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Abstract. Human corneal endothelial cells are a non-prolif-
erative cell type. As a result of the increase in corneal 
endothelium disease, increasing numbers of studies have 
been conducted in order to promote corneal endothelial cell 
proliferation. The aim of the present study was to investigate 
the proliferative effects of Rho-associated protein kinase 
inhibitor, Y-27632, on rabbit corneal endothelial cells (rCECs). 
Y-27632 (1, 10 or 30 µM) was added at two different time 
points to two groups of rCECs. The first group received 
Y-27632 when rCECs were initially plated, and the second 
following 72 h of cell growth. Cell morphology and cell adhe-
sion ratios were subsequently observed using light microscopy. 
A cell counting kit was used to measure the number of viable 
cells that adhered to culture plates. Cell cycle transitions and 
levels of Annexin V-positive apoptotic cells were detected 
using flow cytometry. Cells treated with 1 µM Y-27632 and 
10 µM Y-27632 retained their cell shape. At a concentration of 
30 µM Y-27632, the cell shape became irregular. Cell adhesion 
ratios, in 1 µM Y-27632 (36.84%), 10 µM Y-27632 (84.21%) 
and 30 µM Y-27632 (84.21%) were higher than the adhesion 
ratio in the control group (P<0.01). The optical densities of 
rCECs treated with 10 µM or 30 µM Y-27632 following 72 h of 
cell growth was less than that of the control cells (P<0.01), but 
higher than that of cells which received Y-27632 at the time 
of plating (P<0.01). Flow cytometry results also demonstrated 
that there was a delay in G1 to S phase cell cycle progression in 
rCECs following administration of 10 µM Y-27632 (P<0.01). 
Cell apoptosis was inhibited when 10 µM Y-27632 was added, 
at the time of cell plating, as well as when added following 72 h 
of cell growth (P<0.01). At a concentration of 10 µM Y-27632, 
there was an improvement in cell adhesion and an inhibition of 
the cell cycle in rabbit corneal endothelial cells. In conclusion, 

Y-27632 has different effects on rCECs when administered at 
varying concentrations and at particular stages of cell growth.

Introduction

Corneal endothelial cells (CECs) are crucial for the mainte-
nance of corneal transparency. Human CECs (hCECs) are a 
non-proliferative monolayer of cells. This results in an average 
cell loss of 0.3-0.6% per year (1). The decrease may be acceler-
ated as a result of accidental trauma; certain systemic diseases, 
such as diabetes (2); treatment for glaucoma (3); or endothelial 
dystrophies (4). When corneal endothelial cell density falls 
below a critical threshold, the functions of the endothelium are 
compromised, which leads to the formation of corneal edema 
and the loss of visual acuity (5).

In order to promote CEC proliferation, numerous mecha-
nisms aiming to alter the non-proliferative status of these cells 
have been investigated. These include the release of cell-cell 
contact (6); growth factor-induced proliferation (7); the use of 
siRNA to reduce cyclin-dependent kinase inhibitors (8,9), SV40 
large-T antigen (10); and induction of cell division by the human 
papilloma virus type 16 oncoproteins, E6/E7 (11). However, 
these results have not yet been transferred to clinical trials.

The Ras-related small GTPase, Rho, functions as a molec-
ular switch of various cellular processes by shuttling between 
the inactive GDP-bound and active GTP-bound forms (12). 
Various cellular actions of Rho, include cell-to-substrate 
adhesion and motility, G1-S cell cycle progression and cell trans-
formation, amongst other roles, by serum response factor (13). 
In addition, the microinjection of active RhoA into quiescent 
Swiss 3T3 fibroblasts (14) was found to induce the G1-S tran-
sition via downstream effectors, such as the Rho-associated 
coiled-coil forming protein serine/threonine kinase (ROCK) 
family of proteins. In particular, p160ROCK (ROCK-I) (15) and 
ROKa/Rho-kinase/ROCK‑II (16‑18). These studies verified that 
active RhoA induces G1-S transition.

In contrast to the findings from these studies, Y-27632, 
a specific inhibitor of the ROCK family of kinases (19), was 
used to promote cell cycle progression (20). However, these 
studies did not assess the cell cycle in detail; instead using 
changes in positive Ki67 and BrdU expression to measure cell 
cycle progression. Therefore, the present study was designed 
to further evaluate cell cycle G1-S phase progression and the 
effects of Y-27632 on rabbit CECs (rCECs).
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Materials and methods

Animals. A total of 15 New Zealand white rabbits (Peking 
University Health Science Center, Beijing, China; weight, 
1.5-2.0 kg) were used in the present study. The experiments 
performed were in accordance with the ARVO Statement for 
the Use of Animals in Ophthalmic and Vision Research and 
the Declaration of Helsinki. All animal care and experimental 
protocols complied with the Animal Management Rules of 
the Ministry of Health of the People's Republic of China and 
the guide for the Care and Use of the Laboratory Animals of 
Peking University. All animal protocols were approved by the 
Animal Research Committee of the Peking University Health 
Science Center. All efforts were made to minimize animal 
suffering.

Primary culture. Descemet membranes were stripped to 
obtain CECs. The cells were then incubated in 0.25% trypsin 
(Sigma‑Aldrich, St. Louis, MO, USA) at 37˚C in 5% CO2. After 
15 min, the CECs were resuspended in culture medium and 
plated in one well of a 12-well plate. All primary cell cultures 
and passages of CECs were performed in Dulbecco's modified 
Eagle's medium (DMEM; cat no. 31600-034, Invitrogen Life 
Technologies, Carlsbad, CA, USA) supplemented with 15% 
fetal bovine serum (FBS; cat no. 16000-044, Gibco-BRL, 
Carlsbad, CA, USA), 50 U/ml penicillin and 50 µg/ml genta-
micin. CECs were maintained in a humidified atmosphere 
at 37˚C in 5% CO2. Culture medium was changed every two 
days. When cells reached confluence, they were trypsinized 
and passaged at ratios ranging from 1:2 to 1:4. rCECs from 
passage three were used in the present study.

Effect of Y‑27632 on cell shape. Passage three rCECs were 
plated in 24-well plates (1.1875x104 cells/well). Different 
concentrations of Y-27632 (1, 10 or 30 µM) were added simul-
taneously when plating or after culture for 72 h. Cells without 
Y-27632 treatment were used as the control. After 12, 24 and 
72 h, changes in cell morphology were observed using an 
inverted microscope (Eclipse Ti; Nikon Corp., Tokyo, Japan).

Adhesion assay. The adhesion assay was performed as 
reported previously (21). Briefly, rCECs (1.1875x104) with 
Y-27632 (1, 10 and 30 µM) were plated in each well of 24-well 
plates. The cells without Y-27632 were used as controls. There 
were three wells, each at different concentrations. Following 
incubation at 37˚C in 5% CO2 for 2 h, the 24-well plate was 
washed with phosphate‑buffered saline (PBS) and confirmed 
that there were no residual non-adherent cells. Subsequently, 
the non-adherent cells of each well were removed into centri-
fuge tubes. The ratios of adherent cells were calculated using 
the following formula: adherent ratio = (1.1875x104 - number 
of unattached cells) / 1.1875x104.

Cell counting kit‑8 (CCK‑8) assay to evaluate cell prolif‑
eration. Passage three rCECs were seeded in 96-well plates 
(2,000 cells/well) and the medium was changed daily. rCECs 
that were treated with Y-27632, received this compound either 
at plating or after 72 h of cell culture. For rCECs that received 
Y-27632 during plating, the cells were cultured with Y-27632 
(1, 10 or 30 µM) for 12, 24 and 72 h. At these time points, the 

treatment medium was then replaced with fresh culture medium 
that did not contain Y-27632 and the treatment groups were 
cultured for a further 96 h. For rCECs that received Y-27632 
following 72 h of cell growth, 1, 10 and 30 µM concentra-
tions of Y-27632 were applied for 24 h. In order to assay the 
number of viable cells present, complete medium (100 µl) 
plus CCK-8 (10 µl) was added to each well. Untreated cells 
were used as controls and wells that did not contain cells were 
used as blank controls. After 2 h at 37˚C, culture plates were 
agitated for 5 min prior to recording of optical density (OD) 
values at 450 nm. OD values for viable cells were calculated 
using the following formula: Fold difference in viable cell 
number = (ODsample-ODblank)/(ODcontrol-ODblank).

Analysis of cell cycle using flow cytometry. For rCECs treated 
with Y-27632 at the time of plating and those treated after 72 h 
of cell growth, cells were harvested and resuspended in 2.1 ml 
absolute ethyl alcohol and 0.9 ml PBS. Cells were then stained 
for 1 h in darkness with PBS containing 50 µg/ml propidium 
iodide (PI) and 100 µg/ml ribonuclease A [included in the 
Annexin‑flurorescein isothiocyanate (FITC) apoptosis detection 
kit;cat no. APOAF-50TST; Sigma-Aldrich]. Cell cycle progres-
sion was then evaluated using flow cytometry (FACSCalibur; 
BD Biosciences, Franklin Lakes, NJ, USA). The results shown 
are representative of three independent experiments.

Apoptosis analysis. Using an Annexin-FITC apoptosis 
detection kit, cells were washed twice with Dulbecco's PBS 
(Sigma-Aldrich) and resuspended in 1X binding buffer at a 
concentration of 1x106 cells/ml. For each sample, a 500 µl 
aliquot was combined with 5 µl Annexin V-FITC and 10 µl 
PI solution and incubated at room temperature in darkness for 
10 min. The fluorescence for each sample was then detected and 
analyzed using flow cytometry (BD Biosciences).

Statistical analysis. Statistical analyses were performed using 
SPSS 16.0 statistical software (IBM, Armonk, NY, USA). A 
completely randomized design analysis of variance (ANOVA; 
one-factor ANOVA) and independent samples t-test were used 
to evaluate test data. Experimental data are expressed as the 
mean ± standard deviation (SD). P<0.05 was considered to 
indicate a statistically significant difference.

Results

Effects of Y‑27632 on cell shape. For cells treated with 
1 µM (Fig. 1A) and 10 µM (Fig. 1B) Y-27632 at the time of plating, 
normal cellular morphology was observed at 24 h. However, for 
cells plated with 30 µM Y-27632 for 12 h, thin, long, neurite-like 
processes and cell extensions were observed (Fig. 1C). In addi-
tion, the cell shapes observed were not homogenous compared 
with the control group, or with cells treated with 1 and 10 µM 
Y-27632. At 24 h following removal of Y-27632, cells which had 
been treated with 30 µM Y-27632 remained irregular in shape, 
while the cells treated with 1 and 10 µM Y-27632 retained a 
generally normal shape. Furthermore, these changes were found 
to be concentration- and time-dependent (Fig. 1D). Parallel 
experiments with rCECs treated with Y-27632 following 72 h 
of cell growth were also performed and similar results were 
obtained.
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Cell adhesion following Y‑27632 treatment. Cell adhesion 
assays were performed and cell adhesion ratios were calculated 
2 h after the cells were plated. A ratio of 84.21% (Fig. 2C and D) 
was recorded for rCECs treated with 10 and 30 µM Y-27632, 
while the ratios for control cells (19.33%; Fig. 2A) and the 1 µM 
treatment group (36.84%; Fig. 2B) were lower. Furthermore, 
the differences in adhesion ratios between the treatment 
groups and the control group, as well as between the 10 and 
30 µM treatment groups and the 1 µM group, were statistically 
significant (P<0.01 in each case) (Table III).

Assessment of cell proliferation. Using a CCK-8 assay, the 
number of viable cells present was assayed (Figs. 3 and 4). For 
rCECs that were treated with Y-27632 following 72 h of cell 
growth, the number of viable cells present was determined 
at 24 h following treatment with Y-27632. In these cells, a 
dose-dependent decrease in viability was observed. In addition, 
the proliferation of the control cells compared with the cells 
treated with 1 µM Y-27632 did not differ (P>0.05). However, 

the proliferation of the control cells was higher than that of the 
cells treated with 10 and 30 µM Y-27632 (P<0.01 in each case). 
Fig. 4 shows the results of the cell counting assays performed in 
parallel, with rCECs treated with Y-27632 at the time of plating. 
The number of viable cells was subsequently assayed at 12 and 
24 h time points. The highest and lowest levels of proliferation 
were observed in the group that received treatment with 10 µM 
Y-27632 (P<0.01) and in the control cells (P<0.01), respectively. 
However, at the 72 h time point, the highest proliferation was 
observed for the rCECs treated with 1 µM Y-27632 (P<0.01). 
In addition, at each of the time points assayed, the proliferation 
levels of the cells treated with 30 µM Y-27632 were lower than 
those for cells that received 1 or 10 µM Y-27632. Proliferation 
was highest at the 72 h time point following treatment of rCECs 
with 1 μM Y-27632 (P<0.01). A difference in cell proliferation 
was also observed at the 12 and 24 h time points, although the 
difference was not significant (P>0.05). Furthermore, for cells 
receiving 10 or 30 µM Y-27632, a time-dependent decrease in 
proliferation was observed (P<0.01).

Table I. Apoptosis assay of rCECs treated with Y-27632.

Treatment group UR+LR (%)

A-12 h-con 61.8±0.92
A-12 h 47.91±0.37a

B-24 h-con 46.41±0.98
B-24 h 8.48±0.98a

Levels of apoptosis in groups A-12 h and B-24 h were lower than 
those of the corresponding controls. aP<0.01; n=3. rCECs, rabbit cor-
neal epithelial cells; UR, Upper right quadrant of dot plot of apoptosis 
data; LR, lower right quadrant of dot plot of apoptosis data. A-12 h, 
Y-27632 was added at the time of plating; con, control; B-24 h, 
Y-27632 was added following 72 h of cell growth.

Table II. Cell cycle profiles for rCECs treated with Y‑27632.

Treatment group G1 (%) S/G2 (%)

A-12 h-con 83.91±0.71 16.09±0.71
A-12 h 86.77±0.89a 13.23±0.89a

A-72 h-con 83.59±1.9 16.41±1.9
A-72 h 91.98±1.2b 8.020±1.2b

B-12 h-con 72.24±0.53 27.75±0.54
B-12 h 76.34±0.61b 23.66±0.61b

B-72 h-con 93.06±0.76 6.930±0.75
B-72 h 95.70±0.33b 4.300±0.33b

Cell cycle profiles were analyzed up to 12 and 72 h following treat-
ment of rCECs with or without Y-27632 at the time of plating (A), as 
indicated. Cell cycle profiles were analyzed at the same time points 
following treatment of rCECs with or without  Y-27632 after 72 h of 
cell growth (B), as indicated. In all experiments, the percentage of 
cells in the G1 phase was higher in the treated cell groups than in the 
control cells. aP<0.05, bP<0.01; n=3. rCECs, rabbit corneal epithelial 
cells; con, control.

Figure 1. Cell morphology examined using light microscopy for rCECs 
treated with Y-27632. (A) 1 µM Y-27632 for 24 h, (B) 10 µM Y-27632 
for 24 h, (C) 30 µM Y-27632 for 12 h and (D) 30 µM Y-27632 for 24 h. 
Magnification, x100. rCECs, rabbit corneal epithelial cells.

Table III. Cell adhesion ratios under different Y-27632 concen-
trations (1 µm, 10 µm and 30 µm).

Y-27632 concentrations Cell adhesion ratios

Control 19.33%
1 µm 36.84%
10 µm 84.21%
30 µm 84.21%

Cell adhesion ratios were calculated 2 h after the cells were plated. 
The treatment groups were statistically significant compared with the 
control group (P<0.01 in each case).
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Apoptotic analysis. Levels of apoptosis were assayed 
following the treatment of rCECs with 10 µM Y-27632 (Table I 
and Fig. 5). Using Annexin V/PI staining, the percentage of 
cells undergoing apoptosis following treatment with Y-27632 
during plating was 47.91±0.37% after 12 h. For rCECs treated 
with Y-27632 following 72 h of cell growth, the percentage of 
cells undergoing apoptosis at 24 h following the administration 
of Y-27632 was 8.48±0.98%. Cell apoptosis ratios were also 
lower for these two treatment groups compared with control 
cells, at 61.8±0.92 and 46.41±0.98%, respectively (P<0.01).

Cell cycle progression. The distribution of cells between 
various phases of the cell cycle was assayed using flow 
cytometry (Table II and Fig. 6). For rCECs treated with 
10 µM Y-27632 during plating, a reduced number of cells 

transitioning from G1 phase to S/G2 phase was observed at 
12 h and 72 h, compared with control cells examined at the 
same time points. In addition, the differences at the two time 
points were significant, and the percentage of cells in the G1 
phase at 72 h was greater than the number of cells in the G1 
phase at 12 h (P<0.01). For cells that were treated with Y-27632 
following 72 h of cell growth, 10 µM Y-27632 induced the 
transition from S phase to G1 phase after 72 h (P<0.01).

Discussion

In the present study, treatment of rCECs with 10 µM Y-27632 
maintained an improved cell shape and cell adhesion compared 
with treatment with 30 and 1 µM Y-27632. Previously, it has 

Figure 2. Cell adhesion ratios were determined using light microscopy. 
(A) Untreated rCECs (control) were compared with (B) rCECs treated with 
1 µM Y-27632 for 2 h, (C) rCECs treated with 10 µM Y-27632 for 2 h and 
(D) rCECs treated with 30 µM Y‑27632 for 2 h. Magnification, x100. rCECs, 
rabbit corneal epithelial cells.

Figure 4. Cell proliferation of rCECs assayed at different time points fol-
lowing the addition of various concentrations of Y-27632 at the time of 
plating. The number of viable cells increased with each treatment and time 
point assayed, compared with the control group. The highest fold increase 
was observed at 72 h after the 1 µM Y-27632 treatment and 12 h after the 
10 µM Y-27632 treatment. The error bars represent the standard deviation for 
the experiments, which were performed independently three times. (★P<0.01, 
•P<0.05). rCECs, rabbit corneal endothelial cells.

Figure 3. Comparison of cell proliferation data for rCECs treated with var-
ious concentrations of Y-27632 following 72 h of cell growth. Proliferation 
of the control cells and the cells treated with 1 µM Y-27632 did not differ 
(P>0.05). In addition, proliferation of the cells treated with 10 µM Y-27632 
or 30 µM Y-27632 was lower than that of the control cells (★P<0.01). The 
error bars represent the standard deviation for the experiments independently 
performed three times. rCECs, rabbit corneal endothelial cells.

Figure 5. rCECs treated with Y-27632 were assayed for apoptosis. Apoptosis 
was detected for rCECs treated for 12 h, (A) without and (B) with Y-27632 
administered at the time of plating. Apoptosis was also detected for rCECs 
treated for 24 h, (C) without and (D) with Y-27632 administered following 
72 h of cell growth. Levels of apoptosis for B and D were lower than those for 
A and C (P<0.01; n=3). rCECs, rabbit corneal endothelial cells.
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been demonstrated that CECs, in particular hCECs, require 
the promotion of their attachment for cell growth (22). For 
example, extracellular matrices (ECM) plated on coated 
culture surfaces, including collagen (23), ECM derived from 
bovine CECs (24), a mixture of laminin and chondroitin 
sulfate (25), and a commercially available FNC coating mix 
containing fibronectin, collagen and albumin (26), have been 
reported to promote cell adhesion. Although the underlying 
mechanisms responsible for enhanced cell adhesion have 
not been well-characterized, it has been hypothesized that 
the actin cytoskeleton has a critical role in combination with 
integrins (27-29). Vinculin, which was involved in the linkage 
of the integrin adhesion complex to the actin cytoskeleton, was 
upregulated in ROCK inhibitor-treated CECs. However, addi-
tional studies are required to further elucidate the mechanisms 
that mediate enhanced adhesion induced by ROCK inhibitors.

In the CCK-8 assays performed 24 h after the addition 
of Y-27632, it was initially observed that rCECs treated with 
10 µM Y-27632 following 72 h of cell growth exhibited lower 
OD values than control cells. These results suggested that 
treatment with 10 µM Y-27632 did not promote rCEC prolif-
eration; and instead either induced cell apoptosis or delayed 
cell cycle progression. This did not coincide with the results of 
a previous study (30), which reported that rCECs and monkey 
CECs treated with Y-27632 exhibited an increased number of 
proliferating cells. It was inferred that treatment different time 
points may produced different results. Therefore, the effects 
of Y-27632 added at the time of plating were then evaluated. 
These results demonstrated that OD value folds of Y-27632 
(1, 10 and 30 µM) were markedly higher than that of the 
control groups. It appeared that Y-27632, when added at the 
same time as plating increased cell proliferation. However, due 
to the concomitant significant increase in cell adhesion, it was 

hypothesized that the increase in OD values was a result of the 
increased number of adherent cells.

In order to test this hypothesis, the effects of Y-27632 on 
cell cycle and apoptosis in rCECs were assessed using flow 
cytometry. As shown in the present study, with regard to cell 
shape, cell adhesion and the results of the CCK-8 assay, as well 
as the results from other studies (5,30-32), 10 µM Y-27632 was 
the optimal concentration for treatment of rCECs. Therefore, 
in the following study, 10 µM Y-27632 was used to investigate 
its effects on the cell cycle and apoptosis. In cells treated at the 
time of plating, at 12 and 72 h a delay in G1-S cell cycle progres-
sion was observed, and the percentage of G1-S transition at 
72 h was lower than it was at 12 h. The effects of Y-27632 on 
the cell cycle appeared to occur in a time-dependent manner.

In cells treated following 72 h of cell growth, at 12 and 24 h, 
reduced G1-S phase cell cycle progression was also observed. 
This indicated that 10 µM Y-27632 did not promote G1-S cell 
cycle progression. Furthermore, the apoptosis assay revealed 
that 10 µM Y-27632 inhibited cell apoptosis. These results 
suggested that Y‑27632 significantly promoted cell adhesion 
and inhibited cell apoptosis, and did not induce prolifera-
tion of rCECs. It was inferred that in previous studies, the 
apparent increase in rCECs proliferation may have been due 
to an increase of the numbers of attached cells, leading to an 
increase in the numbers of Ki67- and Brdu-positive cells. The 
results of the present study, corresponded with the results of 
previous studies, which demonstrated the effects of Y-27632 
on hCECs (5), vascular smooth muscle cell (33), Swiss 3T3 
cells (12) and myofibroblasts (34). A previous study reported 
that Y-27632 significantly inhibited thrombin-induced 
DNA synthesis in cultured aortic smooth muscle cells at 
10 mM (33). This may explain why Y-27632 delayed cell 
cycle progression.

Figure 6. Cell cycle profiles for rCECs treated with Y‑27632. rCECs treated without and with Y‑27632 at the time of plating were analyzed for cell cycle 
distribution at 12 h (A and B, respectively) and 72 h (C and D, respectively) following the addition of Y-27632. rCECs were also treated without and with 
Y-27632 following completion of 72 h of cell growth. Cell cycle distribution was then assayed at 12 h (E and F, respectively) and 72 h (G and H, respectively) 
after Y-27632 was added. In all of the assays, the percentage of cells in the G1 phase was higher for the treated cells than the control cells (P<0.01; n=3). rCECs, 
rabbit corneal endothelial cells.

  H  G  F  E

  D  C  B  A
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Notably, in the CCK-8 assay, it was shown that the OD 
value folds of cells treated with 1 µM Y-27632 increased with 
increasing time from the time of plating. However, in cells 
treated with 10 and 30 µM, the OD value folds decreased with 
increasing time from the time of plating. Furthermore, the 
OD value folds in cells treated with 1 µM at 72 h were higher 
than those in cells treated with 10 µM at 12 h (P<0.05) and 
24 h (P<0.01). It was also observed that the OD values of cells 
treated with 1 µM Y-27632 following 72 h cell proliferation 
was increased in comparison with control. Therefore, 1 µM 
Y-27632 may be the optimal dose.

In 2008, Yin and Yu (35) reported that Y-27632 induced 
a reduction of CEC proliferation. The beneficial effects of 
Y-27632 on the eye remained to be elucidated. Therefore, 
the present results suggest that the use of Y-27632, either as 
a cell culture additive or in the form of eye drops, should be 
thoroughly investigated.

In conclusion, in the present study, Y‑27632 significantly 
enhanced the adhesion of rCECs, inhibited cell apoptosis and 
delayed cell cycle progression. The mechanisms underlying 
the effect of Y-27632 on CECs and the other tissues of the eye 
remain to be elucidated and warrant further investigation prior 
to progression to clinical trials.
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