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Cell division control protein 42 (CDC42) modulates insulin secretion and angiogenesis to participate in the 
pathology of diabetic complications and retinal vascular-associated diseases.  This study intended to 
explore the role of CDC42 in the progression of diabetic retinopathy, and the underlying mechanism.  
Human retinal microvascular endothelial cells (hRMECs) were cultured in 5.5 mM glucose (normal glucose) 
or 25 mM glucose (high glucose; HG) medium, respectively.  CDC42 overexpression plasmid and small 
interference RNA (oe-CDC42 and si-CDC42) or corresponding negative controls (oe-NC and si-NC) were 
transfected into hRMECs under HG.  Then, platelet-activating factor C-16 (C16-PAF) (MEK/ERK pathway 
activator) was added to si-CDC42 or si-NC transfected hRMECs under HG.  Our study showed that HG 
increased CDC42 mRNA and protein, cell viability, invasive cell count, branch points, and tube length but 
reduced cell apoptosis in hRMECs.  CDC42 upregulation enhanced cell viability, invasive cell count, branch 
points, tube length, p-MEK, and p-ERK, but attenuated cell apoptosis.  Downregulation of CDC42 exhibited 
opposite trends.  In addition, C16-PAF also increased cell viability, invasive cell count, branch points, and 
tube length, p-MEK, and p-ERK, but retarded cell apoptosis.  Notably, C16-PAF diminished the effect of 
CDC42 downregulation on the above-mentioned functions in hRMECs under HG.  Conclusively, CDC42 
promotes HG-induced hRMEC viability and invasion, as well as angiogenesis, but inhibits apoptosis by 
activating the MEK/ERK pathway, which may be responsible for the progression of diabetic retinopathy.  
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Introduction
Diabetic retinopathy (DR) is a common microvascular 

complication of diabetes, which may cause vision loss and 
greatly impacts patients’ quality of life (Tan and Wong 
2023).  Globally, the prevalence of DR ranges from 13.37% 
to 35.90% in diabetes patients, and it is estimated that more 
than 100 million adults have DR in 2020 (Teo et al. 2021).  
Treatments for DR include laser therapy, vitrectomy, anti-
vascular endothelial growth factor (VEGF) drugs, and ste-
roids, which have made certain progress in improving the 
outcomes of DR patients (Stitt et al. 2016; Everett and 
Paulus 2021; Liu and Wu 2021).  However, none of these 

treatments could completely mitigate the clinical progres-
sion of retinal damage, and many DR patients do not 
respond well to certain treatments, resulting in a poor visual 
outcome (Stitt et al. 2016; Whitehead et al. 2018; Khan et 
al. 2020; Schreur et al. 2021; Purola et al. 2022).  Thus, 
exploring potential therapeutic targets that attenuate retinal 
damage is crucial to improve the clinical outcomes of DR 
patients.  

Cell division control protein 42 (CDC42) is a member 
of the Rho GTPases family, which has been found to partic-
ipate in the modulation of diabetic complications and reti-
nal vascular diseases (Huang et al. 2019; Uemura and 
Fukushima 2021).  According to a study, CDC42 is upregu-
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lated under high glucose (HG), which further causes podo-
cyte apoptosis and attenuates β-cell insulin secretion in type 
2 diabetic nephropathy mice (Jiang et al. 2022).  In addi-
tion, another study reports that HG-induced CDC42 partici-
pates in the change of the number and length of filopodia in 
podocytes, which is responsible for the pathology of dia-
betic nephropathy (Shen et al. 2016).  In terms of the role of 
CDC42 in retinal vascular development, CDC42 is respon-
sible for endothelial tip cell selection, directed cell migra-
tion, and filopodia formation in postnatal mouse retinas 
(Lavina et al. 2018).  At the same time, CDC42 activation 
promotes actin polymerization and cell motility thereby 
facilitating retinal angiogenesis in endothelial cells 
(Kusuhara et al. 2012).  Notably, exposure to HG leads to 
retinal endothelial cell proliferation and invasion, which 
further accelerates DR progression.  After that, retinal capil-
laries become nonperfused, leading to retinal ischemia.  The 
ischemic retina further secretes VEGF, which promotes 
vascular permeability, ultimately leading to angiogenesis 
(Chaudhary et al. 2021).  Considering that retinal cell pro-
liferation, invasion, and angiogenesis play an important role 
in DR progression, it is speculated that CDC42 may also 
engage in DR progression (Antonetti et al. 2021).  
However, relevant evidence is scarce.

The present study aimed to explore the involve-
ment of CDC42 in DR progression, and the underlying 
mechanism.  

Methods
Cell culture

Human retinal microvascular endothelial cells 
(hRMECs; Cell Systems, Kirkland, WA, USA) were cul-
tured in 10% fetal bovine serum (FBS; Sigma, St. Louis, 
MO, USA) containing Dulbecco’s Modified Eagle Medium 
(DMEM; Sigma).  A humidity condition of 5% CO2 at 37℃ 
was provided.  The hRMECs cultured with 5.5 mM glucose 
(catalog number: D6046; Sigma) or 25 mM glucose 
medium (catalog number: D0822; Sigma) were catalogued 
as normal glucose (NG) or HG group (Ji et al. 2022).  

Transfection and C16-PAF incubation
The hRMECs (5 ×105) in HG group were transfected 

with 0.8 ng overexpression plasmid and 50 pM small inter-
ference RNA (siRNA) of CDC42 (oe-CDC42 and si-
CDC42; GenePharma, Shanghai, China) or corresponding 
negative controls (oe-NC and si-NC, GenePharma) in the 
presence of Hilymax (Dojindo, Kumamoto, Japan) at 37℃.  
The non-transfected hRMECs were set as control.  At 48 
hours (h), the subsequent detections including reverse tran-
scription quantitative polymerase chain reaction 
(RT-qPCR), immunoblotting, cell counting kit-8 (CCK-8), 
TUNEL, Transwell and tube formation assays were con-
ducted.  After transfection of si-CDC42 or si-NC, the 
hRMECs was stimulated by platelet-activating factor C-16 
(C16-PAF; Yeasen, Shanghai, China) with an amount of 10 
nM (Xia et al. 2022; You et al. 2022).  After 48 h, the detec-

tions mentioned above were carried out.

Real-time quantitative polymerase chain reaction 
(RT-qPCR)

To complete RNA isolation, the RNApure kit 
(CWBIO, Beijing, China) was applied.  The cDNA 
Synthesis Kit (CWBIO) and UltraSYBR One Step 
RT-qPCR Kit (CWBIO) were adopted to complete reverse 
transcription and qPCR, respectively.  The primers were 
presented as follow: CDC42 forward, 5′-GGCGATGG 
TGCTGTTGGTAA-3′; CDC42 reverse, 5′-GCGGTCGT 
AATCTGTCATAATCCT-3′; GAPDH forward, 5′-GAGT 
CCACTGGCGTCTTCAC-3′, GAPDH reverse, 5′-ATCTT 
GAGGCTGTTGTCATACTTCT-3′.  With GAPDH being 
used as internal reference, the results were calculated by 
2-ΔΔCt method (Yuan et al. 2006).

Immunoblotting
Nuclear and Cytoplasmic Extraction Kit (CWBIO, 

Taizhou, China) and BCA Protein Assay Kit (CWBIO) 
were applied to lyse cells and quantify protein, accordingly.  
A 4-20% precast gel (Willget, Shanghai, China) was used to 
separate protein.  The protein was subsequently transferred 
to nitrocellulose membrane.  After being blocked by 5% 
bovine serum albumin (BSA; Servicebio, Wuhan, China), 
the membrane was incubated with primary antibodies over-
night at 4℃, followed by incubating with goat anti-rabbit 
secondary antibody (1:5,000, Servicebio) for 1.5 h at 37℃.  
At last, the membrane was visualized by ECL kit 
(Servicebio).  The primary antibody of CDC42 (Protech, 
Wuhan, China), MEK (1:5,000, Protech), p-MEK (1:2,000; 
Cell Signaling Technology, Danvers, MA, USA), ERK 
(1:5,000, Protech), p-ERK (1:2,000; Cell Signaling 
Technology) and GAPDH antibody (1:2,000, Servicebio).

CCK-8, TUNEL and Transwell
The cell viability was assessed by CCK-8.  In brief, 

CCK-8 reagent (Servicebio) was incubated with cells for 2 
h.  The optical density at 450 nm was measured by a micro-
plate reader (Biotek, Winooski, VT, USA).  The cell apop-
tosis was analyzed by TUNEL kit (Beyotime, Nantong, 
China).  In brief, the cells were incubated with TUNEL 
working solution for 1 h after being fixed in 4% parafor-
maldehyde.  The pictures were taken after the nucleus being 
stained by 4’,6-diamidino-2-phenylindole (DAPI).  The 
proportion of apoptotic cells was assessed by the following 
formula: number of red spots/number of blue spots × 100%.  
The invasion ability was assessed by Transwell.  In brief, 
the resuspended cells, which were in 1% FBS containing 
DMEM, were seeded in matrix matrigel (Yeasen) pe-coated 
transwell insert for 24 h.  Afterwards, the invaded cells 
were stained by crystal violet (Servicebio) and counted 
under an inverted microscope (Motic, Xiamen, China) with 
3 pictures were taken.
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Tube formation assays
In brief, the 96-well plates were coated by matrix 

matrigel (Yeasen) overnight.  Then, the resuspended single 
cells were planted on plates for 12 h.  The images with an 
amount of 3 were captured by an inverted microscope 
(Motic).

Data analysis
Graphpad Prism 9.0 (GraphPad Software, Boston, 

MA, USA) was used to analysis data, which were expressed 
as mean ± standard deviation (SD).  All experiments were 
triplicated.  Unpaired t-test or one-way ANOVA followed 
by Tukey’s multiple comparison was applied to determine 
the difference of groups.  P value less than 0.05 was consid-
ered as statistically significance.  

Results
Effect of HG in hRMECs

CDC42 mRNA was increased in the HG group vs. the 
NG group (P < 0.01) (Fig. 1A).  CDC42 protein was 
detected by immunoblotting (Fig. 1B), which suggested that 
CDC42 protein was elevated in the HG group compared to 

the NG group (P < 0.05) (Fig. 1C).  Cell viability was ele-
vated in the HG group vs. the NG group (P < 0.05) (Fig. 
1D).  TUNEL, Transwell, and tube formation assays were 
performed and cell apoptosis, invasive cell count, branch 
points, and tube length were analyzed (Fig. 1E).  In detail, 
cell apoptosis (P < 0.05) (Fig. 1F) was decreased, while 
invasive cell count (P < 0.05) (Fig. 1G), branch points (P < 
0.05) (Fig. 1H), and tube length (P < 0.01) (Fig. 1I) were 
increased in the HG group vs. the NG group.  

Effect of CDC42 on cell viability, apoptosis, invasion, and 
angiogenesis in hRMECs under HG

CDC42 mRNA level was increased in the oe-CDC42 
group vs. the oe-NC group (P < 0.001) but decreased in the 
si-CDC42 group vs. the si-NC group (P < 0.01) (Fig. 2A).  
By immunoblotting (Fig. 2B), CDC42 protein level was 
also increased in the oe-CDC42 group vs. the oe-NC group 
(P < 0.001), while reduced in the si-CDC42 group com-
pared to the si-NC group (P < 0.01) (Fig. 2C).  These find-
ings indicated the transfection was successful.  Cell viabil-
ity was enhanced in the oe-CDC42 group vs. the oe-NC 
group (P < 0.05) but decreased in the si-CDC42 group vs. 

Fig. 1.  High glucose (HG) facilitated CDC42 overexpression and diabetic retinopathy (DR) progression.  
	 CDC42 mRNA (A), representative images of CDC42 protein by immunoblotting (B), CDC42 protein (C), cell viability 

(D), representative images of cell apoptosis, invasion, and branch points/tube length by TUNEL, Transwell, and tube 
formation assays, respectively (E), cell apoptosis (F), invasive cell count (G), branch points (H), and tube length (I) 
were compared between the normal glucose (NG) and HG groups.  The experiments were triplicated.  Statistical analy-
sis was performed by Student’s t-test. *P < 0.05, **P < 0.01
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the si-NC group (P < 0.01) (Fig. 2D).  Cell apoptosis was 
decreased in the oe-CDC42 group vs. the oe-NC group (P < 
0.05) but increased in the si-CDC42 group vs. the si-NC 
group (P < 0.05) (Fig. 2E); while invasive cell count 
showed the opposite trend as cell apoptosis (both P < 0.05) 
(Fig. 2F), which were exhibited by TUNEL and Transwell, 
respectively (Fig. 2G).  According to tube formation assays 
(Fig. 3A), branch points (Fig. 3B) and tube length (Fig. 3C) 
were increased in the oe-CDC42 group vs. the oe-NC group 
(both P < 0.05) but reduced in the si-CDC42 group com-
pared to the si-NC group (both P < 0.05).

Effect of CDC42 on the MEK/ERK pathway in hRMECs 
under HG

Immunoblotting was carried out to detect MEK, 

p-MEK, ERK, and p-ERK in hRMECs under HG (Fig. 4A).  
It was found that p-MEK/MEK (Fig. 4B) and p-ERK/ERK 
(Fig. 4C) were increased in the oe-CDC42 group vs. the 
oe-NC group (both P < 0.01); however, they were decreased 
in the si-CDC42 group vs. the si-NC group (both P < 0.05).

Effect of C16-PAF on CDC42-mediated MEK/ERK pathway 
in hRMECs under HG

CDC42 mRNA level was not different in the C16-PAF 
group vs. the NC group (P > 0.05) and in the si-CDC42 
group vs. the si-CDC42 + C16-PAF group (P > 0.05) (Fig. 
5A).  By immunoblotting (Fig. 5B), CDC42 protein exhib-
ited the same trend as CDC42 mRNA (both P > 0.05); 
while p-MEK/MEK and p-ERK/ERK were increased in the 
C16-PAF group vs. the NC group (both P < 0.01), and in 

Fig. 2.  CDC42 promoted cell viability and invasion but reduced apoptosis in hRMECs under high glucose (HG).  
	 CDC42 mRNA (A), representative images of CDC42 protein by immunoblotting (B), CDC42 protein (C), cell viability 

(D), apoptosis (E), invasive cell count (F), representative images of cell apoptosis and invasion by TUNEL and 
Transwell assays (G) were compared among the control, oe-NC, oe-CDC42, si-NC, and si-CDC42 groups.  The experiments 
were triplicated.  Statistical analysis was performed by one-way ANOVA followed by Tukey’s multiple comparison.  *P 
< 0.05, **P < 0.01, ***P < 0.001.
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the si-CDC42 + C16-PAF group vs. the si-CDC42 group 
(both P < 0.05) (Fig. 5C).

Effect of C16-PAF on CDC42-mediated cell viability, apop-
tosis, invasion, and angiogenesis in hRMECs under HG

Cell viability was elevated in the C16-PAF group vs. 
the NC group (P < 0.01), and in the si-CDC42 + C16-PAF 

group vs. the si-CDC42 group (P < 0.05) (Fig. 6A).  Cell 
apoptosis was decreased in the C16-PAF group vs. the NC 
group (P < 0.01), as well as in the si-CDC42 + C16-PAF 
group compared to the si-CDC42 group (P < 0.05) (Fig. 
6B), but invasive cell count showed the opposite trend as 
cell apoptosis (both P < 0.05) (Fig. 6C).  The representative 
images for cell apoptosis by TUNEL and invasion by 
Transwell assays were shown in Fig. 6D.  Tube formation 
assays (Fig. 7A) suggested that branch points (Fig. 7B) and 
tube length (Fig. 7C) were increased in the C16-PAF group 
vs. the NC group (both P < 0.05), and in the si-CDC42 + 
C16-PAF group compared to the si-CDC42 group (both P < 
0.05).  

Discussion
HG is one of the major causes of the occurrence and 

progression of DR, and several studies have disclosed the 
engagement of HG in DR (Wang et al. 2020; Tan et al. 
2021; Huang et al. 2022; Sun et al. 2022).  For example, 
one study elucidates that HG leads to the overexpression of 
po ly  (ADP-r ibose)  po lymerase  1  (PARP1)  by 
N6-methyladenosine modification, which further contrib-
utes to the progression of DR (Sun et al. 2022).  
Meanwhile, HG impairs viability, suppresses autophagy, 
and facilitates cell pyroptosis in retinal pigment epithelial 
(RPE) cells (Huang et al. 2022).  In addition, HG induces 
cell proliferation, migration, and angiogenesis in hRMECs 
(Wang et al. 2020).  Notably, the current study also found 
that CDC42 was increased under HG in hRMECs.  This 
finding was partly in line with a previous study, which dis-
covers that CDC42 is upregulated under HG in human renal 
tubular epithelial cells (Li et al. 2020).  The reason behind 
this might be that HG could induce cytoskeletal reorganiza-
tion; meanwhile, CDC42 was a key regulatory of cytoskel-
etal reorganization, which could reflect the cytoskeletal 
changes (Jiang et al. 2022).  Therefore, an increase in 
CDC42 was observed under the HG condition.

Fig. 4.  CDC42 activated MEK/ERK pathway in hRMECs un-
der high glucose (HG).  

	 Representative images of MEK and ERK by immunob-
lotting (A), and protein levels of p-MEK/MEK (B) and 
p-ERK/ERK (C) were compared among the control, oe-
NC, oe-CDC42, si-NC, and si-CDC42 groups.  The ex-
periments were triplicated.  Statistical analysis was per-
formed by one-way ANOVA followed by Tukey’s 
multiple comparison.  *P < 0.05, **P < 0.01.

Fig. 3.  CDC42 accelerated angiogenesis in hRMECs under high glucose (HG).  
	 Representative images of branch points and tube length by tube formation assay (A), branch points (B) and tube length (C) 

were compared among the control, oe-NC, oe-CDC42, si-NC, and si-CDC42 groups.  The experiments were triplicated.  
Statistical analysis was performed by one-way ANOVA followed by Tukey’s multiple comparison.  *P < 0.05, **P < 0.01.
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CDC42, as a member of the Rho GTPases family, has 
been found to be engaged in the development of retinal 
angiogenesis (Uemura and Fukushima 2021).  According to 
a previous study, the activation of CDC42 facilitates filopo-
dia formation in human retinal endothelial cells (hRECs) 
(Shen et al. 2021).  In addition, VEGF-induced CDC42 
activation promotes retinal angiogenesis by enhancing actin 
polymerization and cell motility in endothelial cells 
(Kusuhara et al. 2012).  Moreover, CDC42 inhibition 
reduces tip cell and vascular network formation during 
mouse retinal angiogenesis (Fantin et al. 2015).  In the cur-
rent study, it was found that CDC42 boosted cell viability 
and invasion, as well as angiogenesis but attenuated cell 
apoptosis in hRMECs under HG, while the downregulation 
of CDC42 exhibited an opposite trend.  A potential explana-
tion would be that CDC42 might regulate Rho-associated 
protein kinase (ROCK) and MEK/ERK pathway to enhance 
cell viability, invasion, and angiogenesis while reducing 
cell apoptosis, thereby involving in the progression of DR 
(Tenconi et al. 2019; Shen et al. 2021).  

MEK/ERK pathway plays a fundamental role in the 
pathogenesis of various retinal vascular diseases, including 
DR (Qin et al. 2013; Tenconi et al. 2019; Hsiao et al. 2021).  
A previous study indicates that the inhibition of the MEK/
ERK pathway regulates human retinal pigment epithelial 
cell viability and caspase-3 activation under HG (Tenconi et 
al. 2019).  Meanwhile, another study figures out that the 
blockage of the MEK/ERK pathway inhibits HG-induced 
human retinal vascular endothelial cell proliferation, migra-
tion, and neovascularization (Li and Xiao 2021).  
Furthermore, the MEK/ERK pathway is also responsible 
for human RPE cell proliferation, migration, and collagen I 
expression under HG (Qin et al. 2013).  More importantly, 
one previous study figures out that CDC42 activates the 

MEK/ERK pathway to regulate angiogenesis (Chen et al. 
2021).  Partly in line with this previous study (Chen et al. 
2021), the present study found that CDC42 positively regu-
lated the MEK/ERK pathway in hRMECs under HG.  A 
possible reason could be that CDC42 could interact with 
phospholipase D (PLD) and secretogranin III (Scg3) to reg-
ulate the MEK/ERK pathway (Jin et al. 2013; Tang et al. 
2018; Tenconi et al. 2019).  In addition, it was also found 
that the addition of C16-PAF attenuated the effect of down-
regulated CDC42 on the MEK/ERK pathway, as well as 
weakened the implication of downregulated CDC42 on cell 
viability, invasion, and angiogenesis in hRMECs under HG.  
The explanation behind this could be that downregulated 
CDC42 could modulate several proteins (mentioned above) 
to inhibit MEK/ERK pathway, thereby retarding DR pro-
gression (Jin et al. 2013; Tang et al. 2018; Tenconi et al. 
2019).  However, whether the regulation of CDC42 in the 
MEK/ERK pathway was direct or indirect should be vali-
dated by further experiments.

Notably, anti-VEGF therapy has made some progress 
in treating DR patients, since VEGF is a key modulatory in 
DR progression, which promotes retinal endothelial cell 
proliferation, and its excessive secretion stimulates angio-
genesis (Stitt et al. 2016).  However, some DR patients still 
cannot respond well to anti-VEGF therapy, resulting in a 
poor visual outcome.  In this study, it was found that 
CDC42 could activate the MEK/ERK pathway to partici-
pate in the DR progression.  Considering the involvement 
of CDC42 in DR, CDC42 might serve as a potential target 
in DR patients.  

To sum up, CDC42 exacerbates HG-induced hRMEC 
viability, invasion, and angiogenesis, but attenuates apopto-
sis by activating the MEK/ERK pathway, which may be 
responsible for the progression of Dr. These findings sug-

Fig. 5.  C16-PAF attenuated the effect of downregulated CDC42 on the MEK/ERK pathway in hRMECs under high glucose 
(HG).  

	 CDC42 mRNA (A), representative images of CDC42, MEK, and ERK by immunoblotting (B), and protein levels of 
CDC42, p-MEK/MEK, and p-ERK/ERK (C) were compared among the control, NC, si-CDC42, C16-PAF, and si-
CDC42 + C16-PAF groups.  The experiments were triplicated.  Statistical analysis was performed by one-way ANOVA 
followed by Tukey’s multiple comparison.  *P < 0.05, **P < 0.01, ***P < 0.001.
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gest that targeting CDC42 may be a potential treatment for 
DR patients.  Acknowledgments

This study was supported by Hunan Provincial Natural 
Science Foundation of China (2021JJ70063).

Fig. 7.  C16-PAF decreased the effect of downregulated CDC42 on angiogenesis in hRMECs under high glucose (HG).  
	 Representative images of branch points and tube length by tube formation assay (A), branch points (B) and tube length (C) 

were compared among the control, NC, si-CDC42, C16-PAF, and si-CDC42 + C16-PAF groups.  The experiments were 
triplicated.  Statistical analysis was performed by one-way ANOVA followed by Tukey’s multiple comparison.  *P < 
0.05, **P < 0.01.

Fig. 6.  C16-PAF diminished the effect of downregulated CDC42 on cell viability, apoptosis, and invasion in hRMECs under 
high glucose (HG).  

	 Cell viability (A), cell apoptosis (B), invasive cell count (C), and representative images of cell apoptosis and invasion 
by TUNEL and Transwell assays (D) were compared among the control, NC, si-CDC42, C16-PAF, and si-CDC42 + 
C16-PAF groups.  The experiments were triplicated.  Statistical analysis was performed by one-way ANOVA followed 
by Tukey’s multiple comparison.  *P < 0.05, **P < 0.01.
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