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Abstract: Diabetic retinopathy (DR) is a well-known serious complication of diabetes mellitus (DM), and can eventu-
ally advance to end-stage blindness. In the early stage of DR, endothelial cell barrier disorganized primarily and tight
junction (TJ) protein composition transformed subsequently. The small GTPase RhoA and its downstream effector
Rho-associated coiled-coil containing protein kinase 1 (ROCK1) regulate a mass of cellular processes, including cell
adherence, proliferation, permeability and apoptosis. Although RhoA inhibitors have provided substantial clinical
benefit as hypertonicity therapeutics, their use is limited by complex microenvironment as DR. While ample evidence
indicates that TJ can be influenced by the RhoA/ROCK1 signaling, the underlying mechanisms remain incompletely
understood. Here, we have uncovered a significant signaling network involved in diabetic retinal microvascular
endothelial dysfunction (RMVED). Our results indicated that the activation of RhoA/ROCK1 pathway due to high
glucose played a key role in microvascular endothelial cell dysfunction (MVED) by way of directly inducing TJ proteins
over-expression during DR. We demonstrated that inhibition of RhoA/ROCK1 may attenuate the hypertonicity of
endothelial cell caused by high glucose microenvironment meanwhile. Besides, chemical and pharmacological in-
hibitors of RhoA/ROCK1 pathway may partly block inflammation due to DR. Simultaneously, the apoptosis aroused
by high glucose was also prevented considerably by fasudil, a kind of pharmacological inhibitor of RhoA/ROCK1
pathway. These findings indicate that RhoA/ROCK1 signaling directly modulates MVED, suggesting a novel thera-
peutic target for DR.
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Introduction in certain epithelial and endothelial cells [3].
The TJ complex is composed of TJ proteins,
including the transmembrane proteins clau-
din-5 and occludin, and the cytoplasmic adap-
tor proteins such as zonula occludens-1 (Z0-1),
the abundance and properties of which deter-

mine the magnitude of paracellular solute

Diabetic retinopathy (DR) is a clinically well-
defined, sight-threatening, chronic microvascu-
lar complication that eventually affects virtually
all patients with diabetes [1]. In the early stage
of DR, retinal microvascular endothelial cells

(RMVECSs) barrier are damaged primarily, such
as tight junctions (TJs), adherens junctions
(AJs), gap junctions (GJs) and complexus adher-
ents (CAs), etc. Among all these biomarkers of
endothelial dysfunction, TJs possess a high
abundance in RMVECs. Other evidences sug-
gest that the damage of endothelial TJs might
be a crucial mechanism underlying the
increased permeability of endothelial cells [2].
Simultaneously, the TJ is a multi-protein com-
plex and is the apical most junctional complex

movement [4, 5]. Nonetheless, our understand-
ing of molecular mechanism of TJ modulation
remains limited [4] and the understanding of
the molecular mechanism responsible for
RhoA/ROCK1 remains an enigma hitherto.

Ras, a well-known 21-kDa guanosine triphos-
phatase (GTPase), consists of a large amount of
subfamilies, such as Cdc42, Racl and Rho,
which have been studied a great deal [6-8]. The
Rho proteins, whose prototypical member is
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RhoA, are molecular switches that respond to
cell surface receptors for various cytokines,
growth factors, adhesion molecules, and
G-protein-coupled receptors by cycling between
an inactive guanosine diphosphate (GDP)-
bound and an active guanosine triphosphate
(GTP)-bound form [9]. Rho-associated coiled-
coil containing protein kinases (ROCK1 and
ROCK?2) [10] are the most extensively studied
RhoA effector proteins and regulate actomyo-
sin contractility via a direct phosphorylation of
myosin light chain and inactivation of the myo-
sin-binding subunit of myosin phosphatase [9,
11]. The RhoA GTPase is crucial in numerous
biological and pathological functions [12].
RhoA, the Ras homolog family member A, and
its downstream target ROCK1 regulate cellular
adherence, migration, proliferation, and apop-
tosis through the control of the actin cytoskel-
etal assembly and cell contraction [13, 14].

The recent study showed the activity of Rho
and p-MYPT1 (phospho-myosin phosphatase
target protein 1) were markedly increased, and
eNOS phosphorylation were downregulated by
57% in the diabetic rat retinas after 2 weeks of
diabetes onset [15]. Inhibition of RhoA/ROCK1
signaling significantly reduced endothelial dam-
age and vascular leakage which is stimulated
by high glucose/advanced glycation end prod-
ucts (AGEs) in cultured endothelial cells and in
the presence of diabetes mellitus [16]. Previous
research has indicated a link between the actin
cytoskeleton and occludin/Z0-1, in that signal-
ing molecules that regulate contraction of actin
filaments are also important for modulation of
TJ permeability [17]. Therapeutic benefits of
ROCK inhibition may extend to insulin-resistant
diabetes [18]. Rikitake et al. found that expo-
sure of endothelial cells to hyperglycemia (12
to 25 mmol/l) increased ROCK1 activity in a
concentration-dependent manner and PAI-1
mRNA expression [19]. However, the role of
RhoA/ROCK1 pathway targeting TJ proteins in
hyperglycemia affecting RMVECs was yet to be
adequately resolved.

Our research ranged from the character of TJ
proteins at molecule-level resolution to the
essence of RhoA/ROCK1 pathway in DR. The
study focused on the role of RhoA/ROCK1 sig-
naling pathway playing in injuring endothelial
cell barrier caused by high glucose in vitro dur-
ing the process of DR. We reported that the
inhibition of RhoA/ROCK1 pathway may amelio-
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rate the retinal endothelial cell dysfunction
induced by hyperglycemia. Meanwhile, a fre-
quently applied clinical drug, fasudil, was found
effectively inhibited RhoA/ROCK1 pathway,
suggesting a new therapeutic target for the
RMVED in DR.

Materials and methods
Reagents and antibodies

Primary antibodies against occludin, claudin-5
and ZO-1 were purchased from cell signaling
technology (Danvers, MA, USA), anti-RhoA and
anti-ROCK1, anti-p-MYPT1 (Thr853) and anti-
MYPT1 were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Y-27632
(chemical inhibitor of ROCK1) was purchased
from Sigma-Aldrich (Sigma, MO, USA). Rho
Activation Assay Kit was from Millipore
(Bedford, MA, USA). Anti-GAPDH was from cell
signaling technology (Danvers, MA, USA).

Cell culture

The rhesus macaque choroid-retinal endotheli-
al cell line, RF/6A cells (purchased from the Cell
Bank of the Chinese Academy of Sciences), was
cultured in RPMI 1640 Medium (Gibco,
Invitrogen, NY, USA), supplemented with 10%
heat-inactivated fetal bovine serum (Gibco,
Invitrogen, NY, USA), 100 U/ml of penicillin, and
100 pg/ml of streptomycin in 95% humidified
air at 37°C with 5% CO, [20, 21]. Since numer-
ous investigators utilized high concentration of
glucose (20-35 mmol/I1) for in vitro experiments
[22, 23], we imitated hyperglycemia environ-
ment by exposing RF/6A cells to a high level of
glucose (HG, 30 mmol/I) for 48 h while to a nor-
mal level of glucose (NG, 5 mmol/I) as control.

Western blot analysis

In vitro, Adherent cells grown to subconfluency
on tissue culture plates were washed with
phosphate-buffered saline (PBS) and lysed in
250 ul of 2x concentrated 12% SDS Lysis
Buffer (Beyotime Biotchnology, China). The
samples collected were first boiled at 95°C for
5 min and then frozen in ice crush for 5 min in
turn. After three times successively manufac-
turing, cell lysates were electrophoresed in
SDS-PAGE, and transferred onto nitrocellulose
membrane. The membrane was blocked with
5% nonfat dried milk solution and subsequently
incubated overnight in gentle agitation at 4°C
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with anti-occludin, anti-claudin-5, anti-Z0-1,
anti-RhoA and anti-ROCK1, anti-p-MYPT1
(Thr853) and anti-MYPT, respectively. This was
followed by incubation with corresponding
horseradish peroxidase (HRP) conjugated sec-
ondary antibodies. GAPDH was used as inter-
nal control. Immunoreactive bands were identi-
fied using an enhanced chemiluminescence
(ECL) detection system (Pierce Biotechnology,
Inc., Rockford, IL, USA).

Real-time PCR

The Real-time PCR primer sequences used
were as follows: RhoA forward: 5-TGGAAAG-
ACATGCTTGCTCAT-3’ and reverse 5-GCCTCAG-
GCGATCATAATCTTC-3’, ROCK1 forward 5-AAC-
ATGCTGCTGGATAAATCTGG-3'° and reverse
5-TGTATCACATCGTACCATGCCT-3’, occludin for-
ward 5-ACAAGCGGTTTTATCCAGAGTC-3' and
reverse 5'-GTCATCCACAGGCGAAGTTAAT-3’, cla-
udin-5 forward 5’-AAATTCTGGGTCTGGTGCTG-3’
and reverse 5-GCCGGTCAAGGTAACAAAGA-3’,
Z0-1 forward 5-AGGACACCAAAGCATGTGAG-3’
and reverse 5-GGCATTCCTGCTGGTTACA-3,
ICAM-1 forward 5-GACTAAGCCAAGAGGAAG-3’
and reverse 5-CTCAGCATACCCAATAGG-3..

Short interfering RNA (siRNA)

For knockdown of ROCK1, we performed tar-
geted gene silencing using siRNA technique.
The sequence of siRNA targeting ROCK1 is as
follows: CAGCAAAUCCUAAUGAUAA. siRNA tar-
geting ROCK1 and control siRNA were pur-
chased from QIAGEN (Vienna, Austria). RF/6A
cells were transfected with 100 nmol/L of
siRNA using HiPerFect Transfection Reagent
(QIAGEN, Vienna, Austria) according to the man-
ufacturer’s instructions. Efficiency of ROCK1
knock-down was confirmed by real-time PCR
analysis of mRNA (Data are not shown).

Endothelial cell permeability

For the detection of endothelial permeability,
albumin diffusion across endothelial monolay-
ers was measured as described previously [24-
26]. The permeability of the RF/6A cells mono-
layer was quantified as a percentage clearance
of bovine serum albumin (BSA) from insert to
lower well, as described by Quan and Godfrey
[27] and Bonner and O’Sullivan [28]. Finally, the
clearance rates of Trypan blue-labelled albu-
min through the cell monolayers were mea-
sured using a spectrophotometer.

7270

Transendothelial electrical resistance

Transendothelial electrical resistance (TEER)
was determined as previously described [29].
We partly modified that method like Pavan B et
al. depicted before [30]. RF/6A cells were seed-
ed to form confluent monolayers to develop low
electrical resistance on Transwell-permeable
supports (area of 0.33 cm?) in 24-well plates
[31]. TEER was measured using an epithelial
voltmeter (WPI, Sarasota, FL).

Analysis of apoptosis

To detect early stages of apoptosis, an Annexin-
VFLUOS staining kit (Roche) was used accord-
ing to the manufacturer’s instructions. Briefly,
cells were washed with PBS and incubated with
Annexin-V/propidium iodide  (Pl)/Hoechst
33342 for 15 min at room temperature. Cells
were visualized with a fluorescence microscope
and Annexin-V positive and Pl negative cells
were assessed as apoptotic. The percentage of
apoptotic cells was calculated by dividing
Annexin-V positive cells by the total number of
cells visualized by Hoechst staining. Three ran-
domly chosen optical fields per preparation
were digitized and each experimental condition
was done in triplicate. The mean percentage of
apoptotic cells was averaged over a total of
three independent experiments.

Statistical analysis

The results are expressed as the means + stan-
dard deviation (SD). Group means were com-
pared by one-way ANOVA using the GraphPad
Prism 4.0 software system (GraphPad, San
Diego, CA) and the statistical software program
SPSS version 17.0 for Windows (SPSS, Chicago,
IL). In all comparisons, a value of P < 0.05 was
considered to indicate a statistically significant
difference.

Results

RhoA and ROCK1 are activated by high glu-
cose in RF/6A cells

Previously, we demonstrated that high glucose
increased RhoA activity. Compared with NG
(normal glucose, 5 mmol/L) treated group, HG
(high glucose, 30 mmol/L) group showed an
increase in the RhoA activity by measurement
of RhoA-GTP/total RhoA ratio, (P < 0.05) (Figure
1A). Mnt (mannitol, 30 mmol/L) group was
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Figure 1. High glucose induced RhoA/ROCK1 activation and fasudil inhibited this response in RF/6A cells. A: West-
ern blotting (up) and quantification (down) of RhoA activity (RhoA-GTP/Total RhoA ratio) profiles in cell treatment
groups: NG (normal glucose, 5 mmol/L), HG (high glucose, 30 mmol/L), Mnt (mannitol, 30 mmol/L) and HG + FDL
(high glucose with fasudil) for 48 h. 20% of total protein lysate from each sample served as loading controls. B:
Real-time PCR analysis of RhoA activity profiles in each groups. C: ROCK1 activity was measured by western blotting
(up) and quantification (down) using the p-MYPT1 (Thr853)/MYPT1 ratio. D: Real-time PCR analysis of ROCK1 mRNA
profiles. (A-D: *P < 0.05 HG vs. others, n = 3). Data are presented as means + SDs.

without effect and fasudil inhibited the
response effectively (P < 0.05) in contrast
(Figure 1A). Subsequently, real-time PCR analy-
sis of RhoA proved the same effect (Figure 1B).

Additionally, an increase of ROCK1 activity
which quantified by MYPT1 (Thr853) phosphor-
ylation was observed after RhoA activation.
Regarded as a specific Rho-kinase target [32,
33], MYPT1 phosphorylation was markedly
increased (P < 0.05) in the HG treated cells
group while compared with the NG control. In
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comparison, treatment with fasudil (HG + FDL
group) significantly reduced the increase of
p-MYPT1 (P < 0.05) (Figure 1C). Also, we exam-
ined the ROCK1 mRNA expression level and
acquired the same verification as showed in
Figure 1D.

Tight junction damage in response to high
glucose requires RhoA/ROCK1 signaling

As previous study described, classic TJ proteins
consisted of claudin-5, occludin and Z0O-1 etc

Int J Clin Exp Pathol 2014;7(10):7268-7277
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Figure 2. TJ destruction owing to high glucose in RF/6A
blotting (up) and quantification (down) of occludin profil

cells required RhoA/ROCK1 signaling pathway. A: Western
es in five cell treatment groups: NG, HG, high glucose with

ROCK1-siRNA (HG + ROCK1-siRNA), high glucose with Y-27632 (HG + Y-27632) and high glucose with fasudil (HG
+ FDL). B: Real-time PCR analysis of occludin mRNA profiles (A, B: *P < 0.01 vs. NG, **P < 0.01 vs. HG, #P < 0.05

vs. HG, n = 3). C: Western blotting (up) and quantificatio

n (down) of ZO-1 profiles. D: Real-time PCR analysis of ZO-1

mRNA profiles. E: Western blotting (up) and quantification (down) of claudin-5 profiles. F: Real-time PCR analysis of
Z0-1 mRNA profiles (C-F: *P < 0.05 vs. others, n = 3). Data are presented as means + SDs.

[34]. In our research, we checked the expres-
sion level of these proteins by ways of western
blotting and real-time PCR respectively.
Meanwhile, our experiments focused on wheth-
er RhoA/ROCK1 signaling pathway is involved
in the high glucose treatment.

Descendant occludin expression level was dis-
covered after stimulating by HG for 48 hours
compared with NG control (Figure 2A). To test
the hypothesis that the involvement of RhoA/

The other TJ proteins, ZO-1 and claudin-5, which
have been verified soon afterwards (Figure
2C-F) also demonstrated the similar tendency
like occludin. The decreased level of these two
proteins due to high glucose was expectedly
restored by ROCK1-siRNA and Y-27632 (P <
0.05). Likewise, cells treated with fasudil dis-
played a meaningful reverse of these two pro-
tein levels (P < 0.05), suggesting a potential
clinical therapy target for DR.

ROCK1 signaling  pathway resulting  in Fasudil inhibits high glucose induced micro-
decreased occludin protein level, a specific vascular endothelial cell hypertonicity
ROCK1-siRNA and a chemical inhibitor of

ROCK1, Y-27632, were used as negative con-
trols. As to the pharmacological inhibitor, an
extensively applied clinical drug fasudil was
selectively chosen afterwards.

High glucose down-regulating occludin through
RhoA/ROCK1 pathway was confirmed by HG +
ROCK1-siRNA group, which revealed a clear
increase in western blotting and real-time PCR
(Figure 2A, 2B). Whereafter HG + Y-27632 and
HG + FDL groups both demonstrated that dis-
crepancy again (P < 0.05).
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Figure 3A, 3B shows that high glucose could
significantly increased endothelial permeabili-
ty, compared with NG control as 100% (Figure
3A; P < 0.01; n = 3). Treatment by HG + FDL
evidently decreased the BSA clearance rate
compared with NG control basal values (P <
0.01; n = 3). As we predicted before, negative
controls such as HG + ROCK1-siRNA and HG +
Y-27632 groups both showed distinct discrep-
ancy compared with HG groups (P < 0.05; n =
3).

Int J Clin Exp Pathol 2014:7(10):7268-7277
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Figure 3. The permeability of RF/6A cells was increased by high glucose and reversed by fasudil. A: The BSA clear-
ance rate of RF/6A cells in five cell treatment groups: NG, HG, HG + ROCK1-siRNA, HG + Y-27632 and HG + FDL (*P
< 0.01 vs. NG, **P < 0.01 vs. HG, #P < 0.05 vs. HG, n = 3). B: Utilization of TEER to measure RF/6A cells perme-
ability (*P < 0.01 vs. others, n = 3). Data are presented as means + SDs.
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Figure 4. High glucose induced endothelial dysfunction and fasudil restored the response. A: Western blotting
(up) and quantification (down) of ICAM-1 profiles in five cell treatment groups: NG, HG, HG + ROCK1-siRNA, HG +
Y-27632 and HG + FDL (*P < 0.01 vs. NG, #P < 0.05 vs. HG, n = 3). B: Real-time PCR analysis of ICAM-1 profiles
(*P < 0.01 vs. NG, #P < 0.05 vs. HG, **P < 0.01 vs. HG, n = 3). C, D: Fluorescence microscope and quantification
analysis of RF/6A cells apoptosis levels (*P < 0.01 vs. others). Data are presented as means + SDs.

by fasudil once again, we utilized TEER mea-
surement of RF/6A cells to test the hypothesis

For purpose of certifying the hypertonicity in
consequence of high glucose could be reversed

7273 Int J Clin Exp Pathol 2014;7(10):7268-7277
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on the other hand. Corresponded to BSA clear-
ance rate, TEER was also restored approach to
baseline in HG + FDL group compared to HG
group (Figure 3B; P < 0.01; n = 3). Certain dif-
ferences were observed in HG + ROCK1-siRNA
and HG + Y-27632 groups as well as BSA clear-
ance rate (P < 0.01; n=3).

Inhibition of RhoA/ROCK1 reverses the endo-
thelial dysfunction induced by high glucose

As mentioned before [35], high glucose trig-
gered two indicators of endothelial dysfunction:
intracellular adhesion molecule-1 (ICAM-1) up-
regulation and increased cell death by apopto-
sis. As shown in Figure 4A, 4B, western blotting
and real-time PCR both revealed a crucial
increase of ICAM-1 protein level in cell group
incubated with high glucose (P < 0.01).
Meanwhile, treatment of RF/6A cells with
RhoA/ROCK1 inhibition in three distinct
aspects such as ROCK1-siRNA, Y-27632 and
fasudil all chiefly inhibited the ICAM-1 up-regu-
lation owing to hyperglycemia.

On the other side, RF/6A cells maintained in
high glucose for 48 hours showed a significant
increase in cell death numbers, as compared
with those maintained in normal glucose
(Figure 4D). This increase trend was attenuat-
ed in negative controls and pharmacological
groups respectively.

Discussion

Diabetic retinopathy, a prevalent complication
of diabetes, is a leading cause of vision loss
[36, 37]. Early nonproliferative stages of dia-
betic retinopathy are characterized by retinal
microvascular damage that leads to vascular
hyper-permeability [37] and, a certain extent of
inflammation. The correlation between diabe-
tes and MVED has been demonstrated in vari-
ous studies before [38, 39]. MVED in DM
results in reduced activation of endothelial
nitric oxide synthase (eNOS), reduced genera-
tion and bioavailability of nitric oxide (NO) and
increased production of reactive oxygen spe-
cies (ROS) [40]. Nonetheless, the mechanism
between TJs and hyperglycemia induced
RMVED in DR hasn’t yet been researched suffi-
ciently, especially the potentially involved sig-
naling pathways.

The endothelial TJ is representative of a struc-
tural barrier with selective paracellular perme-
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ability to solutes and larger molecules, and its
destruction enhances microvascular permea-
bility [41, 42]. Simultaneously, TJ reflects a
pathophysiological consequence of disease is
also regulated by intracellular signaling path-
ways such as RhoA etc. Occludin, claudin-5 and
Z0-1 are the major transmembrane proteins
localizing at the TJ [43]. Increasing evidence
suggests that the TJ is a dynamically regulated
structure. At the other hand, ICAM-1 stands for
the function of the TJ and initial inflammation
during DR as well.

RhoA, one of the best characterized Rho
GTPase, is known to regulate the formation of
F-actin stress fibers and focal adhesion com-
plexes [44]. It is well-known that RhoA small
GTPase is an upstream activator of ROCK1
[45]. RhoA and its downstream effectors,
ROCK1 and ROCK2, regulate a number of cel-
lular processes, including cell motility, prolifera-
tion, survival, and permeability [9]. First we
found that the increased level of RhoA and
ROCK1 correlated with high glucose, and
fasudil can effectively reversed these respons-
es. Furthermore, we showed here that high glu-
cose led to the up-regulation of biomarkers of
hypertonicity, BSA clearance rate and TEER,
which subsequently been restored mostly by
ROCK1 inhibition.

As far as clinical significance to be concerned,
we selectively sorted out three classic TJ pro-
teins to explore the correlation between the
ascended permeability owing to hyperglycemia
and the RhoA/ROCK1 pathway. For the pur-
pose of testing the previous hypothesis, we
took advantage of three negative control
groups of ROCK1 such as small interference
RNA  (ROCK1-siRNA), chemical inhibitor
(Y-27632) and pharmacological inhibitor
(Fasudil) to detect TJ proteins expression level.
Above all, RhoA/ROCK1 activity activated by
high glucose was clearly verified. Soon after-
wards, the potential role of RhoA/ROCK1 sig-
naling in early stage of endothelial dysfunction
was examined. Similar but not completely
equivalent of forepassed experiments, these
negative groups all demonstrated meaningful
distinction compared with positive group (P <
0.05). Of importance, we also found that RhoA/
ROCKZ1 inhibition resulted in elevated level of TJ
proteins.

Inspired considerably by these observations,
we went on to assess the forward dysfunction

Int J Clin Exp Pathol 2014;7(10):7268-7277
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of endothelium described above, such as per-
meability, ICAM-1 and apoptosis. The results
shown in figures were completely and clearly in
favor of our incipient hypothesis. Most of all,
both the increase and recovery of permeability
and apoptosis are mediated by fluctuations of
RhoA/ROCK1 activity, opening a new perspec-
tive for the prevention, treatment and control of
diabetic retinopathy.

In conclusion, our results provide molecular
insight into the regulation of the endothelial
dysfunction induced by high glucose in RF/6A
cells. Using in vitro models, we demonstrate
the crucial role of RhoA/ROCK1 in the control
of inflammation and apoptosis through high
glucose dependent pathways. We also provide
evidence that fasudil inhibited the RhoA/
ROCK1 resulting from the high glucose. Our
data suggest that RhoA/ROCK1 can be a
potential therapeutic target for treatments
aimed at reducing hypertonicity and high apop-
tosis of high glucose. A deep insight into the
molecular details of endothelial function regu-
lation could be obtained by recent studies
using live cells and advanced experimental
techniques.
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