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ABSTRACT
Aims/Introduction: Ginsenoside Rg1 is an active ingredient found mainly in ginseng
that has a variety of pharmacological effects, such as hypoglycemic, antioxidant, and anti-
inflammatory effects, and it inhibits vascular formation. In this study, we explored the
effect of ginsenoside Rg1 on angiogenesis in diabetic retinopathy (DR) on the basis of its
ability to inhibit angiogenesis and the specific molecular mechanism involved.
Materials and Methods: We induced an in vivo model of diabetes by injection of
55 mg/kg streptozotocin (STZ) into the abdominal cavity of SD rats daily for 3 days.
Moreover, human retinal microvascular endothelial cells (HRMECs) were treated with
30 mmol/L glucose for 24 h to construct a high-glucose (HG) cell model in vitro. The
expression of related genes and proteins was detected by RT-qPCR and Western blotting.
HRMECs and retinal damage were evaluated by CCK-8, scratch, tube formation assays, and
HE staining.
Results: In this study, Rg1 inhibited HG-induced angiogenesis of HRMECs and inhibited
STZ-induced vascular leakage and capillary degeneration in vivo, alleviating the
progression of DR. Mechanistically, Rg1 upregulated the expression of FBXW7 by
inhibiting miR-100-3p, thereby promoting the ubiquitination and degradation of c-MYC,
inhibiting HG-induced HRMECs proliferation, migration, invasion, and angiogenesis, and
improving the development of DR.
Conclusions: Overall, our study demonstrates that ginsenoside Rg1 can inhibit DR
angiogenesis via the miR-100-3p/FBXW7/c-MYC molecular axis. These findings provide a
novel idea for the treatment of DR and provide an experimental basis for further research
on the application of Rg1 in the treatment of DR.

INTRODUCTION
Diabetic retinopathy (DR), a prevalent microvascular complica-
tion of diabetes, is a primary contributor to vision impairment
among elderly individuals1. By 2010, more than 100 million
individuals were impacted by this issue globally, a number pro-
jected to surpass 190 million by 20302. The initial clinical mani-
festations of DR include microaneurysms, hemorrhagic spots,
cotton-wool spots, and abnormalities in the microvasculature
within the retina3. As the severity of DR worsens, capillary

nonperfusion results in retinal ischemia. This ischemia stimu-
lates the overexpression of proangiogenic cytokines, leading to
the development of abnormal neovascularization within the ret-
ina and vitreous4. Laser therapy and vitrectomy, two common
treatments for DR, can slow the progression of the disease.
However, the use of these therapies in clinical practice is inevi-
tably restricted by specific factors5. Consequently, understanding
the mechanisms that control DR neovasculature and discover-
ing effective therapeutic drugs are crucial.
For centuries, traditional Chinese medicine has incorporated

ginseng into various treatments. A purified saponin known as†Contributed equally to this work.
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Rg1, derived from ginseng, has shown promising effects,
including quick alleviation of tiredness, slowing down the
effects of aging, boosting the activity of the central nervous
system, preventing blood platelets from sticking together, and
improving cognitive functions such as learning and memory6.
Rg1 has also been shown to be useful for treating obesity7,
cancer8, acute lung injury9, and arthritis10. In addition, previ-
ous studies have shown that Rg1 has strong antioxidant and
hypoglycemic activities11,12. Our previous studies found that
Rg1 inhibited high glucose-induced retinal endothelial cell pro-
liferation, migration, angiogenesis, and VEGF expression
through the lncRNA SNG7/mir-216-5p/SIRT3 axis13. DR is a
complex multifactorial disease whose pathogenesis involves
aberrant regulation of numerous molecular pathways and cel-
lular processes. Although the effect of Rg1 on retinal endothe-
lial cells by modulating the lncRNA SNG7/miR-2116-5p/
SIRT3 axis has been previously identified, a single molecular
axis may not fully explain the full mechanism of action of
Rg1 in DR. Therefore, this study will continue to study new
molecular axes in order to better understand the role of Rg1
in the development of DR and reveal more potential patho-
physiological mechanisms.
MicroRNAs (miRNAs) are a class of single-stranded RNA

molecules approximately 20–24 nt long that can specifically
inhibit or target specific mRNAs and participate in the regu-
lation of important cell signaling pathways, such as those
related to cell development, proliferation, differentiation, and
apoptosis14. In recent years, many miRNAs have been shown
to play a role in regulating the progression of DR15. miR-
100-3p is a member of a large miRNA family, and the upre-
gulation of miR-100-3p may lead to obesity and insulin
resistance, which in turn affect the normal metabolic func-
tion of the body16. Furthermore, miR-100-3p plays a role in
controlling the growth, movement, blood vessel formation,
and lymphatic vessel formation of lymphatic endothelial
cells17. However, the role of miR-100-3p in the progression
of DR remains unclear.
Moreover, previous studies in the field of DR have indicated

that suppressing F-box and WD-40 domain proteins (FBXW7)
can promote angiogenesis in human retinal endothelial cells18.
FBXW7 is one of the key recognizers of the ubiquitin–
proteasome degradation pathway and can reduce the expression
of many oncogene proteins, such as c-MYC19. More impor-
tantly, c-MYC also promotes endothelial cell angiogenesis20.
Zhang et al.21 reported that eliminating c-MYC may accelerate
the secretion of pro-inflammatory cytokines derived from
M€uller cells, leading to a reduction in the progression of DR in
live animals. Therefore, we hypothesized that the FBXW7/
c-MYC axis is involved in angiogenesis in DR.
In summary, this study aimed to explore the specific mecha-

nism by which ginsenoside Rg1 inhibits the progression of DR
in order to better understand the etiology of DR and provide
new ideas and methods for the treatment of DR.

MATERIALS AND METHODS
Construction and grouping of animal models
Forty 8-week-old male SD rats weighing between 200 and
240 g were obtained from the Animal Experiment Center at
Kunming Medical University. SPF rats are housed at a temper-
ature of 26–28°C, 40–70% humidity, and are provided with a
12 h light and 12 h dark cycle. Following a 1-week acclimatiza-
tion period, the rats were randomly allocated into four distinct
groups. The DR rat model (n = 10) was constructed by intra-
peritoneal injection of streptozotocin (STZ, 55 mg/kg, dissolved
in sodium citrate solution, 0.1 mmol/L, pH 4.5) daily for
3 days22. Following 3 days, fasting blood glucose was measured
by posterior caudal vein sampling. To collect the blood, the rats
were gently restrained, and the area around the posterior caudal
vein was cleaned and disinfected. A small incision was made,
and blood was drawn using a heparin-coated capillary tube.
The volume of blood collected was sufficient for measuring
fasting blood glucose levels. If the blood glucose concentration
was greater than 16.7 mmol/L, the diabetes model was consid-
ered to be successfully established. The normal control group
(n = 10) was given the same dose of sodium citrate buffer as
the model group for 3 days. In addition, the Rg1 (HY-N0045,
MedChem Express, USA; solvent 10% DMSO and 90% (20%
SBE-b-CD in saline) were added sequentially to dissolve Rg1)
treatment group (n = 20) was given 30 or 60 mg/kg Rg1 via
intragastric administration to DR rats once a day for 8 weeks.
After 8 weeks, body weight and fasting blood glucose levels
were measured, and the animals were sacrificed. Rat eyeballs
were collected, and five rat eyeballs per group were used for
the Evans Blue experiment; the remaining five rat eyeballs in
each group were used for the HE staining, immunofluorescence
staining, and retinal trypsin digestion experiment.

Evans blue staining
The rats were anesthetized with 4% isoflurane, cannulated in
the right carotid artery and iliac artery, injected with heparin
saline, and injected with 45 mg/kg Evans blue in the jugular
vein for more than 10 s. After 120 min, the animals were anes-
thetized, and 0.2 mL of blood was obtained. Subsequently, they
were flushed with PBS, and the left ventricle was perfused with
1% paraformaldehyde. The cornea, lens, and vitreous humor
were excised, whereas the retina and sclera were fixed in 4%
paraformaldehyde at room temperature for 3 min. The treated
retinas were immersed in dimethylamide (Sigma Aldrich, St.
Louis, MO) at 78°C for a period of 12 h and then subjected to
centrifugation at 12,000 9 g for 15 min, followed by exposure
to light at 620 nm (blue), and the analysis was performed at
740 nanometers for background measurement.

Assessment of acellular capillaries
The eyeballs of the rats in both the model and control groups
were surgically removed and then preserved in a 4% parafor-
maldehyde solution for a 24-h period. The retina was
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subsequently extracted and treated with 2% trypsin at 37°C for
3 h. The tissue was gently agitated until the retina separated,
rinsed thoroughly, mounted onto a glass slide, dried, and subse-
quently dissociated using a combination of iodate Schiff and
hematoxylin staining techniques to visualize the retinal
structure.

HE staining
We collected the eyeballs of the rats and rinsed them with a
1% PBS solution to ensure retinal tissue integrity. Then, the tis-
sue was fixed with 4% paraformaldehyde for 2 h for subse-
quent experiments. The preserved retinal tissue was then
embedded in paraffin and sectioned into thin 5 lm slices. The
paraffin-embedded slices were dewaxed in xylene, followed by
treatment with a gradient alcohol series, hematoxylin staining
for 7 min, differentiation in 5% ethanol for 5 s, and eosin
staining for 1 min. Upon completion of staining, a second
round of staining with gradient alcohol was conducted. The
sections were subsequently allowed to air dry naturally, and the
pathological alterations in the retinas of DR rats were observed
under a microscope (400857, Nikon, Japan).

Immunofluorescence
Rat eyeballs were collected and fixed in 4% paraformaldehyde
for 2 h. The fixed eyeball was rinsed with PBS, then dehy-
drated, embedded, and cut into 5 lm slices. The processed sec-
tions were incubated at 3 g/L Triton X-100 for 1 h at 4°C.
After removal from Triton X-100, goat serum was added drop-
wise to block antigen at room temperature for 2 h. Aspirate
the blocking solution, add appropriate dilutions of CD31 anti-
body and VEGF antibody dropwise, respectively, place the sec-
tions in a wet box, and incubate overnight at 4°C. After the
primary antibody incubation, take the sections out of the
humid box, rinse with PBS, add the fluorescent-labeled second-
ary antibody, and incubate in the humid box at room tempera-
ture in the dark for 1 h. After the secondary antibody
incubation, rinse with PBS, add DAPI staining solution on the
sections, and incubate at room temperature in the dark for
10 min. After rinsing with PBS, add anti-fluorescence quench-
ing mounting medium on the sections and cover with a cover-
slip. Place the mounted slide under a fluorescence microscope
(400857, NiKon, Tokyo, Japan) for observation and take pic-
tures for recording.

Cell culture and transfection
Human retinal microvascular endothelial cells (HRMECs) were
acquired from Shenzhen Otwo Biotech Co., Ltd (Item No.:
HTX1981). Under the microscope, HRMEC cells were observed
to be flat, polygonal, or irregular in shape, and the cells were
closely packed and connected to each other to form a
paver-like appearance. HRMECs were maintained in DMEM
containing 10% fetal bovine serum, 100 U/mL penicillin, and
100 lg/mL streptomycin (Gibco). The cells were incubated at
37°C with 5% CO2 for standard culture. In vitro culture of the

HRMECs was performed with glucose concentrations of 5.5
and 30 mmol/L for 24 h to establish the normal and
high-glucose groups (HG group), respectively23. After the HG
model was constructed, cells were cultured with 10 mM Rg1
for 24 h. To prepare Rg1 for cell processing, accurately weigh
1 mg of Rg1 powder and dissolve it in cell culture grade
DMSO (0.1248 mL) to achieve a final concentration of
10 mM. For the purpose of inhibiting protein synthesis or deg-
radation, 100 lg/mL CHX (a protein synthesis inhibitor) for
durations of 0, 1, 3, or 6 h or 20 lM MG132 (protease somatic
inhibitor) for 8 h was administered to the cells, after which the
c-MYC expression level was assessed via western blot analysis.
HRMECs were cultured overnight in 24-well plates, and

when the cell density reached approximately 60–70%, siRNA
plasmids or mimics (si-NC, si-FBXW7, NC mimic, or miR-
100-3p mimic) were added to the medium at a final concentra-
tion of 100 nM according to the instructions of the Lipofecta-
mine 3000 reagent (Invitrogen, Grand Island, NY, USA). The
cells were incubated at 37°C in a 5% CO2 incubator for 48 h,
after which the transfection efficiency was measured.

Western blot analysis
Cell protein extraction: HRMECs in the logarithmic growth
phase were digested with pancreatic enzymes, collected in a
centrifuge tube, and centrifuged. The supernatant was removed,
and RIPA lysis buffer (containing 1% protease inhibitors) was
added for cell lysis. Finally, the cell proteins were obtained by
centrifuging the lysate and removing the supernatant. Retinal
protein extraction: Retinal tissue was removed from the rats,
cleaned with precooled saline, cut into small pieces, and added
to RIPA lysis buffer. Then, the samples were centrifuged, the
supernatant was collected, and tissue protein was obtained. The
protein concentrations of the cells and tissues were determined
with a BCA detection kit (Thermo Scientific, USA). Total pro-
teins (40 lg per lane) were separated via SDS-PAGE, trans-
ferred to PVDF membranes (Millipore, USA), and then
blocked with 5% skim milk powder at room temperature for
1.5 h. The membranes were incubated with primary antibodies
against FBXW7 (1:1,000, ab192328, Abcam, UK), c-MYC
(1:1,000, ab32072, Abcam, UK), and GAPDH (1:1,000,
ab181602, Abcam, UK) at 4°C overnight. The membrane was
then incubated with a secondary antibody (1:4,000, ab97051,
Abcam, UK) at room temperature for 1 h, followed by devel-
opment with an enhanced chemiluminescence (ECL) kit (Milli-
pore, USA). Finally, semiquantitative analysis of the bands was
conducted using ImageJ software (V1.8.0.112, National Insti-
tutes of Health, Bethesda, MD, USA).

RT-qPCR
HRMECs were collected by centrifugation, rat retinal tissue was
ground into a fine powder with liquid nitrogen and collected
into a centrifuge tube, TRIzol� reagent was added to the cen-
trifuge tube containing cell samples and tissue samples, the cell
membrane and organelles were lysed, and RNA was released.
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Purified RNA was then obtained by chloroform extraction, iso-
propanol precipitation, and 75% ethanol washing following the
instructions for TRIzol reagent. The RNA was subsequently
reverse transcribed into cDNA via a First-Strand cDNA Synthe-
sis Kit (Gennode, China). Real-time fluorescence quantitative
PCR was performed using the SYBR Green real-time PCR kit
(Solarbio, China), with U6 as an internal reference, and the
data were analyzed using the 2-DDCt method. The sequences of
primers used are detailed in Table 1.

CCK-8
HRMECs were plated at a density of 5 9 103 cells per well in
96-well plates and incubated at 37°C in a 5% CO2 environment
for 24 h. The cells were subjected to specific treatments based
on their assigned groups. Following treatment, 10 lL of CCK-8
reagent (C0037, Beyotime, China) was added to each well. The
optical density at 450 nm was subsequently determined using a
microplate reader (ELX800, BioTeK, UK) to assess cell viability.

Scratch assay
HRMECs that were in the logarithmic growth phase were cho-
sen. Following the standard procedure for digestion and passag-
ing of the cells, they were then plated onto 24-well dishes.
Once the cell density reached 90%, a scratch was created using
a pipette tip. After 24 h of culture, the migration of the cells
was examined using a microscope (Eclipse 80i, Nikon, Tokyo,
Japan), and images were captured.

Transwell assay
Cell invasion was evaluated using Transwell migration invasion
nested membranes (LOT 06222041, Corning Incorporated,
Corning, NY, USA). The HRMECs in each category were
adjusted to a concentration of 1 9 105 cells/mL in serum-free
DMEM. Two hundred microliters of the cell suspension were
placed in the top chamber of a Matrigel-coated Transwell. In
the lower chamber of a 24-well plate, 600 lL of DMEM sup-
plemented with 10% fetal calf serum was added. Following a
24-h incubation period, the cells in the lower chamber were

fixed with 4% paraformaldehyde, stained with crystal violet
(Solarbio, China), and observed under an inverted microscope
(CKX53, OLYMPUS, Japan). The cells were counted at a con-
sistent location within each well, with five fields chosen for
counting and visualization.

Tube formation assay
First, 50 lL of Matrigel was added to a prechilled 96-well plate,
and the plate was subsequently placed in an incubator at 37°C
for half an hour to allow the Matrigel to solidify into a gel. Fol-
lowing the dissociation of HRMECs from each condition with
trypsin, the plates were seeded at a rate of 2 9 104/well. The
cells were plated in 96-well plates covered with Matrigel. After
the cells were incubated at 37°C in a 5% CO2 incubator for
12 h, they were examined and imaged using an inverted
microscope.

Ubiquitination assay
MG132 (Sigma–Aldrich), a cell-permeable proteasome inhibitor,
was introduced to the cell cultures for a duration of 6 h. Subse-
quently, immunoprecipitation lysis buffer that included protease
inhibitors and phosphatase inhibitors was applied for a period
of 30 min. Subsequently, the lysates were subjected to immuno-
precipitation using an anti-c-MYC antibody (ab32072, Abcam,
UK) at a dilution of 1:500 or immunoglobulin G (IgG; ab6709,
Abcam, UK) at a dilution of 1:5,000, and rotation was main-
tained at 4°C throughout the night. Analysis of c-MYC ubiqui-
tination was performed with an anti-ubiquitin antibody, and
the immunoprecipitated proteins were subjected to Western
blot analysis.

Dual-luciferase assay
The predicted binding sites for miR-100-3p and FBXW7 were
identified using the bioinformatics website at https://www.
targetscan.org/vert_80/. The 30-untranslated region (30-UTR) of
FBXW7, which contains the binding site for miR-100-3p, was
subsequently cloned and inserted into the pGL3 vector (Pro-
mega) to create the wild-type (WT) FBXW7 vector. Mutations
in the FBXW7 vector (MUT) were introduced via a
site-directed mutagenesis kit. The 293T cells were cotransfected
with either the WT or MUT vectors along with cells overex-
pressing miR-100-3p or a negative control using Lipofectamine
3000. After a 48-h period, luciferase activity was measured via
a dual-luciferase reporter assay system.

Bioinformatics analysis
The GEOquery package of R software was used to download
the MicroRNAs data set GSE74296 from the GEO database.
The samples in the data set were Homo sapiens, and the
samples were based on the GPL21059 platform. Three groups
were used as the control group: GSM1917600_0 mM glucose
for 12 h, GSM1917601_0 mM glucose for 24 h, and
GSM1917602_0 mM glucose for 48 h. Three groups of
samples, GSM1917621_40 mM glucose-24 h and

Table 1 | Primer sequences for RT–qPCR

Target Sequence (F:Forward primer; R:Reversed primer)

miR-488-5p (HUM) F:50-GCGCCCAGATAATGGCAC-30

R:50-AGTGCAGGGTCCGAGGTATT-30

miR-577 (HUM) F:50-CGCGCGTAGATAAAATATTGG-30

R:50-AGTGCAGGGTCCGAGGTATT-30

miR-100-3p (HUM) F:50-GCGCGCAAGCTTGTATCTATA-30

R:50-AGTGCAGGGTCCGAGGTATT-30

miR-100-3p (RAT) F:50-GCGCGCAAGCTTGTGTCT-30

R:50-AGTGCAGGGTCCGAGGTATT-30

U6 F:50-CTCGCTTCGGCAGCACA-30

R:50-AACGCTTCACGAATTTGCGT-30
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GSM1917622_40 mM glucose-48 h, were analyzed as the
experimental groups. The differentially expressed genes (DEGs)
in the GSE140797 data set were screened via the limma pack-
age to determine the differences in the sample DEGs. The
ggplot2 package was used to draw volcano maps and heatmaps
of the DEGs to visualize the different conditions of the DEGs.

Statistical analysis
The mean – standard deviation (SD) was used to express all
experimental data. GraphPad Prism 7 was used for data analy-
sis and visualization. The cell experiments were repeated at least
three times, and the animal experiments were repeated at least
five times. Two-group comparisons were conducted via a t test,
whereas multiple-group comparisons were performed using
one-way ANOVA or two-way ANOVA. A statistically signifi-
cant difference was determined by a P value of <0.05.

RESULTS
Ginsenoside Rg1 attenuates diabetes-induced retinal
angiogenesis in vivo
First, the impact of Rg1 on DR rats was observed. The body
weights and blood glucose levels of the rodents were measured,
revealing that STZ administration resulted in a reduction in
body weight and an increase in blood glucose levels in the rats.
However, these effects were partially mitigated following Rg1
intervention (Figure 1a,b). At the same time, Rg1 treatment can
increase insulin levels and glucose transporter GLUT4 expres-
sion and inhibit glucose transporter GLUT1 expression
(Figure 1c,d). The Evans blue results showed that STZ treat-
ment caused retinal blood vessel dilation, leakage, and leakage
spots compared with the Control group, and the Rg1 treatment
reduced retinal blood vessel leakage (Figure 1e). Experiments
involving trypsin digestion of the retina revealed that retinal
blood vessels were disrupted by STZ treatment, exhibited irreg-
ular patterns, and had obstructed lumens.#P < 0.05 Treatment
with Rg1 alleviated the deterioration of retinal capillaries follow-
ing STZ treatment (Figure 1f). HE staining revealed that the
arrangement of the retinal inner core layer (INL) and outer
nuclear layer (ONL) cells was disordered, the number of gan-
glion cell layer (GCL) cells was reduced, and the nuclear mor-
phology was abnormal in the STZ group. Rg1 treatment
alleviated the pathological changes in retinal tissue (Figure 1g).
The immunofluorescence analysis indicated that the administra-
tion of STZ resulted in a notable increase in the levels of CD31
and VEGF within the retinal tissues of the rats. Moreover, the
impact of these changes was somewhat mitigated following the
application of Rg1 (Figure 1h). These results indicate that Rg1
can significantly improve diabetes-induced retinal angiogenesis
in rats.

Ginsenoside Rg1 inhibits high glucose-induced proliferation,
migration, invasion, and angiogenesis in HRMECs
Next, the effect of Rg1 on HG-induced HRMECs was exam-
ined. First, we observed that the viability of HRMECs was

increased by HG treatment, with the introduction of Rg1 miti-
gating the HG-triggered increase in cell viability (Figure 2a). In
addition, the migration and invasion of HRMECs were induced
by HG, whereas treatment with Rg1 resulted in a reduction in
both cell migration and invasion (Figure 2b,c). Furthermore,
treatment with HG stimulated angiogenesis in HRMECs,
whereas the introduction of Rg1 hindered this process
(Figure 2d). These findings suggest that Rg1 has the potential
to suppress the proliferation, migration, invasion, and angiogen-
esis triggered by HG in HRMECs.

Ginsenoside Rg1 inhibition of HRMECs cell proliferation,
migration, invasion, and angiogenesis is associated with
FBXW7
Previous studies have indicated that the control of FBXW7
expression has the potential to impede neovascularization in
diabetic retinopathy24. To determine whether Rg1 inhibits
HG-induced damage to HRMECs by controlling FBXW7, we
first examined FBXW7 expression in HRMECs and rats. Our
results revealed that FBXW7 levels were decreased in rats with
STZ-induced diabetes and HRMECs exposed to HG, and that
treatment with Rg1 increased FBXW7 expression (Figures S1A
and 3a). Subsequently, FBXW7 was knocked down in
HRMECs, which led to a substantial decrease in FBXW7
expression levels (Figure 3b). Furthermore, knocking down
FBXW7 reversed the inhibitory effects of Rg1 on the prolifera-
tion, migration, invasion, and angiogenesis of HRMECs
induced by HG (Figure 3c–f). These findings demonstrate that
ginsenoside Rg1 effectively suppressed the proliferation, migra-
tion, invasion, and angiogenesis of HRMECs induced by HG
by upregulating FBXW7 expression.

Ginsenoside Rg1-mediated activation of FBXW7 decreases the
protein stability of c-MYC
Previous studies have shown that increased c-MYC levels can
increase angiogenesis triggered by HG and facilitate the migra-
tion of retinal endothelial cells25. Additionally, FBXW7 func-
tions as a recognized c-MYC E3 ubiquitin ligase. Therefore, we
explored the subsequent regulatory pathways of FBXW7 to
determine whether Rg1 impacts the durability of the c-MYC
protein via FBXW7 activation. First, c-MYC levels were
assessed in both rats and HRMECs. The results revealed
increased c-MYC levels in STZ-induced rats and HG-induced
HRMECs. Subsequent Rg1 administration decreased c-MYC
levels, whereas FBXW7 knockdown increased c-MYC expres-
sion (Figures S1A and 4a). The Western blot results revealed
that treatment with Rg1 markedly increased the level of
FBXW7 expression and suppressed the expression of c-MYC
(Figure 4b). In addition, MG132 was utilized to inhibit protein
degradation via proteasomes, followed by analysis of c-MYC
expression. The results revealed that in cells treated with Rg1,
the degradation level of c-MYC markedly decreased after
MG132 treatment. These findings suggest that c-MYC is a sub-
strate for proteasomes (Figure 4c). Next, CHX was applied to
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the cells, and the c-MYC protein degradation rate in the Rg1
group markedly increased compared with that in the NC
group. These findings suggest that Rg1 has the potential to
decrease the stability of the c-MYC protein (Figure 4d). Finally,
we investigated the ubiquitination of c-MYC in HRMECs. The
results indicated that Rg1 therapy enhanced the ubiquitination
of c-MYC (Figure 4e). These findings suggest that by activating
FBXW7, ginsenoside Rg1 may decrease the stability of the
c-MYC protein.

Ginsenoside Rg1 inhibits c-MYC expression by
downregulating miR-100-3p and targeting the activation of
FBXW7
Previous studies have indicated that the control exerted by Rg1
on disease and angiogenesis primarily occurs via the

modulation of miRNA expression26–28. Therefore, we analyzed
the differentially expressed miRNAs in DR through bioinfor-
matics and found that 15 miRNAs were upregulated (miR-488,
miR-577, and miR-100, among others) and that 14 miRNAs
were downregulated (miR-150, miR-325, and miR-570, among
others; Figure 5a). Three miRNAs (miR-488-5p, miR-577, and
miR-100-3p) could bind to FBXW7 among the miRNAs with
upregulated expression (Figure 5b). RT-qPCR analysis revealed
that Rg1 suppressed the expression of miR-488-5p, miR-577,
and miR-100-3p, with the most significant suppression
observed for miR-100-3p (Figure 5c). As a result, miR-100-3p
was chosen for further investigation. According to TargetScan
prediction, a binding site exists between miR-100-3p and
FBXW7 (Figure 5d). A dual-luciferase gene reporter assay con-
firmed that miR-100-3p can regulate FBXW7 expression

Figure 1 | Ginsenoside Rg1 attenuates diabetes-induced retinal angiogenesis in vivo. (a) DR rats were administered ginsenoacia Rg1 (30 or 60 mg/
kg/day) by gavage, and the body weight of the rats was measured after 8 weeks; (b) DR rats were administered ginsepocust Rg1 (30 or 60 mg/
kg/day) by gavage, and the fasting blood glucose level of the rats was measured after 8 weeks; (c) The serum insulin levels of rats were detected
by ELISA; (d) Western blot was used to detect the expression of glucose transporters GLUT1 and GLUT4; (e) The rats were injected with Evans blue
at the end of the experiment, and the permeability of retinal blood vessels was assessed by the Evans blue leakage test; (f) Retinal trypsin
digestion was used to assess capillary degeneration; (g) HE staining was used to detect pathological changes in retinal tissue in the rats; (h)
Immunofluorescence was used to detect the expression of CD31 and VEGF in rat retinal tissues. ***P < 0.001 vs Control; #P < 0.05, ###P < 0.001 vs
STZ (n = 5).

Figure 2 | Ginsenoside Rg1 inhibits the high glucose-induced proliferation, migration, invasion, and angiogenesis of HRMECs. (a) HRMECs viability
was detected by a CCK-8 assay; (b) HRMECs migration was detected by a scratch experiment; (c) HRMECs invasion was detected by a Transwell
assay; (d) HRMECs angiogenesis was detected by a tube formation assay. ***P < 0.001 vs NC; ###P < 0.001 vs HG (n = 3).
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(Figure 5e). The levels of miR-100-3p in rat retinal samples
were subsequently assessed. The results revealed that STZ trig-
gered an increase in the miR-100-3p level, whereas treatment

with Rg1 led to the suppression of miR-100-3p expression
(Figure S1B). The transfection efficiency of the miR-100-3p
mimic was subsequently detected in HRMECs to confirm the

Figure 3 | Ginsenoside Rg1 inhibits the high glucose-induced proliferation, migration, invasion, and angiogenesis of HRMECs by activating FBXW7.
(a) Western blotting was used to detect the expression of FBXW7 in HRMECs; (b) Western blotting was used to detect the expression of FBXW7 in
HRMECs to confirm the transfection efficiency of sh-FBXW7; (c) HRMECs viability was detected by a CCK-8 assay; (d) HRMECs migration was
detected by a scratch experiment; (e) HRMECs invasion was detected by a Transwell assay; (f) A tube formation assay was performed to detect
angiogenesis in HRMECs. **P < 0.01, ***P < 0.001 vs NC or sh-NC; ###P < 0.001 vs HG; &P < 0.05, &&&P < 0.001 vs HG + Rg1 + sh-NC (n = 3).
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success of the transfection (Figure 5f). The Western blot results
also revealed that transfection of the miR-100-3p mimic inhib-
ited the expression of FBXW7 and promoted the expression of
c-MYC (Figure 5g). Finally, the inhibition of miR-100-3p and
c-MYC expression by Rg1 and the promotion of FBXW7
expression were also partially reversed by miR-100-3p mimic
treatment (Figure 5h,i). These findings suggest that ginsenoside
Rg1 may inhibit c-MYC expression by targeting FBXW7 activa-
tion through the downregulation of miR-100-3p.

Overexpression of miR-100-3p attenuates the inhibitory effect
of ginsenoside Rg1 on high glucose-induced HRMEC
angiogenesis
Finally, the role of miR-100-3p in angiogenesis induced by ele-
vated glucose levels in HRMECs was investigated. Compared
with that in the HG group, the viability of HRMECs was nota-
bly lower following supplementation with Rg1. Conversely, the
upregulation of miR-100-3p noticeably increased the viability of
HRMECs (Figure 6a). In addition, the inhibitory effect of Rg1
treatment on the invasion and migration of HRMECs was
reversed by the overexpression of miR-100-3p (Figure 6b,c).
Rg1 treatment also inhibited the angiogenesis of HRMECs, and
further overexpression of miR-100-3 promoted the angiogenesis

of HRMECs (Figure 6d). These findings suggest that ginseno-
side Rg1 effectively attenuated HG-induced HRMEC angiogene-
sis by targeting miR-100-3p.

Rg1 alleviates the progression of DR in rats by inhibiting miR-
100-3p
We further verified the effect of Rg1 on the progression of DR
by regulating the expression of miR-100-3p in in vivo experi-
ments. First, the results of body weight and blood glucose level
detection in rats showed that Rg1 treatment could effectively
increase the body weight and decrease the blood glucose level
of rats, and the treatment with miR-100-3p mimic reversed the
effect of Rg1 to a certain extent (Figure 7a,b). In addition, Rg1
treatment could increase the insulin level and the expression of
glucose transporter GLUT4 and inhibit the expression of glu-
cose transporter GLUT1; the treatment with miR-100-3p mimic
also reversed the effect of Rg1 (Figure 7c,d). The results of
Evans Blue leakage experiment showed that compared with the
Control group, STZ treatment led to leakage of retinal blood
vessels, Rg1 treatment could reduce the leakage of retinal blood
vessels, but the treatment with miR-100-3p mimic weakened
the effect of Rg1 (Figure 7e). The results of retinal trypsin
digestion experiment and HE staining showed that the

Figure 4 | Ginsenoside Rg1-mediated activation of FBXW7 decreases the protein stability of c-MYC. (a) The expression of c-MYC in HRMECs was
detected by Western blot; (b) Western blot detection of FBXW7 and c-MYC expression in HRMECs; (c) Western blot detection of c-MYC expression
in cells treated with MG132 (proteasome inhibitor, 20 lM); (d) Western blot analysis of c-MYC expression in cells treated with CHX (protein
synthesis inhibitor, 100 lg/mL); (e) Detection of the ubiquitination level of c-MYC. **P < 0.01, ***P < 0.001 vs NC; ##P < 0.01 vs HG; &P < 0.05 vs
HG + Rg1 + sh-NC (n = 3).
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Figure 5 | Ginsenoside Rg1 inhibits c-MYC expression through the downregulation of miR-100-3p and targeted activation of FBXW7. (a)
Bioinformatics analysis data set of the GSE74296 differentially expressed miRNAs; (b) Bioinformatics analysis of the intersection of miRNAs that bind
to FBXW7; (c) RT-qPCR was used to detect the expression of miR-488-5p, miR-577, and miR-100-3p in HRMECs; (d) The binding sequence between
miR-100-3p and FBXW7 as predicted by TargetScan; (e) Dual-luciferase gene reporter analysis verified the relationship between miR-100-3p and
FBXW7; (f) Transfection efficiency of the miR-100-3p mimic was detected by RT-qPCR; (g) The expression of FBXW7 and c-MYC was detected by
Western blotting; (h) The expression of miR-100-3p was detected by RT-qPCR; (i) The expression of FBXW7 and c-MYC was detected by Western
blotting. *P < 0.05, **P < 0.01, ***P < 0.001 vs NC or NC mimic; #P < 0.05, ##P < 0.01, ###P < 0.001 vs HG; &P < 0.05, &&P < 0.01, &&&P < 0.001 vs
HG + Rg1+ NC mim (n = 3).
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improvement effect of Rg1 on capillary degeneration and retinal
tissue lesions was reversed by the treatment with miR-100-3p
mimic (Figure 7f,g). The results of immunofluorescence detec-
tion showed that the inhibitory effect of Rg1 on the expression
of CD31 and VEGF was reversed to a certain extent by miR-

100-3p mimic (Figure 7h). Finally, the results of Western blot
detection showed that compared with the Control group, the
expression of FBXW7 was downregulated and the expression of
c-MYC was upregulated in the STZ group. Rg1 treatment
reversed the expression of FBXW7 and c-MYC, whereas the

Figure 6 | Overexpression of miR-100-3p attenuates the inhibitory effect of ginsenoside Rg1 on high glucose-induced HRMEC angiogenesis. (a)
HRMECs viability was detected by a CCK-8 assay; (b) HRMECs invasion was detected by a Transwell assay; (c) HRMECs migration was detected by a
scratch assay; (d) HRMECs angiogenesis was detected by a tube formation assay. ***P < 0.001 vs NC; ###P < 0.001 vs HG; &P < 0.05, &&&P < 0.001
vs HG + Rg1+ NC mim (n = 3).
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Figure 7 | Rg1 alleviates the progression of DR in rats by inhibiting miR-100-3p. (a) Detection of rat body weight; (b) Detection of fasting blood
glucose level in rats; (c) The serum insulin levels of rats were detected by ELISA; (d) Western blot was used to detect the expression of glucose
transporters GLUT1 and GLUT4; (e) EvansBlue leak assay to evaluate retinal permeability in rats; (f) Retinal trypsinization assay to evaluate retinal
capillary degeneration in rats; (g) HE staining was used to detect the pathological changes of rat retinal tissue; (h) Immunofluorescence detection
of CD31 and VEGF expression in rat retinal tissue; (i) Western blot was used to detect the expression of FBXW7 and c-MYC. ***P < 0.001 vs
Control; ###P < 0.001 vs STZ; &&P < 0.01, &&&P < 0.001 vs STZ + Rg1+ NC mim (n = 5).
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treatment with miR-100-3p mimic inhibited the effect of Rg1
again (Figure 7i). The above results indicate that Rg1 alleviates
the progression of DR by inhibiting miR-100-3p in animals.

DISCUSSION
DR is a visual impairment that can arise from diabetes. Over
time, high levels of blood sugar in individuals with diabetes can
harm small blood vessels in the eye, particularly microvessels
found in the retina29. This harm can result in leakage of blood
vessels, bleeding, and the formation of new blood vessels in the
eye, which subsequently impacts the typical operation of the
eye and may result in loss of vision in extreme situations30.
Therefore, it is imperative to understand the development of
DR and discover efficient drugs for treatments. Ginsenoside
Rg1 is one of the main components of ginseng and has an
antidiabetic effect31. In a previous study, Xue et al.32 reported
that Rg1 could inhibit HG-induced mesenchymal activation
and fibrosis in proliferative DR. Barroso et al.33 demonstrated
that Rg1 can prevent hyperphosphorylated tau-induced synaptic
nerve degeneration in retinal ganglion cells in the early stages
of DR. Previous research has indicated that Rg1 holds promise
as a drug for treating DR. Our study revealed that Rg1 not only
inhibited HG-induced HRMEC proliferation, migration, inva-
sion, and angiogenesis in vitro but also reduced vascular leakage
and capillary degeneration and alleviated retinal dysfunction in
STZ-induced models in vivo. This study is the first to demon-
strate that Rg1 inhibits diabetes-induced retinal angiogenesis.
Recent studies have shown that the overexpression of

FBXW7, an E3 ubiquitin ligase, reduces cell proliferation,
migration, and lumen formation in oral squamous cell
carcinoma34. Furthermore, it has the potential to control high
glucose-triggered HRMEC proliferation, DNA synthesis, cell
migration, and angiogenesis35. Therefore, we examined the
expression levels of FBXW7 and observed a reduction in its
expression in both DR rats and HRMECs induced by HG.
Moreover, Hu et al.36 reported that FBXW7 was underex-
pressed in DR mice and that overexpression of FBXW7 inhib-
ited retinal angiogenesis in DR mice and inhibited HG-induced
proliferation, migration, and angiogenesis of mouse retinal
microvascular endothelial cells. This report is consistent with
our findings, except that FBXW7 overexpression in our study
was induced by Rg1 treatment. Notably, our study alongside
that of Hu et al.36 highlights similar outcomes in distinct mice
and cells, supporting the importance of FBXW7 in DR
treatment.
FBXW7, which serves as the principal ubiquitin ligase for c-

MYC, can facilitate the ubiquitin-mediated breakdown of
c-MYC and subsequently decrease its cellular expression37. The
nuclear oncoprotein c-MYC plays multiple roles in cell prolifer-
ation, apoptosis, and transformation38. Moreover, Yao et al.39

reported that downregulation of c-MYC inhibited endothelial
cell proliferation, migration, and angiogenesis in
oxygen-induced retinopathy. Therefore, we explored the rela-
tionships among Rg1, FBXW7, and c-MYC and found that

Rg1 can reduce the stability of c-MYC by activating FBXW7
and promoting its ubiquitination-mediated degradation, thereby
inhibiting the proliferation, migration, invasion, and angiogene-
sis of HG-induced HRMECs. In previous studies, Daga et al.40

reported that the inhibition of c-MYC led to decreased migra-
tion and proliferation in cisplatin-resistant bladder cancer cells.
Sun et al.41 demonstrated that the upregulation of c-MYC
enhances the growth and mobility of tongue squamous cell car-
cinoma cells. Similarly, elevated levels of c-MYC can stimulate
the formation of new blood vessels in renal cell carcinoma42.
These findings indirectly support the promoting effects of c-
MYC on HRMEC proliferation, migration, invasion, and angio-
genesis observed in our study.
Additionally, a growing collection of evidence suggests that

the regulatory impact of Rg1 on diseases and angiogenesis pri-
marily occurs via the modulation of miRNA expression43,44.
Moreover, miRNAs are key players in the progression of DR45.
For example, a study by Gao et al.46 demonstrated that
increased levels of miR-34a-5p can enhance HG-induced
endothelial–mesenchymal transition (EMT) and angiogenesis in
HRMECs. Thus, our investigation focused on identifying
abnormally upregulated miRNAs in DR, leading to the discov-
ery that miR-100-3p is the most highly expressed miRNA that
interacts with FBXW7. Importantly, Barros et al.47 reported that
miR-100-3p could worsen metabolic disorders caused by obe-
sity, leading to disrupted glucose balance. Furthermore, Tashiro
et al.17 reported that miR-100-3p also plays a role in controlling
the proliferation, migration, blood vessel growth, and lymphatic
vessel growth of lymphatic endothelial cells. Building upon pre-
vious research findings as well as our own data, we examined
how miR-100-3p functions in DR. We found that Rg1 inhibited
the expression of miR-100-3p and that the overexpression of
miR-100-3p promoted the expression of c-MYC by inhibiting
FBXW7, thereby attenuating the inhibitory effect of Rg1 on
HG-induced angiogenesis in HRMECs. This study presents a
novel discovery that Rg1 impedes the progression of DR in rats
by disrupting the actions of miR-100-3p, potentially alleviating
blood vessel growth during DR development.
At present, this study has revealed the downstream mecha-

nism of Rg1’s influence on the expression of miR-100-3p, but
it is still unclear how Rg1 regulates the expression of miR-100-
3p. Based on the fact that miR-100-3p is an important regula-
tor of Rg1’s effect on DR, we hypothesized the potential regula-
tory mechanism of Rg1 on the expression of miR-100-3p. One
possible mechanism is through transcriptional regulation. Rg1
has been shown to regulate the activity of the NF-jB transcrip-
tion factor48. Transcription factors play an important role in
the regulation of gene expression, so Rg1 may mediate the
expression of miR-100-3p by affecting the transcriptional activ-
ity of specific transcription factors. Another possible mechanism
is through epigenetic regulation. DNA methylation and histone
modification in epigenetic modifications are also important reg-
ulators of gene expression. Rg1 has been shown to regulate
Smad7 expression through epigenetically27. Therefore, Rg1 may
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affect the epigenetic state of the miR-100-3p locus to regulate
the expression of miR-100-3p. The above is only our conjecture
based on the literature, and the detailed molecular mechanism
of Rg1 regulating miR-100-3p needs to be further studied in
the future.
In summary, our findings indicate that Rg1 can activate

FBXW7 by inhibiting miR-100-3p, which leads to the ubiquiti-
nation and degradation of c-MYC. This process inhibits the
proliferation, migration, invasion, and angiogenesis of
HRMECs, thus slowing the progression of DR. Rg1 has the
potential as a therapeutic agent for treating DR. However, our
research has several limitations. First, we have not yet explored
the upstream mechanism responsible for the upregulation of
miR-100-3p expression in DR, a topic that could be studied
from the perspective of circular RNA in the future. Second, we
have not validated the function of the miR-100-3p/FBXW7/c-
MYC axis in animal models, necessitating further experimental
confirmation. Third, there is a need to investigate additional
mechanisms involved in the development of DR, such as
inflammation. Finally, our observations are based solely on cell
and animal experiments and lack clinical trial verification.
Therefore, further in-depth studies on the application of Rg1
for DR treatment are needed.
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SUPPORTING INFORMATION
Additional supporting information may be found online in the Supporting Information section at the end of the article.

Figure S1. Ginsenoside Rg1 regulates the expression of FBXW7, c-MYC, and miR-100-3p. (a) Western blot analysis of the expres-
sion of FBXW7 and c-MYC in rat retinal tissues; (b) RT-qPCR analysis of miR-100-3p expression in rat retinal tissues.
***P < 0.001 vs Control; ##P < 0.01, ###P < 0.001 vs STZ (n = 5).
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