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Abstract

Rho kinase (ROCK) was the first downstream Rho effector found to mediate RhoA-induced actin cytoskeletal changes through effects
on myosin light chain phosphorylation. There is abundant evidence that the ROCK pathway participates in the pathogenesis of retinal
endothelial injury and proliferative epiretinal membrane traction. In this study, we investigated the effect of the ROCK pathway inhibitor
Y-27632 on retinal Miiller cells subjected to hypoxia or oxidative stress. Miiller cells were subjected to hypoxia or oxidative stress by expo-
sure to CoCl, or H,0,. After a 24-hour treatment with Y-27632, the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide assay
was used to assess the survival of Miiller cells. Hoechst 33258 was used to detect apoptosis, while 2',7'-dichlorodihydrofluorescein diacetate
was used to measure reactive oxygen species generation. A transwell chamber system was used to examine the migration ability of Miiller
cells. Western blot assay was used to detect the expression levels of a-smooth muscle actin, glutamine synthetase and vimentin. After treat-
ment with Y-27632, Miiller cells subjected to hypoxia or oxidative stress exhibited a morphology similar to control cells. Y-27632 reduced
apoptosis, a-smooth muscle actin expression and reactive oxygen species generation under oxidative stress, and it reduced cell migration
under hypoxia. Y-27632 also upregulated glutamine synthetase expression under hypoxia but did not impact vimentin expression. These
findings suggest that Y-27632 protects Miiller cells against cellular injury caused by oxidative stress and hypoxia by inhibiting the ROCK
pathway.
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Introduction numbers increased by 27% and 64%, respectively, compared

Diabetic retinopathy is a severe microvascular complication with 1990 (Leasher et al., 2016). A series of pathological fac-
and the primary cause of blindness in diabetic patients. In  tors contribute to diabetic retinopathy in the early stage of
2010, approximately 800,000 patients suffered vision loss ~ diabetes, including hyperglycemia, hypoxia, oxidative stress
because of diabetic retinopathy, and 3,700,000 patients ex- ~ and cytokines (Yan et al,, 2016; Ye and Steinle, 2017). These
perienced visual impairment because of the disease; these factors can impact retinal Muller cells earlier than retinal
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vascular endothelial cells or pericytes (Hendrick et al., 2015;
Wan et al,, 2015). Therefore, studies are needed to investi-
gate the mechanisms of Miiller cell injury at the early stage
of diabetic retinopathy.

The pathological changes in diabetic retinopathy, such as
retinal endothelial injury and proliferative epiretinal mem-
brane traction, have been shown to be related to the activity
of the Rho kinase (ROCK) pathway (Huang et al., 2014). As
a downstream effector of RhoA, ROCK regulates the aggre-
gation and extension of the actin cytoskeleton by controlling
the phosphorylation and dephosphorylation of myosin light
chain, thereby regulating various cellular processes, such as
migration, chemotaxis, adhesion and contraction (Nourin-
ia et al,, 2017). In addition, ROCK increases contraction
caused by angiotensin II, participates in the regulation of
myocardiocyte apoptosis under hypoxia, and increases the
calcium sensitivity of the aortic ring during oxidative stress
(Araos et al., 2016; de Souza et al., 2016). However, whether
ROCK is involved in the pathogenesis of diabetic retinop-
athy caused by hypoxia and oxidative stress is unclear. In
this study, retinal Miiller cells were subjected to hypoxia or
oxidative stress, and the effects of the ROCK pathway in-
hibitor Y-27632 were examined in in vitro culture. Survival
rate, cellular morphology, migration ability and reactive
oxygen species (ROS) generation were assessed. We also ex-
amined changes in the expression of a-smooth muscle actin
(a-SMA), glutamine synthetase and vimentin in Miiller cells
subjected to hypoxia or oxidative stress. Our study provides
insight into the pathological mechanisms of Miiller cell inju-
ry in the early stage of diabetic retinopathy.

Materials and Methods

In vitro culture of Miiller cells

Mouse retinal Miiller cells were purchased from Jenni Bio-
logical Technology Company (Guangzhou, China). The cells
were cultured using Dulbecco’s modified Eagle’s medium
(DMEM) (Hyclone, Logan, UT, USA) supplemented with
10% fetal bovine serum, 100 U/mL penicillin and 100 pug/mL
streptomycin, at 37 °C and 5% CO, in an incubator with sat-
urated humidity (Thermo, Waltham, MA, USA). The cells
were passaged every 2-3 days.

Survival rate of Miiller cells assessed by 3-(4, 5-dimeth-
ylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT)
assay

Miiller cells were subjected to hypoxia or oxidative stress
using methods previously published by our group (Zhang
et al., 2012a). Briefly, for the hypoxia model, the cells were
divided into the following five groups: CoCl,, CoCl, + 1 uM
Y-27632, CoCl, + 10 pM Y-27632, CoCl, + 100 uM Y-27632
and control. For the oxidative stress model, the cells were
divided into the following five groups: H,0,, H,0, + 1 uM
27632, H,0, + 10 uM Y-27632, H,0, + 100 uM Y-27632 and
control. The cells were seeded into a 96-well plate at a density
of 5 x 10°/well. The cells were allowed to adhere to the wells,
starved overnight, and cultured in medium containing 5%
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fetal bovine serum (Sijiqging Company, Hangzhou, China).
Then, 200 uM CoCl, (Sigma-Aldrich, St. Louis, MO, USA)
and 200 uM H,0, (Sigma-Aldrich) were added to cells in the
hypoxia and oxidative stress groups, respectively, and incu-
bated for an additional 24 hours. After cells treated by CoCl,
or uM H,0, for 24 hours, the cells in the experimental groups
were treated with Y-27632 (Sigma-Aldrich) at concentra-
tions of 1, 10 or 100 uM and cultured at 37°C for 24, 48 or
72 hours. Subsequently, 20 pL MTT working solution (Sig-
ma-Aldrich) was added to each well. After 4 hours at 37°C,
the solution was discarded, and 150 uL dimethyl sulfoxide
(MP Biomedicals, Santa Ana, CA, USA) was added to each
well and agitated for 10 minutes. The absorbance of each well
was measured at 490 nm with a microplate reader (Thermo).

Miiller cell apoptosis assessed by Hoechst 33258 labeling
Three hypoxia groups (CoCl,, CoCl, + Y-27632 and control)
and three oxidative stress groups (H,0,, H,0, + Y-27632 and
control) were assessed for apoptosis. Miiller cells were seeded
in a 24-well plate at a density of 3 x 10*/well (pre-coated with
polylysine at 10 ug/mL). The cells were subjected to hypoxia
or oxidative stress for 24 hours. Y-27632 (10 uM) was added
to the experimental groups for 24 hours, and the cells were
washed once with phosphate buffered saline (PBS), fixed
with paraformaldehyde for 15 minutes, labeled with Hoechst
33258 fluorescent dye (1 pg/mL; Beyotime, Shanghai, Chi-
na), and incubated at room temperature in the dark for 30
minutes. The cells were observed, and images were captured
under a fluorescence microscope (Nikon, Tokyo, Japan) to
evaluate apoptosis after treating with anti-fade reagent.

ROS generation assessed with 2',7'-
dichlorodihydrofluorescein diacetate (DCFH-DA)

The cells were seeded in a 6-well plate at a density of 3 x 10/
well and treated as described above. Then, 50 uL DCFH-DA
(Beyotime) was added to each well and incubated at 37°C
for 30 minutes. The cells were observed, and images were
acquired under a fluorescence microscope (excitation wave-
length: 488 nm; emission wavelength: 525 nm).

Migration ability of Miiller cells evaluated with the
Transwell chamber assay

After resuspension, the cells were seeded at a density of 5 x
10°/well in the upper compartment of a Transwell chamber
(Corning, New York, NY, USA) on an 8-um filter membrane,
and culture medium containing 15% fetal bovine serum (600
nL) was added to the lower compartment. The cells were
incubated at 37°C for 12 hours, followed by treatment as
described above. A swab was used to gently remove the cells
from the front side of the upper chamber. The migrating cells
were stained with crystal violet for 30 minutes and observed,
and images were acquired under a light microscope (Nikon).

Expression levels of a-SMA, glutamine synthetase and
vimentin assessed by western blot assay
The cells were seeded in a 6-well plate. When the cells
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Figure 1 Effect of Y-27632 on Miiller cells under hypoxic (A) or oxidative stress (B) conditions.
Data are expressed as the mean + SD and were analyzed by one-way analysis of variance followed by the least significant difference test. All experi-
ments were performed in triplicate. *P < 0.05, %P < 0.01, vs. CoCl, group or H,0, group.

Figure 2 Morphological changes in Miiller cells treated with Y-27632 and exposed to hypoxic or oxidative stress conditions.

(A-F) Morphological changes in Miiller cells treated with 10 uM Y-27632 after 24 hours of hypoxia (original magnification: 40x in A-C and 100x
in D-F). (A, D) Cellular morphologies in the control group: cells are often long spindle- or triangular-shaped. (B, E) Cellular morphologies in the
CoCl2 group: the number of cells is reduced and the shape is irregular. (C, F) Cellular morphologies in the CoCl, + Y27632 group: cell number
increases and shape improves compared with the CoCl, group. (G-L) Morphological changes in Miiller cells treated with 10 pM Y-27632 after 24
hours of oxidative stress (original magnification: 40x in G-I and 100x in J-L). (G, I) Cellular morphologies in the control group. (H, K) Cellular
morphologies in the H,O, group. (I, L) Cellular morphologies in the H,O, + Y27632 group. Arrows indicate Miiller cells.
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(A-C) Apoptosis in the control, CoCl, and CoCl, + Y27632 groups, respectively (x200). (D-F) Apoptosis in the control, H,0, and H,0, + Y27632
groups (x 200). Control group: apoptotic cells are rare. CoCl, and H,O, groups: the number of apoptotic cells increases, and Y27632 mitigates
CoCl,- and H,0,-induced cell injury. Arrows indicate apoptotic cells. (G) Quantitation of retinal Miiller cell apoptosis. Data are expressed as the
mean + SD and were analyzed by one-way analysis of variance followed by the least significant difference test. All experiments were performed in
triplicate. ##P < 0.01, vs. control group.

Figure 4 ROS generation in retinal Miiller cells incubated with 10 uM Y-27632 for 24 hours, detected by DCFH-DA and observed by
fluorescence microscopy (original magnification, 100x).

(A-C) ROS generation in the negative control, CoCl, and CoCl, + Y27632 groups, respectively; (D-F) ROS generation in the positive control,
H,0, and H,0, + Y27632 groups, respectively. Control group: No obvious ROS generation; CoCl2 and H,0, groups: ROS generation increases, and
Y27632 inhibits ROS generation induced by CoCl, and H,0O,. Arrows indicate ROS generated by Miiller cells. ROS: Reactive oxygen species.

551



Zhang XH, Feng ZH, Wang XY (2018) The ROCK pathway inhibitor Y-27632 mitigates hypoxia and oxidative stress-induced injury to retinal
Miiller cells. Neural Regen Res 13(3):549-555. doi:10.4103/1673-5374.228761

reached ~80% confluency, they were treated as described
above. The culture medium from the well was discarded, and
the cells were washed twice with PBS. Then, 100 pL cell lysis
bufter was added to the cells on ice for 30 minutes. The cells
were scraped, ultrasonicated for 10 seconds, and centrifuged
at 16,993 x g for 10 minutes at 4°C. Total proteins in the
supernatant were separated by 10% polyacrylamide gel elec-
trophoresis and transferred to polyvinylidene fluoride mem-
branes (Millipore, Darmstadt, Germany). The membrane
was blocked with 10% skim milk at room temperature for 1
hour, followed by incubation with primary antibody (rabbit
anti-mouse GAPDH monoclonal antibody (1:10,000), rab-
bit anti-mouse glutamine synthetase monoclonal antibody
(1:2,000), rabbit anti-mouse a-SMA monoclonal antibody
(1:30,000) or rabbit anti-mouse vimentin monoclonal an-
tibody (1:8,000) (all from Abcam, Cambridge, MA, USA)
overnight at 4°C. The membrane was washed with Tris-buft-
ered saline containing 1% Tween 20 (TBST), followed by
incubation with secondary antibody, goat anti-rabbit IgG,
labeled with horseradish peroxidase (1:5,000) (Zhuang-
zhibio, Xi’an, China) at room temperature for 1 hour. The
membranes were then washed three times with TBST for 10
minutes each, and thereafter incubated with chemilumines-
cence solution (Millipore, Burlington, MA, USA). The bands
were imaged on an Invitrogen E-Gel Imager (Syngene, Fred-
erick, MD, USA), and band intensities were quantified with
Image J (National Institutes of Health, Bethesda, MD, USA).
GAPDH served as an internal reference.

Statistical analysis

Data, expressed as the mean + SD, were analyzed using SPSS
18.0 software (IBM, Armonk, NY, USA). All experiments
were performed in triplicate. After performing Levene’s ho-
mogeneity test for variance, the data were analyzed by one-
way analysis of variance (least significant difference test was
used to analyze multiple comparisons). A value of P < 0.05
was considered statistically significant.

Results

Effect of Y-27632 at different concentrations on the
survival rate of Miiller cells subjected to hypoxia or
oxidative stress

The MTT assay showed that the survival rate of Miiller cells
was significantly reduced by hypoxia as well as by oxidative
stress (P = 0.000, P = 0.000). The different concentrations
of Y-27632 at the various time points improved the survival
rate of the cells. After a 24-hour treatment with Y-27632
at different concentrations (1, 10 and 100 uM) at the early
stage of injury, the cell survival rates increased compared
with cells exposed to CoCl, or H,0, alone. Although Y-27632
did not display a concentration- or time-dependent effect,
10 uM Y-27632 exerted a significant cytoprotective effect
after 24 hours of culture under the two conditions (P = 0.010,
P =0.049). Therefore, 10 uM Y-27632 was selected for the
subsequent experiments (Figure 1).
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Morphological changes in Miiller cells treated with
Y-27632 and exposed to hypoxia or oxidative stress
Normal mouse retinal Miiller cells are often long-spindle or
triangular-shaped (Figure 2A, D, G, J). After exposure to
hypoxia, these cells were reduced in number and displayed
an irregular morphology with a loss of their original shape
(Figure 2B, E). In comparison, 24 hours after 10 pM Y-27632
treatment, the number of Miiller cells was significantly in-
creased, and their morphology was similar to that of normal
cells (Figure 2C, F). Similarly, after exposure to oxidative
stress, the number of Miiller cells was reduced, and irregu-
lar protuberances were visible, with an umbrella-like shape
(Figure 2H, K). A 24-hour co-treatment with Y-27632 had a
significant protective effect on Miiller cells (Figure 21, L).

Effect of Y-27632 on apoptosis in Miiller cells subjected to
hypoxia or oxidative stress

Under hypoxic conditions, apoptosis of Miiller cells was sig-
nificantly increased, as assessed by Hoechst 33258 labeling.
After a 24-hour treatment with Y-27632 at 10 uM, apop-
tosis was significantly reduced (CoCl, + Y-27632 group vs.
control group, P = 0.032; CoCl, + Y-27632 group vs. CoCl,
group, P = 0.01; Figure 3A-F). Similarly, a 24-hour treat-
ment with Y-27632 at 10 uM significantly reduced apoptosis
caused by oxidative stress in Miller cells (H,O, + Y-27632
group vs. control group, P < 0.01; H,O, + Y-27632 group vs.
H,O, group, P = 0.049; Figure 3G).

Impact of Y-27632 on ROS generation in Miiller cells
exposed to hypoxia or oxidative stress

A 24-hour incubation with 10 pM Y-27632 reduced ROS
generation in Miiller cells, as assessed by DCFH-DA flu-
orescence. Oxidative stress stimulated the generation of
ROS, while Y-27632 significantly decreased ROS genera-
tion. Under hypoxia, the increase in ROS was insignificant,
compared with the control group. There was no difference
in ROS generation between cells treated with and without
Y-27632 (Figure 4).

Effect of Y-27632 on the migration ability of Miiller cells
exposed to hypoxia or oxidative stress

Under hypoxia, the migration ability of Miiller cells was
improved. A 24-hour treatment with Y-27632 at 10 uM re-
duced the migration ability. Under oxidative stress and after
a 24-hour treatment with Y-27632 at 10 uM, the migration
ability also decreased significantly (Figure 5).

Impact of Y-27632 on a-SMA, glutamine synthetase and
vimentin expression in Miiller cells under hypoxia or
oxidative stress

Under hypoxia, a statistically significant difference was ob-
served in the expression of a-SMA and glutamine synthetase
among all the groups (F = 30.677, P < 0.01; F = 26.934, P <
0.001). The pairwise comparison between the control group
and each experimental group showed a significant difference
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Figure 5 Impact of Y-27632 on the migration ability of Miiller cells under hypoxia and oxidative stress.

(A-E) Control, CoCl,, CoCl, + Y-27632, H,0, and H,0, + Y-27632 groups, respectively (original magnification, 100x). Control group: Migrating
cells are rare. CoCl, and H,O, groups: the number of migrating cells increases, and Y27632 suppresses migration. (F) Quantitation of the migra-
tion ability of Miiller cells. Arrows indicate migrated cells. Data are expressed as the mean + SD and were analyzed by one-way analysis of variance
followed by the least significant difference test. All experiments were performed in triplicate. #P < 0.05, ##P < 0.01, vs. control group.
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Figure 6 Changes in a-SMA, vimentin and GS expression levels in Miiller cells under hypoxia and oxidative stress after 24- and 72-hour

treatments with Y-27632 at 10 uM, assessed by western blot assay.

(A) a-SMA, vimentin and GS expression levels in Miiller cells under hypoxia. (B) a-SMA, vimentin and GS expression levels in Miiller cells under
oxidative stress. *P < 0.05, **P < 0.01, vs. CoCl, group or H,O, group. Data are expressed as the mean + SD and were analyzed by one-way analysis
of variance followed by the least significant difference test. All the experiments were performed in triplicate. a-SMA: a-Smooth muscle actin; GS:

glutamine synthetase.

(P < 0.01). The expression levels of a-SMA and glutamine
synthetase were decreased significantly in the hypoxia group
(P < 0.01 and P = 0.22, respectively). After treating with
Y-27632 for 24 or 72 hours, the protein levels of a-SMA de-
creased further (P < 0.01, P < 0.01), while the protein levels
of glutamine synthetase increased (P < 0.01, P = 0.018). A
pairwise comparison between the experimental groups did

not reveal a significant difference. Under hypoxia, no signifi-
cant difference was found in vimentin expression among the
groups (F = 1.04, P = 0.427; Figure 6A).

Under oxidative stress, there were statistically significant
differences in the expression of a-SMA and glutamine syn-
thetase among the groups (F = 849.3, P < 0.001; F = 10.01,
P < 0.004). Pairwise comparisons between the control group
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and each experimental group revealed a significant differ-
ence (P < 0.01). The expression of a-SMA in the oxidative
stress group was not significantly different (P = 0.092), while
glutamine synthetase was decreased significantly (P < 0.01).
After treatment with Y-27632 for 24 or 72 hours, the protein
levels of a-SMA decreased (P < 0.01, P < 0.01), while the
protein levels of glutamine synthetase remained unchanged
(P =0.857, P = 0.472). The pairwise comparison between
experimental groups also revealed a significant difference (P
< 0.01). No statistically significant difference was found in
vimentin expression among the groups (F = 1.43, P = 0.30;
Figure 6B).

Discussion

The Rho/ROCK signaling pathway is ubiquitously present in
tissues and organs of the body, acting as a molecular switch.
As a main downstream effector of Rho, ROCK exerts a reg-
ulatory effect on cell differentiation, cell cycle progression,
proliferation, apoptosis and migration by modulating the
activities of myosin light chain and myosin light chain phos-
phatase (Zhang et al., 2012b). The ROCK signaling pathway
is strongly associated with the occurrence and development
of diabetes. As a key downstream regulatory effector of tu-
mor growth factor-B, ROCK reduces the high expression of
a-SMA, myosin light chain phosphorylation, and collagen
contraction induced by tumor growth factor-f in prolifer-
ative diabetic retinopathy/proliferative vitreoretinopathy
injury. Therefore, the ROCK signaling pathway is a potential
therapeutic target for proliferative vitreous retinal disease
(Kita et al., 2008; Shu and Lovicu, 2017). Yamaguchi et al.
(2016) found that a ROCK inhibitor could inhibit MYPT-
1 phosphorylation, proliferation and migration induced
by vascular endothelial growth factor in human retinal
capillary endothelial cells, suggesting therapeutic potential
for retinal hypoxic neurovascular disease. In addition, the
ROCK inhibitor fasudil exerts a protective effect on vascu-
lar endothelium by inhibiting the adhesion of neutrophils,
thereby reducing injury to endothelial cells (Yu et al., 2016).
Furthermore, blockade of the ROCK pathway significantly
decreases apoptosis in retinal ganglion cells exposed to hy-
poxia and hyperglycemia, thereby alleviating injury to the
optic nerve (Yu et al,, 2016).

Our current findings suggest that the ROCK signal-
ing pathway plays a critical role in hypoxia and oxidative
stress-induced injury in Miiller cells, and that blockade
of this pathway has a cytoprotective effect. Therefore, the
mechanisms underlying diabetic retinopathy might involve
activation of the ROCK pathway in Miiller cells, which in
turn reduces cell survival, increases cell migration, stimu-
lates ROS generation and increases the expression of various
downstream effector molecules.

Miiller cells are glial cells that span the entire retina, and
changes occur in these cells before endothelial cells and peri-
cytes in the early stage of diabetic retinopathy. In the current
study, Miiller cells exposed to CoCl, and H,O, were used as
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models of hypoxic and oxidative stress injury, respectively.
Morphological changes occurred in Miiller cells soon after
injury, along with an increase in apoptosis, ROS generation
and migration ability. Our findings are in agreement with
the changes observed in Miiller cells subjected to hypoxia
and oxidative stress in previous studies (Lu et al., 2013; Tan
et al,, 2015). MTT assay, Hoechst 33258 fluorescence stain-
ing, transwell chamber assay and DCFH-DA fluorescence
assay were used to assess cell survival rate, cellular mor-
phology, migration ability and ROS generation, respective-
ly. A 24-hour treatment with Y-27632 at 10 uM exerted a
cytoprotective effect on Miiller cells. Glutamine synthetase,
a protein expressed in Miiller cells, is involved in the con-
version of glutamic acid to glutamine. Damage to Miiller
cells leads to dysfunction in glutamic acid transport and the
secretion of inflammatory factors, resulting in retinal neu-
ronal injury (Chen et al,, 2010; Wang et al., 2015). Addition-
ally, under hypoxia, the expression of glutamine synthetase
was reduced. Both 24- and 72-hour treatments with Y-27632
effectively increased expression, suggesting that Y-27632
promotes the recovery of glutamic acid transport in Miiller
cells (in a time-dependent manner). In cells exposed to oxi-
dative stress, Y-27632 did not increase glutamine synthetase
expression, perhaps because of the severity of injury or the
short-lived activity of Y-27632.

Vimentin is a marker of retinal Miiller cells. However,
vimentin expression did not differ significantly among the
groups, suggesting that it might not serve as an indicator of
hypoxic or oxidative stress injury in Miiller glia.

a-SMA is a myofibroblast marker. Following injury,
a-SMA expression increases in Milller cells, which have the
potential to differentiate into neurons (Jorstad et al., 2017).
In the present study, the expression of a-SMA in the hy-
poxia and oxidative stress groups did not increase, which
is not in accordance with our previous study. This discrep-
ancy might be attributed to the severity of injury in Miiller
cells exposed to hypoxia and oxidative stress (Zhang et al.,
2012a). After 24- and 72-hour treatments with Y-27632,
a-SMA expression decreased, indicating that the inhibitor
reduces injury to Miiller cells. These findings indicate that
the ROCK signaling pathway might contribute to the injury
to Miiller cells induced by hypoxia and oxidative stress.

In conclusion, the ROCK pathway might contribute to
the damage to Miiller cells induced by hypoxia and oxida-
tive stress. While inhibiting the ROCK pathway might have
therapeutic potential for diabetic retinopathy, it is necessary
to investigate further the pathological mechanisms of hypoxic
and oxidative stress injury to Miiller cells. Although the ROCK
pathway is closely related to the phenotypic changes in Miiller
cells, the underlying cell and biochemical changes are unclear.
Numerous signaling pathways have been implicated in diabet-
ic retinopathy, including P13K/AKT, ILK and HIF-1 (Xin et
al.,, 2013; Wang et al.,, 2016). Nevertheless, further studies are
needed to more fully elucidate the role of the ROCK pathway
and its interaction with other signaling pathways.
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