-ATPase Mislocalization and Disruption of Cytoskeletal Organization and Tight Junction Integrity
	3.5. CXL Disrupts the Fine Structure of the Mouse Corneal Endothelial Cells
	3.6. CXL Induces DNA Damage in Mouse Corneal Endothelial Cells
	3.7. Ripasudil Reduces Corneal Edema in CXL Mice and Protects the Corneal Endothelium from CXL-Induced Injury

	4. Discussion
	5. Conclusions
	Data Availability
	Ethical Approval
	Disclosure
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments

