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PURPOSE. This research aims to explore the mechanism underlying the relationship
between RhoA/ROCK signaling and Connexin43 (Cx43) in retinal endothelial cell
dysfunction and to evaluate the protective effect of ROCK inhibitors against retinal
endothelial cell dysfunction in diabetic retinopathy (DR) models.

METHODS. TUNEL staining, hematoxylin and eosin staining, a retinal digestion assay, and
Evans blue assay were conducted to explore the effect of fasudil in alleviating retinal
dysfunction induced by DR. ELISA, the CCK-8 assay, and flow cytometry were conducted
to study inflammation, viability, and apoptosis of mouse retinal microvascular endothe-
lial cells treated with high glucose and ROCK inhibitors. The qRT–PCR and Western
blotting were used to evaluate the expression of RhoA, ROCK1, ROCK2, MLC, pMLC,
and Cx43. Co-immunoprecipitation was used to verify the interaction between pMLC and
Cx43. Immunofluorescence and scrape-loading and dye transfer were used to evaluate
the expression and function of Cx43.

RESULTS. Marked endothelial cell dysfunction resulting from the activation of
RhoA/ROCK1 signaling was found in in vivo and in vitro models of DR. Via interac-
tion with pMLC, which is downstream of RhoA/ROCK1, a significant downregulation of
Cx43 was observed in retinal endothelial cells. Treatment with ROCK inhibitors amelio-
rated retinal endothelial dysfunction in vitro. The ROCK inhibitor, fasudil, significantly
alleviated retinal dysfunction as shown by a decrease of retinal acellular capillaries, an
improvement of vascular permeability, and a reduction of cell apoptosis in vivo.

CONCLUSIONS. Our study highlights a novel mechanism that high glucose could activate
RhoA/ROCK1/pMLC signaling, which targets the expression and localization of Cx43 and
is responsible for cell viability, apoptosis, and inflammation, resulting in retinal endothe-
lial cell injury. ROCK inhibitors markedly ameliorate endothelial cell dysfunction, suggest-
ing their therapeutic potential for diabetic retinopathy.
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Diabetic retinopathy (DR) is the primary cause of visual
impairment and blindness in middle-aged individuals

and is one of the most common microvascular complica-
tions of diabetes.1,2 Retinal capillaries are the earliest and
most common targets of hyperglycemia-induced damage.3

During hyperglycemia, retinal microvascular endothelial
cells undergo various intracellular events that weaken the
barriers of the endothelial network through hyperglycemic
milieu.4 Thus determining the mechanisms underlying reti-
nal endothelial dysfunction is essential for identify potential
therapeutic targets for DR.

Gap junctions are plasma membrane domains involved
in the maintenance of gap junction intracellular commu-
nication (GJIC) that allow for the direct transport
of small molecules and ions between adjacent cells.5

The most ubiquitously expressed gap junction protein,
connexin43 (Cx43), has been found in different types
of retinal cells, including endothelial cells.6 Connexin
hemichannels play a crucial role in DR progression by
allowing communication between endothelial cells and
the microenvironment.7,8 Previous studies have reported
that loss of Cx43 induced by high glucose results
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in enhanced apoptosis, reactive oxygen species (ROS)
production, inflammation, and monolayer permeability.9–14

Blocking Cx43 gap junction coupling is sufficient to protect
retinal cells from these detrimental effects under hyper-
glycemic conditions.14,15 However, the signaling pathway
that is upstream of Cx43 during diabetic-induced retinal
endothelial cell damage is currently unknown.

The RhoA/ROCK pathway has been reported to regu-
late the development of prion diseases and angiotensin
II–induced renal damage by controlling Cx43 activity,16,17

suggesting mutual regulation between RhoA/ROCK signal-
ing and Cx43. Ras homolog gene family member A (RhoA),
a ubiquitously expressed cytoplasmic protein, is a member
of the small GTPase family. Rho-associated coiled coil-
forming kinase (ROCK), a major downstream protein of
RhoA, has two isoforms, namely, ROCK1 and ROCK2.
Previous studies have reported that RhoA/ROCK signal-
ing is responsible for endothelial cell inflammation, migra-
tion, apoptosis and hyperpermeability under hyperglycemic
conditions.18,19 Thus the impacts of RhoA/ROCK signaling
on hyperglycemia-induced retinal vascular endothelial cell
dysfunction and the interaction between this signaling path-
way and Cx43 need to be clarified.

ROCK inhibitors have potential therapeutic effects in
many diseases and disorders, such as asthma, cancer, glau-
coma, insulin resistance, renal failure, neurodegenerative
diseases, and osteoporosis.20 Fasudil is a nonselective ROCK
inhibitor that is widely used in experimental research and
clinical practice. Studies have shown that fasudil can allevi-
ate optic nerve contusion,21,22 oxygen-induced retinopathy23

and retinal ischemia–reperfusion injury.24 As a pyrimidine
derivative, Y-27632 can specifically inhibit ROCK, bind with
the adenosine triphosphate (ATP)-binding pocket of ROCK
in a competitive manner, and participate in various cell func-
tions, including actin cytoskeleton regulation, cell adhesion,
cell migration and anti-apoptotic processes.25 Previous stud-
ies have shown that Y-27632 can promote axonal regenera-
tion in retinal ganglion cells,26 the survival of retinal pigment
epithelial cells,25 and the healing of corneal endothelial
cells27 and reduce neuronal cell death after transient reti-
nal ischemia.28 Considering the protective effect of ROCK
inhibitors in a variety of eye diseases, the possible effect of
these inhibitors on endothelial dysfunction in DR needs to
be determined.

Therefore, in the present study, we used in vivo and
in vitro DR models to explore whether the activation of
RhoA/ROCK signaling aggravates DR by regulating Cx43
and whether ROCK inhibitors have protective effects. Our
result is the first study to illustrated that high glucose can
activate RhoA/ROCK1/pMLC (myosin light chain) signaling,
which affects the expression and localization of Cx43, cell
viability, apoptosis, inflammation, and permeability, result-
ing in retinal endothelial cell injury. Inhibition of ROCK alle-
viates these detrimental changes.

MATERIALS AND METHODS

Ethical Statement

All experimental procedures performed in this study
were approved by the Experimental Animal Administra-
tion Committee of Qilu Hospital of Shandong Univer-
sity (Approval Number: DWLL-2020-028) and conducted in
accordance with the Association for Research in Vision and
Ophthalmology (ARVO) statement.

TABLE. Upstream and Downstream Primer Sequences

Name Type Sequence

RhoA Primer F 5ʹ-ACTGGTGATTGTTGGTGATGG-3ʹ
Primer R 5ʹ-GCAGGCGGTCATAATCTTCC-3ʹ

ROCK1 Primer F 5ʹ-GCCTAACTGACAAGCACCAAT-3ʹ
Primer R 5ʹ-GATTCTTAACTTCATCCTCCATCCT-3ʹ

ROCK2 Primer F 5ʹ-GTGGAGAGTCTGCTGGATGG-3ʹ
Primer R 5ʹ-AACCTTCTGTGATGCCTTATGAC-3ʹ

Cx43 Primer F 5ʹ-GTGGTGTCCTTGGTGTCTCT-3ʹ
Primer R 5ʹ-CGCTGGCTTGCTTGTTGTA-3ʹ

GADPH Primer F 5ʹ-CCTCGTCCCGTAGACAAAATG-3ʹ
Primer R 5ʹ-TGAGGTCAATGAAGGGGTCGT-3ʹ

Experimental Animals

Male C57BL/6J mice were purchased from Beijing Vital River
Laboratory Animal Technology Co., Ltd. and used in this
study. After 7 days of adaptive feeding and overnight fasting,
a model of diabetes was constructed by intraperitoneal injec-
tion of streptozotocin (STZ) (50 mg/kg; Sigma-Aldrich Corp.,
St. Louis, MO, USA) in citric acid buffer for five consecutive
days. Animals in the control group were injected with citrate
acid buffer. Seven days after the final administration of STZ,
mice with a fasting blood glucose level >16.7 mmol/L were
considered to have type 1 diabetes. Then, the diabetic mice
were divided into 2 groups: the untreated diabetic (DM) and
fasudil-treated diabetic groups. Mice in the fasudil (Tianjin
Chase Sun Pharmaceutical Co., Ltd., Tianjin, China) group
received 50 mg/kg fasudil per day by intraperitoneal injec-
tion for 12 consecutive weeks. Blood glucose levels and body
weight were monitored at two-week intervals.

Cell Culture and Treatment

Mouse retinal microvascular endothelial cells (mRMVECs)
were purchased from Qingqi Company (Shanghai, China).
The cells were maintained in DMEM containing 10% FBS
at 37°C in a cell incubator containing 5% CO2. Once they
reached the appropriate level of confluence, the mRMVECs
were treated with the following: normal glucose (NG; 5.5
mM glucose), high glucose (HG; 30, 60, or 90 mM glucose),
mannitol (30, 60, 90 mM glucose), HG + Y-27632 (10 μM),
and HG + fasudil (30 μM).

The qRT–PCR

Total RNA was extracted from mRMVECs and the eyes of
the mice with TRIzol (Hunan Accurate Bio-Medical Co.,
Ltd., Hunan, China). The RNA concentration was quantified
with a NanoDrop 1000 spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA). Then, cDNA was synthesized
with a ReverTra Ace qPCR RT Kit (Toyobo Co., Ltd., Osaka,
Japan). The primer sequences used for quantitative PCR are
shown in the Table. The qRT–PCR was conducted using
SYBR Green Real-Time PCR Master Mix (Toyobo Co., Ltd.).
The specificity of the amplified products was determined by
melting curve analysis. Quantification was performed with
the 2-��Ct method.

Western Blotting

Total protein was collected from cells using RIPA buffer
(Solarbio Life Science, Beijing, China) containing protease
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inhibitors (Beyotime Institute of Biotechnology, Jiangsu,
China). The concentration of the extracted protein samples
was then quantified using a BCA Protein Assay Kit
(Beyotime Institute of Biotechnology). The proteins (30
μg) were subjected to Western blotting with the Bio–Rad
Bis-Tris gel system. The polyvinylidene difluoride (PVDF)
membranes (Millipore, Burlington,MA, USA) were incubated
with primary antibodies against RhoA (BM4479; Boster
Bio, Pleasanton, CA, USA), ROCK1 (BM4203; Boster Bio),
ROCK2 (BM5257; Boster Bio), pMLC (no. AF8010; Affin-
ity Biosciences, Changzhou, China), MLC (DF7911; Affin-
ity Biosciences ) and Cx43 (ER1802-88; HuaBio, Hangzhou,
China) diluted 1:1000 at 4°C overnight. Later, the PVDF
membranes were probed with secondary antibody conju-
gated to horseradish peroxidase (Boster) for one hour. After
rinsing, the PVDF membranes were placed in an Amersham
Imager 600 system (Amersham, Piscataway, NJ, USA) and
covered with BeyoECL Star reagent (Beyotime Institute of
Biotechnology). The signals were captured with the fluores-
cence imaging system (Amersham Imager 600 RGB).

Co-Immunoprecipitation

Extracted proteins were incubated with a Cx43 primary anti-
body (1:500, 26980-1-AP; Proteintech, Rosemont, IL, USA) or
rabbit IgG (1:100, A7016; Beyotime Institute of Biotechnol-
ogy) at 4°C overnight. Then, 15 μL Protein A+G Magnetic
Beads were added to the samples and incubated in a shaker
at 4°C for four hours. The supernatant was discarded, and the
magnetic beads were washed three times with tris buffered
saline (TBS). Finally, the magnetic beads were eluted with
2 × loading buffer and boiled for five minutes. The super-
natant was used for Western blotting.

Hematoxylin and Eosin Staining of Retinal Tissues

Mouse eyeballs were enucleated and fixed in 4%
paraformaldehyde (PFA) at 4°C overnight. After being
embedded in paraffin, the retinal specimens were cut
into 5-μm sections. The sections were deparaffinized with
graded ethanol solutions and xylene. Then, the sections
were stained with hematoxylin and eosin (HE) and used to
evaluate retinal morphology. Images were obtained with an
inverted light microscope (DMi8; Leica, Wetzlar, Germany).

TUNEL Assay

Sections from the different groups were stained with TUNEL
solution according to the instructions of an in situ cell
death detection kit (Servicebio, Wuhan, China). Fluores-
cence images were captured with a multispectral panoramic
tissue scanning microscope (TissueFAXS Spectra; Zeiss,
Oberkochen, Germany).

Retinal Trypsin Digestion Assay

Briefly, eyeballs were fixed in 4% PFA for 24 hours. After
removing the cornea, lens and iris, the intact retinas were
isolated. The retinas were incubated with 3% trypsin at
37°C for three hours. After repeated rinsing, the network
of vessels was isolated and mounted on slides for drying.
The dried vasculature was finally stained with periodic acid-
Schiff (PAS) and hematoxylin. Images were taken with an
inverted light microscope (DMi8; Leica).

Evans Blue Assay

Mice were anesthetized by intraperitoneal injection of
ketamine and xylazine. After anesthesia, 45 mg/kg Evans
blue (EB, 2%; Solarbio Life Science) was injected into the
mice via the tail vein. After the EB dye had circulated for two
hours, the eyeballs were enucleated immediately after the
mice were killed and fixed in fresh 4% PFA for 30 minutes.
Retinal whole mounts were then laid on glass slides, and
EB dye leakage was assessed with a laser confocal micro-
scope (LSM880; Zeiss). The remaining mice were injected
with PBS via the left ventricle to remove the EB dye from the
retinal vasculature. The isolated retinas were dried at 45°C
for five hours, and the dry weights were recorded. Then the
dried retinas were incubated with formamide (120 μL) at
70°C for 18 hours. The extracts were spun in a centrifuge
at 12,000g for 45 minutes at 4°C, and the EB concentra-
tion in the supernatants was determined by measuring the
absorbance at 620 nm and 740 nm. The concentration of EB
dye in the extracts was compared with a standard curve and
normalized to the dry retinal weight.29

Immunofluorescence

Cell slides and sections were treated with 0.2% Triton X-
100 for 30 minutes and blocked with 5% FBS for two
hours. The cell slides and sections were then stained with
a primary antibody against Cx43 (1:50, 26980-1-AP, Protein-
tech) for 16 hours at 4°C in a humidified box. After gentle
washing, the sections were incubated with Alexa 488-
conjugated secondary antibody (1:300) for one hour and
DAPI (1:1000) for 10 minutes. Fluorescence images were
obtained with a multispectral panoramic tissue scanning
microscope (TissueFAXS Spectra; Zeiss).

Analysis of Cell Viability by the CCK-8 Assay

The mRMVECs were cultured in 96-well plates at a density of
1 × 106/mL. After the cells were exposed to different media
for 24, 48, or 72 hours, 10 μL CCK-8 reagent (Dalian Meilun
Biotech Co., Ltd., Dalian, China) was added. After incubation
for two hours, the absorbance was measured at 450 nm.

Flow Cytometry

The mRMVECs were exposed to different media for 48
hours. The adherent cells and cells in the supernatant were
collected and washed twice with precooled PBS. Then, the
collected cells were resuspended in 500 μL of 1 × bind-
ing buffer. Five microliters of Annexin V-FITC and 10 μL of
propidium iodide were added to cells in each group. After
mixing, the cells were incubated at room temperature for 5
min. Ultimately, cell apoptosis was analyzed by flow cytom-
etry (Beckman Coulter, Inc, Southfield, MI, USA).

Enzyme-Linked Immunosorbent Assay

The concentrations of TNF-α, IL-1β, and IL-6 in the cell
supernatant were measured with ELISA kits (Boster) in
accordance with the instructions.

Transfection of a RhoA Overexpression Plasmid

A RhoA overexpression plasmid and its vector control
were purchased from GeneChem (Shanghai, China). The
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mRMVECs were seeded in six-well plates and transfected
with the plasmids once they reached 80% confluence. The
transfection rate was evaluated by immunofluorescence and
qRT–PCR. After transfection with 2 μg plasmid or vector
control using Lipofectamine 2000 (Invitrogen, Carlsbad, CA,
USA), the mRMVECs were cultured for 24 or 48 hours, and
Western blotting and immunofluorescence were conducted.

Scrape-Loading Dye Transfer

The mRMVECs were seeded in six-well plates and then
treated with different agents for 48 hours. The cells were
washed with PBS three times and then scraped and incu-
bated with 0.05% Lucifer Yellow CH (GC44089; GlpBio,
Montclair, CA, USA) for three minutes at 37°C. After washing
with Lucifer Yellow CH and PBS three times, the cells were
fixed with 4% PFA for 15 minutes. Fluorescence images were
captured with a fluorescence microscope (ECLIPSE Ti2-U;
Nikon Inc., Melville, NY, USA).

Statistical Analyses

All data are presented as the mean ± standard deviation
(SD). Statistical analyses were conducted using GraphPad
Prism 8.0 software (GraphPad Software, San Diego, CA,
USA). Differences were considered statistically significant at
P < 0.05. Two-tailed unpaired Student’s t tests and one-
way ANOVA were used to compare two or more indepen-
dent groups. Two-way ANOVA was used to compare data
collected at different time points.

RESULTS

RhoA/ROCK1/Cx43 Signaling was Activated in
the Diabetic Retina, While Fasudil Reversed This
Activation

To investigate the role of the RhoA/ROCK signaling path-
way in the regulation of Cx43 expression in the diabetic
retina, mice were injected with fasudil for 12 consec-
utive weeks. The blood glucose level was significantly
increased and body weight was significantly decreased
in the DR and DR+fasudil groups compared with the
control group. However, there was no significant differ-
ence between the DR and DR+ fasudil groups (Supple-
mentary Fig. S1). As shown in Figure 1A, RhoA, ROCK1
and Cx43 mRNA expression was increased in the retinas
of diabetic mice, whereas consecutive intraperitoneal injec-
tion of fasudil substantially reduced RhoA, ROCK1 and Cx43
mRNA expression. However, ROCK2 was not amplified in
the retinas of diabetic mice by qRT–PCR (Fig. 1A). The
expression of Cx43 was not altered one month after STZ
injection. However, Cx43 mRNA expression was markedly
increased 3 months after STZ injection (Fig. 1B). The results
of Western blot analysis of RhoA, ROCK1, and Cx43 expres-
sion levels were consistent with the qRT–PCR data, as
ROCK2 protein expression remained unchanged, suggest-
ing that RhoA and ROCK1, but not ROCK2, were involved
in diabetic retinopathy (Figs. 1C, 1D). Taken together, these
results indicated that the ROCK inhibitor fasudil reduced
the activation of RhoA/ROCK1 signaling and reversed the
upregulation of Cx43 expression in the retinas of diabetic
mice.

FIGURE 1. Effect of fasudil on RhoA/ROCK1 signaling pathway activity and Cx43 expression in the diabetic retina. (A) The mRNA expression
of RhoA, ROCK1, and Cx43 in retinal tissues from mice in the 12th week. (B) The mRNA expression of Cx43 at different time points (fourth
week and twelfth week). (C, D) The protein expression of RhoA, ROCK1, ROCK2 and Cx43 in retinal tissues from mice in the twelfth week.
ns, no significance. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 compared with the control group; #P < 0.05, ##P < 0.01, ###P < 0.001
compared with the DR group. N = 3. The bars are the mean ± SD.
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FIGURE 2. Inhibition of ROCK alleviated STZ-induced retinal dysfunction in mice. (A) Retinal thickness was measured in HE-stained sections.
Scale bar: 50 μm. GCL, ganglion cell layer, IPL, inner plexiform layer, INL, inner nuclear layer, OPL, outer plexiform layer, ONL, outer
nuclear layer. (B) PAS staining of the retinal capillary network. The arrows indicate acellular capillaries. Acellular capillaries were counted
in six random fields per retinal flat mount. Scale bar: 50 μm. **P < 0.05, ****P < 0.0001 compared with the control group; ##P < 0.05,
####P < 0.0001 compared with the DR group. The bars are the mean ± SD.

Fasudil Alleviated Hyperglycemia-Induced Retinal
Dysfunction

To explore whether the ROCK inhibitor fasudil can protect
retinal cells from DR, morphological features and retinal
apoptosis in diabetic mice were assessed. HE staining of
retinal sections was performed to analyze retinal thick-
ness. Diabetic mice exhibited a significant decrease in reti-
nal thickness, but treatment with fasudil attenuated this
morphological change in the retina (Fig. 2A). TUNEL stain-
ing revealed that the number of TUNEL-positive cells was
significantly increased in the diabetic retina, while fasudil
reduced the number of apoptotic cells (Fig. 2B).

High Glucose Reduced Cx43 Expression in
Retinal Endothelial Cells and Aggravated Vascular
Damage In Vivo

A previous study revealed that Cx43 expression is downreg-
ulated in retinal endothelial cells under high-glucose condi-
tions; however, our study indicated that Cx43 expression was
upregulated in the whole retina. To explain this inconsis-
tency, we consulted the literature and found that Cx43 is
expressed in vascular endothelial cells, pericytes, and astro-
cytes in the mouse retina. Therefore, we performed CD31
and Cx43 double staining to evaluate the expression of Cx43
in retinal vascular endothelial cells and GFAP and Cx43
double staining to assess the expression of Cx43 in reti-
nal astrocytes. The results showed that Cx43 expression was
decreased in retinal vascular endothelial cells (Fig. 3A) and
increased in astrocytes (Fig. 3B). A previous study indicated
that high glucose downregulates Cx43 expression in peri-
cytes.30,31 Because there are far fewer endothelial cells and
pericytes than astrocytes in the retina, this may explain why
the overall Cx43 expression level in the retina was increased.

DR causes retinal microvascular alterations, resulting
in retinal vascular nonperfusion, neovascularization, and

increased vascular leakage of retinal capillaries. Reti-
nal trypsin digestion assays indicated that hyperglycemia
resulted in the formation of acellular capillaries. However,
fasudil partially reduced this detrimental change in diabetic
mice (Fig. 3C). The integrity of the inner blood–retinal
barrier was determined by measuring EB dye leakage in
the mouse retina. As shown in Figure 3D, retinal perme-
ability was markedly increased in the diabetic mice, and
this change was alleviated by fasudil treatment. These find-
ings indicate that fasudil exerts a protective effect against
diabetes-induced retinal vascular damage.

High Glucose Aggravated Endothelial Cell
Dysfunction and Activated the
RhoA/ROCK1/Cx43 Signaling Pathway In Vitro

According to flow cytometry analysis, cell apoptosis was
enhanced by high glucose in a dose-dependent manner
(Figs. 4A, 4B). The CCK-8 assay demonstrated that the viabil-
ity of mRMVECs was gradually inhibited with time and
as the glucose concentration increased (Fig. 4C). In addi-
tion, there was a marked increase in the levels of the
inflammatory factors TNF-α, IL-6, and IL-1β in the HG-
treated group (Fig. 4D). These results indicated that high
glucose can reduce cell viability and aggravate cell apop-
tosis and inflammation. To further measure the expression
of RhoA, ROCK1, ROCK2 and Cx43 under diabetic condi-
tions, we conducted qRT–PCR and Western blotting. The
results revealed that RhoA and ROCK1 levels were markedly
increased in mRMVECs exposed to different concentrations
of high glucose compared with those exposed to normal
glucose, while ROCK2 levels remained unchanged. The Cx43
level was significantly lower in high-glucose medium than in
normal control medium (Figs. 4E–G). Treatment with differ-
ent concentrations of mannitol did not alter the expression
of RhoA, ROCK1, ROCK2 or Cx43 in mRMVECs or induce
mRMVEC dysfunction, suggesting that high glucose-induced
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FIGURE 3. Fasudil increased Cx43 expression in retinal endothelial cells and alleviated retinal endothelial cell injury induced by high glucose.
(A) Immunofluorescence staining of Cx43 (green) and CD31 (red) and DAPI staining (blue) in retinal tissue sections. Scale bar: 20 μm.
(B) Immunofluorescence staining of Cx43 (green), GFAP (red), and DAPI staining (blue) of retinal tissue sections. Scale bar: 20 μm. (C) PAS
staining of the retinal capillary network. The arrows indicate acellular capillaries. Acellular capillaries were counted in six random fields per
retinal flat mount. Scale bar: 50 μm. (D) Mice were perfused with EB for two hours. The fluorescence intensity in the retinal flat mounts
was measure by immunofluorescence confocal microscopy and graphical illustration of quantified EB leakage. ***P < 0.001, ****P < 0.0001
versus the control group; #P < 0.05, ####P < 0.0001 versus the DR group. N = 3. The bars are the mean ± SD.
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FIGURE 4. RhoA and ROCK1 were activated under high-glucose conditions. (A, B) Flow cytometry was used to assess the apoptosis of
mRMVECs treated with different concentrations of glucose (30, 60, or 90 mM) or mannitol (30, 60, or 90 mM) control for 48 hours. (C) The
CCK-8 assay was used to determine the viability of mRMVECs. (D) ELISA was used to measure the levels of inflammatory factors in the
cell supernatant. (E) qRT–PCR was used to measure the mRNA expression of RhoA, ROCK1, ROCK2, and Cx43 after exposure to different
concentrations of glucose or mannitol. (F, G) Western blotting was used to assess the protein expression of RhoA, ROCK1, ROCK2, and
Cx43 after exposure to different concentrations of glucose or mannitol for 48 hours. ns, no significance. *P < 0.05, **P < 0.01, ***P < 0.001,
****P < 0.0001 compared with the control group. N = 3. The bars are the mean ± SD.
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FIGURE 5. Suppression of RhoA/ROCK1 attenuated cell apoptosis and inflammation and increased cell viability. (A) The mRNA expression
of RhoA, ROCK1, ROCK2 and Cx43 in mRMVECs treated with high glucose (30 mM glucose) or ROCK inhibitors (Y-27632, 10 μM; fasudil,
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30 μM). (B, C) The protein expression of RhoA, ROCK1, ROCK2 and Cx43 in mRMVECs treated with high glucose or ROCK inhibitors.
(D, E) Apoptosis of mRMVECs treated with high glucose or ROCK inhibitors. (F) Viability of mRMVECs treated with high glucose or ROCK
inhibitors. (G) The expression of TNF-α, IL-1β, and IL-6 in the cell supernatant after treatment with high glucose or ROCK inhibitors.
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 compared with the control group; #P < 0.05, ##P < 0.01, ####P < 0.0001 compared with
the high glucose (30 mM) group. N = 3. The bars are the mean ± SD.

FIGURE 6. RhoA/ROCK1 signaling regulates Cx43 through the directly interaction between pMLC and Cx43. (A, C) Co-immunoprecipitation
of pMLC and Cx43 in mRMVECs with or without high glucose. (B, D, E) The protein expression of pMLC, MLC, and Cx43 in mRMVECs
treated with different conditions. ns, no significance. EV, empty vector. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 compared with
the control group; ##P < 0.01 compared with the high glucose (30 mM) group. N = 3. The bars are the mean ± SD.

changes in RNA and protein expression in mRMVECs and
endothelial dysfunction were independent of any increase
in osmotic pressure.

Inhibition of ROCK Alleviated High
Glucose-Induced mRMVEC Dysfunction by
Regulating Cx43.

To evaluate the protective effects of ROCK inhibition on
endothelial cell injury induced by high glucose, the ROCK
inhibitors Y-27632 and fasudil were used in subsequent
experiments. As shown in Figures 5A–C, the qRT–PCR and
Western blotting results indicated that Y-27632 and fasudil
treatment substantially reduced the expression of RhoA and
ROCK1 at both the mRNA and protein levels, whereas the
change in the Cx43 level was reversed after ROCK inhibition.
Moreover, the expression of ROCK2 remained unchanged
after high glucose treatment or ROCK inhibitor admin-
istration. Both Y-27632 and fasudil increased cell viabil-
ity (Fig. 5F) and alleviated cell inflammation and apopto-
sis (Figs. 5D, 5E, 5G) after high glucose treatment. Taken

together, these results revealed that ROCK inhibitors obvi-
ously reversed the activation of RhoA/ROCK1 signaling and
mitigated endothelial cell dysfunction.

RhoA/ROCK1 Regulated Cx43 Expression
Through MLC Phosphorylation

MLC is a common downstream target of RhoA/ROCK
signaling. Previous studies have revealed that high glucose
induces glomerular endothelial permeability by activat-
ing RhoA/ROCK1/MLC signaling and promoting the phos-
phorylation of MLC.32 Thus we explored whether high
glucose affects the interaction between pMLC and Cx43 in
mRMVECs. As shown in Figures 6A and C, an increased inter-
action was found after high glucose treatment.

To further confirm whether RhoA/ROCK1/pMLC induces
cell injury by targeting Cx43, we conducted Western blot-
ting to evaluate the expression of pMLC, MLC and Cx43. The
results showed that high glucose and RhoA overexpression
significantly increased MLC phosphorylation and reduced
Cx43 expression. The ROCK inhibitors Y-27632 and fasudil
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FIGURE 7. High glucose reduces Cx43 expression and GJIC activity through RhoA/ROCK1/pMLC signaling. (A) Immunofluorescence staining
of Cx43 (green) and DAPI staining (blue) in mRMVECs. Cx43 was distributed mainly in the membrane of mRMVECs (arrows) in the normal
glucose group or ROCK inhibitor group. Cx43 distribution decreased in the cell membrane and it was translocated to the cytoplasm (asterisks)
in the high glucose group or RhoA over expression plasmid group. (B, C) GJIC function was evaluated by counting cell layers stained
with Lucifer Yellow CH dye. Scale bar: 100 μm. EV, empty vector. ns, no significance. ****P < 0.0001 compared with the control group;
###P < 0.001, ####P < 0.001 compared with the high glucose (30 mM) group. N = 3. The bars are the mean ± SD.

reduced the expression of pMLC and reversed the decrease
in Cx43 expression (Figs. 6B, 6D, 6E). All of these results
revealed that high glucose promoted the interaction between
pMLC and Cx43.

ROCK Inhibition Mitigated the Reduction in GJIC
Activity Induced by High Glucose

Under diabetic conditions, both the expression of Cx43
and its localization are altered, as Cx43 is internalized.33

Immunofluorescence staining of Cx43 in mRMVECs was
conducted to explore the distribution and expression of
Cx43 under different conditions. As shown in Figure 7A,

in the normal group, Cx43 was mainly expressed in the
plasma membrane between adjacent cells. However, in the
high glucose group and RhoA overexpression group, there
was a loss of Cx43 membrane location and Cx43 was mainly
translocated into the cytoplasm. Cx43 staining was enhanced
in the cell membrane in the Y-27632 and fasudil treatment
groups compared to the high glucose group, suggesting that
Cx43 expression can be restored almost to normal levels via
suppression of RhoA/ROCK1/pMLC signaling under hyper-
glycemic conditions. Scrape-loading dye transfer indicated
that GJIC activity was reduced in mRMVECs in the HG or
RhoA overexpression group compared with cells grown in
NG and cells transfected with scrambled plasmid. ROCK
inhibition further mitigated GJIC (Figs. 7B, 7C).
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FIGURE 8. High glucose aggravates retinal endothelial cell dysfunction by activating RhoA/ROCK1/pMLC/Cx43 signaling pathway.

DISCUSSION

DR is a microvascular complication of diabetes mellitus
involving small vessel leakage or occlusion.34 Along with the
increase in DR prevalence and disease complications asso-
ciated with DR, protective therapies for DR and the poten-
tial mechanisms of retinal dysfunction caused by diabetes
mellitus have gained attention in recent years. In our present
study, we found that high glucose induced endothelial cell
apoptosis, inflammation, and retinal vascular permeabil-
ity by activating RhoA/ROCK1 signaling and downregulat-
ing Cx43 expression. Then we verified that RhoA/ROCK1
signaling regulates Cx43 expression through the interaction
between pMLC and Cx43. Moreover, our results indicated
that ROCK inhibitors significantly alleviated cell injury under
hyperglycemic conditions (Fig. 8). To our knowledge, this is
the first study to identify the upstream regulator of Cx43 in
high glucose-induced retinal endothelial cell dysfunction.

Cx43 is ubiquitously distributed in two adjacent cell
membranes to maintain GJIC. It can translocate into the cyto-
plasm and be phagocytosed by lysosomes for degradation
under physiological conditions.35–37 However, several patho-
logical factors trigger the internalization of Cx43 from cell
membrane and thus destroy GJIC.38,39 Under hyperglycemic
conditions, Cx43 translocates from the cell membrane to
the cytoplasm in retinal pigment epithelial cells and leads
to increased permeability.33 A study revealed that the
RhoA/ROCK axis can regulate the intercellular tight junc-
tion proteins zona occludens 1 (ZO-1) and E-cadherin,40

while Cx43 is localized close to ZO-1 and E-cadherin, which
can interact with each other, in the retinal pigment epithe-
lium.41 However, the localization and expression of Cx43
in mRMVECs treated with high glucose and whether they
are regulated by RhoA/ROCK signaling need to be eluci-
dated. In our present study, we verified that the activation
of RhoA/ROCK1 signaling reduced Cx43 membrane expres-
sion, promoted Cx43 internalization, impaired GJIC and
promoted retinal vascular endothelial cell injury. Addition-
ally, inhibition of RhoA/ROCK by Y-27632 and fasudil signif-
icantly reversed these changes and attenuated endothelial
cell dysfunction.

Studies have revealed that RhoA and ROCK contribute
to hyperglycemia-mediated endothelial cell dysfunction by
remodeling the cytoskeleton, decreasing VE-cadherin levels,
promoting vimentin cleavage and inducing loss of tight
junctions.42–45 Within the diabetic retina, ROCK-1 activa-
tion in retinal endothelial cells also induces focal vasocon-
striction and the formation of membrane blebs, resulting
in microvascular closure and subsequent retinal hypoxia.46

The overexpression of RhoA and ROCK1, but not ROCK2,
enhanced inflammation and apoptosis in vivo and in vitro
by further regulating the expression of connexin43 (Cx43),
indicating a role for RhoA/ROCK1 signaling in promot-
ing the onset of inflammation, apoptosis and STZ-induced
retinal dysfunction in C57BL/6J mice. Furthermore, high
glucose can induce renal glomerular endothelial cell and
umbilical vein endothelial cell hyperpermeability by acti-
vating RhoA/ROCK/pMLC signaling.32,47 To elucidate the
regulatory effect of RhoA/ROCK1 signaling on Cx43, we
conducted coimmunoprecipitation to assess the interaction
between downstream molecules of ROCK, pMLC, and Cx43.
Interestingly, we found that pMLC directly bound Cx43 in
mRMVECs.

This detrimental effect was reversed in the high
glucose+Y-27632/fasudil groups, in which Y-27632 and
fasudil acted as selective ROCK inhibitors and inhibited
ROCK1 expression in mRMVECs and the retina to atten-
uate cell apoptosis and inflammation, increase cell viabil-
ity and ameliorate retinal microvascular leakage. ROCK1
but not ROCK2 was found to be involved in high glucose-
induced endothelial cell and retinal dysfunction. Further-
more, prospective pilot studies have proven that adjunc-
tive intravitreal injection of fasudil may amplify and extend
the effects of anti-VEGF drugs in severe diabetic macu-
lar edema.48–50 Our study further illustrates the therapeutic
potential of ROCK inhibitors in curbing diabetic endothelial
cell damage by targeting the Rho/ROCK1/pMLC/Cx43 axis.

However, a limitation of our study is that we did not
downregulate or overexpress Cx43 in endothelial cells in
vivo to evaluate retinal endothelial cell dysfunction in
diabetic mice. Furthermore, the mechanism of Cx43 regu-
lation in cells that are closely related to endothelial cells,
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such as pericytes, astrocytes, and Müller cells, has yet to be
determined.

In summary, in this research, we revealed that activa-
tion of RhoA/ROCK1/pMLC signaling, which regulates the
expression and localization of Cx43, is responsible for high
glucose induced retinal endothelial cell dysfunction. ROCK
inhibition significantly attenuates these detrimental effects
induced by hyperglycemia. These findings illustrate that
RhoA/ROCK1/pMLC/Cx43 signaling is a new intervention
target for DR and that ROCK inhibitors may be candidate
agents for DR treatment.
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