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Abstract

Aims
To evaluate the e�cacy of hyperoside and the role of TGF-β1/miR-200b/VEGF pathway in treating
diabetic retinopathy (DR).

Methods
(1) Retinal endothelial cells (RECs) were cultured in the normal-glucose group (NG), high-glucose group
(HG), mannitol group, high glucose + low-concentration hyperoside group, high glucose + high-
concentration hyperoside group, normal glucose + miR-200b inhibitor group (NG + MI), normal glucose + 
normal control group (NG + NC), high glucose + miR-200b mimic group (HG + MM), and high glucose + 
normal control group (HG + NC). The viability, migration and tube formation of RECs, and the expressions
of TGF-β1, miR-200b and VEGF in each group were detected and compared. (2) Eight Sprague Dawley
(SD) rats were used in the normal control group, and 32 SD rats established DR models were randomly
divided into the four groups for DR group (DR), DR + low-dose hyperoside group, DR + high-dose
hyperoside group, and DR + Calcium Dobesilate group. The tissue pathology and vasculopathy of rat
retina, and the expressions of TGF-β1, miR-200b, and VEGF of retinal tissues in different group were
tested and compared.

Results
(1) Excessive proliferation, migration and tube formation of RECs were induced by high glucose. The
expressions of TGF-β1 and VEGF in HG were markedly up-regulated, but miR-200b levels were obviously
down-regulated. However, hyperoside could signi�cantly reverse the expressions of TGF-β1, VEGF and
miR-200b; and inhibit high-glucose-induced over-proliferation of RECs dose-dependently. RECs viability
and VEGF level were much higher in NG + MI than for NG but lower in HG + MM than for HG, while miR-
200b level was substantially lower in NG + MI than for NG but higher in HG + MM than for HG. (2) The
retinal pathological changes and vasculopathy in DR rats were more serious compared with normal rats.
TGF-β1 and VEGF levels in DR rats retina were markedly up-regulated, while miR-200b levels were
obviously down-regulated. However, hyperoside could notably reverse the expressions of TGF-β1, VEGF,
and miR-200b in DR rat retina and alleviate retinal tissue injury and vascular lesions of DR rats dose-
dependently.

Conclusion
Hyperoside could treat DR by regulating TGF-β1/miR-200b/VEGF pathway.
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Background
Diabetic retinopathy (DR) is one of major microvascular complications of diabetes mellitus (DM) and the
leading cause of vision loss in middle-aged and elderly people around the world (1). A global meta-
analysis including 35 studies has showed that the incidence of DR in DM was approximately 34.6%,
speci�cally including 6.96% proliferative diabetic retinopathy, 6.81% diabetic macular edema, and 10.2%
vision-threatening diabetic retinopathy (2). With the growing prevalence and prolonged duration (3), DR
has been increasingly harmful to human health and burdened the medical care system. Therefore, it is
outstandingly positive to explore effective treatment and corresponding mechanism for preventing the
progression of DR.

According to Diabetic Retinopathy Preferred Practice Pattern Guideline (Version 2019) issued by
American Academy of Ophthalmology (4), healthy lifestyle and strict control of blood glucose, blood
pressure and serum lipid are bene�cial to DR prevention. However, the progression of diabetic
complication seems more than hard to repress. The validity of many anti-DR drugs such as alprostadil,
antioxidants, antithrombotics, and protein kinase-C inhibitors needs further evaluations from large-
sample, multi-center clinical researches (5). To solve this dilemma, some complementary and alternative
treatments via traditional herbal medicine were tentatively used for DR. Interestingly, more and more
herbal medicines showed a potential and promising e�cacy against DR (6).

The recent clinical study of our team indicated that Abelmoschus manihot could improve the severity of
DR, ETDRS vision scores and macular edema in type 2 diabetes, and the speci�c therapeutic mechanism
seemed to be associated with inhibited vascular endothelial growth factor (VEGF) levels, which needed
further investigations (7). Previous studies have showed that the activation of transforming growth
factor-beta 1 (TGF-β1)/micro-RNA 200b (miR-200b)/VEGF pathway by high glucose might play an
essential role in the destruction of blood-retinal barrier (BRB) and the pathogenesis of DR (8–10).
Meanwhile, the related studies have also shown that hyperoside, as the main active ingredient of
Abelmoschus manihot (11), could inhibit the expression of TGF-β1 in glomerular mesangial cells under
high glucose condition (12). It would need the further study of whether hyperoside also played a role in
treating DR by improving TGF-β1/miR-200b/VEGF pathway. Therefore, the present study was primarily
concerned with the hyperoside’s effects on DR pathological process including the retinal injury of diabetic
rats, the proliferation of retinal endothelial cells (RECs), and the regulation of TGF-β1/miR-200b/VEGF
pathway in high glucose. Moreover, it was hoped to explore the preliminary effect and mechanism of
hyperoside in the treatment of DR.

Materials And Methods

2.1 Hyperoside
Hyperoside extracted from Abelmoschus manihot was purchased from the agent company
(Meilunbio/O0807AS). The characteristics of the hyperoside are as follows: (1) Chemical Abstracts
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Service number: 482-36-0; (2) Appearance: Yellow crystalline powder is stored in cool, dry, airproof and
innocuous condition with limited light and heat; (3) Purity: The purity assayed by high performance liquid
chromatography is 99.45%.

2.2 Cell culture and treatments
A vial for primary human RECs was purchased from the cell company (Cell Systems/ACBRI-181). RECs
were cultured in complete growth medium which consisted with 89% low-glucose Dulbecco’s Modi�ed
Eagle Medium (DMEM, GIBCO/11885092), 10% fetal bovine serum (FBS, GIBCO/10099141), and 1%
antibiotics (100U/mL penicillin and 100ug/mL streptomycin) at 37 ℃ in a humidi�ed atmosphere of 5%
CO2. When the �ask existed approximately 90% con�uence, RECs could be subcultured. The cell-culturing
experiments included three parts: (1) The subcultured RECs were randomly divided into �ve groups with
different glucose concentrations in the culture mediums: normal-glucose group (NG, 5 mmol/L glucose),
high-glucose group 1 (HG-1, 20 mmol/L glucose), high-glucose group 2 (HG-2, 25 mmol/L glucose), high-
glucose group 3 (HG-3, 30 mmol/L glucose), and high-glucose group 4 (HG-4, 35 mmol/L glucose); (2)
The subcultured RECs were also randomly assigned into the �ve other groups for normal-glucose group
(NG, 5 mmol/L glucose), high-glucose group (HG, 35 mmol/L glucose), mannitol group (MG, 5 mmol/L
glucose plus 30 mmol/L mannitol as an osmotic pressure control), high glucose + 100 ug/ml hyperoside
group (HG + H100), high glucose + 400 ug/ml hyperoside group (HG + H400). The hyperoside was
dissolved in 0.1% dimethyl sulfoxide solution for RECs treatment; (3) The subcultured RECs were
randomly divided into another six groups: normal-glucose group (NG, 5 mmol/L glucose), normal glucose 
+ miR-200b inhibitor group (NG + MI, normal glucose plus miR-200b inhibitor and transfection reagent),
normal glucose + normal control group (NG + NC, normal glucose plus only transfection reagent), high-
glucose group (HG, 35 mmol/L glucose), high glucose + miR-200b mimic group (HG + MM, high glucose
plus miR-200b mimic and transfection reagent), and high glucose + normal control group (HG + NC, high
glucose plus only transfection reagent).

2.3 Cell counting kit-8 (CCK-8) assay
The RECs were plated in 96-well plates with 6×103 cells per well. The cells were serum-starved for 24
hours after adherence, followed by different managements including various concentrations glucose and
hyperoside treatments as described above. Subsequently, RECs were incubated with 10 µL CCK-8 agent
(Dojindo/CK04) for 3 hours. The optical density at 450 nm of each well was determined by a microplate
reader (PerkinElmer EnSpire) to calculate the relative viability of RECs.

2.4 Transwell assay
The RECs (2×104 cells per well) and various concentrations glucose and hyperoside mediums were
respectively added to the upper chamber of 24-well transwell inserts (8 µm pore size, Labselect/14341).



Page 5/25

As for the lower chamber, the medium containing 20% FBS and 5 mmol/L glucose was added, and the
follow-up culture was performed at 37°C for 24 h. The RECs at the bottom of the upper chamber were
stained with 0.5% crystal violet and the cells inside the upper chamber were removed with a cotton swab.
The RECs outside the bottom of upper chamber were observed and counted under a light microscope
(Olympus/CKX31) at 200× magni�cation in �ve random visual �elds.

2.5 Cell tube formation assay
The Matrigel matrix glue (10mg/mL, Corning/356234) was slowly injected into a 96-well plate placed in
an ice bath with a pre-cooled pipette. The volume of injection in each well was 100 µL. The Matrigel
matrix glue was then placed in an incubator at 37°C for 30 min to solidify the glue. Then, the cultured
cells were inoculated into the 96-well plate with 1×104 cells per well. Meanwhile, the different mediums as
described above were respectively added into the plate and then continuously cultured for another 6
hours. The tubular structure was recorded by a light microscope (Olympus/CKX31) and the branch points
were visualized and calculated in �ve random regions.

2.6 Cell transfection
The miR-200b mimic and inhibitor were purchased from GenePharma company and transfected into
RECs according to the manufacturer’s instructions. Firstly, cells were seeded in complete medium for 24
hours to grow to 30% con�uence before transfection. Then the DMEM without serum was used to dilute
the miR-200b mimic/inhibitor and the transfection reagent (Engreen/R4000). Subsequently, these two
diluents were mixed and kept stable for 15 minutes. The mixed liquid was added to RECs with complete
medium. After 24 hours of incubation in a 5% CO2 humidi�ed atmosphere at 37℃, the transfection
medium could be replaced with NG or HG complete mediums for another 24 hours before subsequent
experiments.

2.7 Animals
Forty speci�c pathogen-free healthy male Sprague Dawley (SD) rats (�ve to six weeks old) weighing from
170–200 g were purchased from Qing Long Shan Animal Centre (Nanjing, China). These rats were treated
and operated according to the guidelines of Animal Ethics Committee of A�liated Hospital of Nanjing
University of Chinese Medicine (Ethic approve number: 2020DW-21-02). Rats were housed at constant
room temperature (20–22℃) and relative humidity (50–60%) under a controlled 12-hour light/dark cycle
and had free access to water and the standard laboratory diet.

2.8 DR rats model and drug treatment
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Eight SD rats were randomly selected as normal control group (NC), and the other 32 rats were used to
establish DR models which were randomly divided into the four groups including DR group (DR models
with no treatment), DR + low-dose hyperoside group (DR + L-HY, DR models with 6.5 mg hyperoside per 1
kg rat body mass per day, 6.5 mg/kg/d), DR + high-dose hyperoside group (DR + H-HY, DR models with
19.5 mg/kg/d hyperoside), and DR + Calcium Dobesilate group (DR + CD, DR models with 135 mg/kg/d
Calcium Dobesilate). DR models were established as follows: (1) After 4 weeks of high-fat diet (rodent
diet with 45% calories from fat), SD rats were fasted for 12 hours, and then intraperitoneally injected with
1% streptozotocin (STZ, Sigma-Aldrich/V900890) solution at the dose of 25 mg/kg, and injected again at
the same dose after 2 days. The random blood glucose of every SD rat was measured at 72 hours after
injection and all blood glucose levels were > 16.7 mmol/L, then DM models were considered successful.
(2) DM rats were allowed to eat and drink normally, their blood glucose and body mass (BM) were
measured regularly, and morphological changes were observed throughout the study. After the 8-week
continuous feeding, one NC and two DM rats were randomly selected and their retinal tissue pathology
and trypsin digest were examined to evaluate the successful DR models. After DR models had been
established, groups of DR + L-HY, DR + H-HY and DR + CD were given respective doses of hyperoside and
Calcium Dobesilate which were dissolved in 0.5% sodium carboxymethyl cellulose solution by gavage.
Meanwhile, groups of NC and DR were given equal amount of 0.5% sodium carboxymethyl cellulose
solution. All rats were continuously given food, water, and drugs for 8 weeks and then anesthetized to
death. The eyeballs were isolated and made into optic cups for further experiments.

2.9 Retinal pathology
The retinal tissues were carefully isolated after optic cups were �xed with 4% paraformaldehyde for 24
hours. The tissues were then dehydrated in a concentration gradient of alcohol, made transparent with
xylene, and followed by para�n embedding. The para�n-embedded tissue blocks were cut into 4-µm
thick sections. After xylene dewaxing and gradient alcohol rehydration, the tissue sections were stained
with hematoxylin-eosin (HE) staining solution (biosharp/BL-700A). The pathological changes of retinal
tissues in all groups were observed under a light microscope (Olympus/CKX31) after the tissue sections
were dehydrated by gradient alcohol, made transparent via xylene, and sealed with neutral resin.

2.10 Retinal trypsin digest
To analyze the vasculopathy for retinal capillary degeneration, RECs proliferation, and retinal pericytes
(RPCs) loss, we used the retinal trypsin digest technique as follows: The retinal tissues were isolated and
digested in 3% trypsin solution (GIBCO/25200-072) at 37℃ for 2 hours; the dissolved retina was moved
into distilled water with a glass rod and gently shaken to wash away the inner boundary membrane and
residual retinal nerve tissue; and then the retinal vascular network, which had been fully digested and
separated, was lifted with the glass rod and quickly transferred to a glass slide for full spreading and
natural drying. The slides were stained with periodic acid-schiff (PAS, solarbio/G1285) and observed
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under a microscope (Olympus/CKX31). The retinal vascular quantity (RVQ) and endothelial cells to
pericytes ratio (E/P) in all groups were counted and compared under the microscope. RVQ calculation
method was as follows: at 200× magni�cation, �ve regions of each rat’s retinal vascular network were
randomly selected, and the numbers of capillaries passing through the transverse diameter and vertical
diameter of the center of each region were calculated and averaged; the mean number of �ve regions was
taken as the RVQ of this sample. E/P calculation method was similar to RVQ: at 400× magni�cation, �ve
visual �elds of each rat’s retinal vascular network were randomly selected; the number and ratio of RECs
and pericytes in each visual �eld were calculated, and the mean value of �ve visual �elds was used as
the E/P value of the rat.

2.11 Retinal immuno�uorescence (IF) detection

The retinal tissue sections were incubated with 3% H2O2 at room temperature for 10 minutes, followed by
antigen repair for 15 minutes and goat serum sealing for 20 minutes. Then the sections were incubated
with TGF-β1 primary antibody (Sigma/SAB4502954) at 4℃ for 12 hours, followed by incubation with
secondary antibody with FITC (AAT Bioquest/16868) at 37℃ in darkness for 30 minutes. After washing
with PBS, each section was added with DAPI (Sigma-Aldrich/D9542) and incubated at 37℃ in darkness
for 5 minutes. Finally, the expression of TGF-β1 protein in retinal tissue section was observed under a
�uorescence microscope (Olympus/BX43). The expression of VEGF protein in retinal tissue was detected
with speci�c antibodies through the similar process.

2.12 Western blotting (WB) assay

After measuring the concentrations of total proteins from retinal tissues or RECs lysates by BCA protein
assay kit (Abcam/ab102536), the proteins were separated by SDS-PAGE and then transferred to PVDF
membranes (BIO-RAD/1620177). Next, the membranes were blocked with 5% skim milk for 1 hour,
followed by incubation with TGF-β1 rabbit antibody (Cell Signaling Technology/3709S) for 14 hours at
4℃ and goat anti-rabbit IgG-HRP (Sigma/A0545) for 1 hour at 37℃. The immune complex was detected
using the enhanced chemiluminescence by ECL kit (Merck millipore/wbklso500). After exposure and
development, the gray value of each band was quanti�ed, and the relative levels of TGF-β1 protein to β-
actin were determined by the imaging system (ImageQuant LAS 4000). The VEGF protein expressions
were detected with corresponding primary and secondary antibodies by the above-mentioned methods.

2.13 Quantitative real-time reverse transcription polymerase chain reaction (qRT-PCR) analysis

Total RNA was extracted from retinal tissues or RECs by RNA extraction kit (ThermoFisher/15596018)
and subjected to reverse transcription via reverse transcription kit (Invitrogen/4368814). Samples were
ampli�ed by DNA polymerase (Roche/11146173001) using speci�c primers by qRT-PCR system (Applied
Biosystems 7500). The relative expression levels of miRNAs (miR-200b) and mRNAs (TGF-β1 and VEGF)
normalized by U6 small nuclear RNA and β-actin mRNA, respectively, were calculated by 2−ΔΔCt method.

2.14 Statistical analysis
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All experiments were repeated three times. Results were expressed as mean ± standard deviation. The
difference among groups was statistically analyzed by one-way ANOVA using GraphPad Prism 8
software. P < 0.05 was considered signi�cantly different.

Results

3.1 High glucose induced excessive proliferation of RECs
To evaluate the effect of high glucose on the proliferation of RECs, the RECs were cultured with different
concentrations of high glucose, and the viability of RECs were measured at varied incubation times,
which were compared with normal-glucose group. As shown in Fig. 1A, the RECs viability in HG-1 was
signi�cantly elevated compared with NG at the 24-hour period (1.12 ± 0.04 vs. 1.00 ± 0.00, P < 0.01).
Meanwhile, the RECs viability in HG-2 was also greatly elevated compared with NG at the 24-hour, 48-hour
and 72-hour period, respectively (1.21 ± 0.04 vs. 1.00 ± 0.00, P < 0.01; 1.11 ± 0.02 vs. 1.00 ± 0.00, P < 0.01;
1.08 ± 0.03 vs. 1.00 ± 0.00, P < 0.01). For other comparisons, such as HG-3 vs. NG and HG-4 vs. NG at the
24-hour, 48-hour, 72-hour period, respectively, all the �ndings suggested that the viability of RECs had a
more signi�cant relation with the increase of high glucose concentration. These results indicated that
high glucose could induce excessive proliferation of RECs.

3.2 Hyperoside inhibited excessive proliferation of RECs in
high glucose
We evaluated the effects of hyperoside against high-glucose-induced excessive viability of RECs.
Excessive proliferation of RECs is an early process of BRB destruction and DR occurrence. Inhibition of
hyperoside on over-proliferation of RECs under high glucose condition would signi�cantly improve DR. As
presented in Fig. 1B, all RECs viability levels in HG at different incubation periods (24, 48, and 72 h) were
higher than for NG groups (1.11 ± 0.04 vs. 1.00 ± 0.00, P < 0.05; 1.26 ± 0.07 vs. 1.00 ± 0.00, P < 0.01; 1.10 ± 
0.03 vs. 1.00 ± 0.00, P < 0.05). Meanwhile, all RECs viability levels in HG + H100 at different treatment
periods were lower than HG groups (1.03 ± 0.02 vs. 1.11 ± 0.04, P < 0.05; 1.05 ± 0.11 vs. 1.26 ± 0.07, P < 
0.01; 0.94 ± 0.04 vs. 1.10 ± 0.03, P < 0.01). The similar difference was also seen in comparisons of HG + 
H400 vs. HG and HG + H400 vs. HG + H100. The results showed that both low-concentration (100 ug/mL)
and high-concentration (400 ug/mL) hyperoside could signi�cantly inhibit RECs viability under high
glucose condition, and the stronger inhibition of RECs viability was along with the increase of hyperoside
concentration. These data suggested that hyperoside could dose-dependently inhibit excessive
proliferation of RECs in high glucose.

3.3 Hyperoside inhibited excessive migration and tube
formation of RECs in high glucose
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It is well known that DR may include not only RECs proliferation, but also signi�cantly increased
migration and tube formation of RECs. Therefore, we measured the role of hyperoside for the migration
and tube formation of RECs in high glucose. As shown in Fig. 2A,C, the number of migrated RECs in HG
was signi�cantly higher than that in NG (375.7 ± 10.4 vs. 133.3 ± 9.6, P < 0.01), and also higher than HG + 
H100 and HG + H400 (375.7 ± 10.4 vs. 234.7 ± 6.5, P < 0.01; 375.7 ± 10.4 vs. 137.0 ± 9.0, P < 0.01). Similar
results were also seen in the tube formation assay as presented in Fig. 2B,D, the number of branch points
of RECs in HG was signi�cantly higher than that in NG (38.0 ± 4.0 vs. 9.3 ± 1.5, P < 0.01), meanwhile, the
numbers in HG + H100 and HG + H400 were signi�cantly decreased compared with HG (21.0 ± 3.6 vs.
38.0 ± 4.0, P < 0.01; 10.3 ± 1.5 vs. 38.0 ± 4.0, P < 0.01). These data suggested that hyperoside could inhibit
excessive migration and tube formation of RECs induced by high glucose.

3.4 TGF-β1/miR-200b/VEGF pathway contributed to over-
proliferation of RECs in high glucose
To estimate the role of TGF-β1/miR-200b/VEGF pathway in the over-proliferation of RECs induced by
high glucose, we, respectively, transfected miR-200b mimic and miR-200b inhibitor into RECs in high-
glucose and normal-glucose condition. As shown in Fig. 3, miR-200b inhibitor in NG + MI could
signi�cantly elevate RECs viability (1.20 ± 0.15 vs. 1.00 ± 0.00, P < 0.05, Fig. 3A) and expressions of VEGF
mRNA and protein (1.76 ± 0.27 vs. 1.00 ± 0.00, P < 0.05; 2.96 ± 0.39 vs. 1.00 ± 0.00, P < 0.01, Figs. 3B,C),
but reduce VEGF miR-200b expression (0.57 ± 0.12 vs. 1.00 ± 0.00, P < 0.05, Fig. 3B) compared with NG.
However, miR-200b mimic in HG + MM could signi�cantly down-regulate RECs viability (0.95 ± 0.15 vs.
1.22 ± 0.10, P < 0.01, Fig. 3A) and VEGF mRNA and protein levels (0.94 ± 0.16 vs. 2.19 ± 0.58, P < 0.01;
1.59 ± 0.13 vs. 3.70 ± 0.35, P < 0.01, Figs. 3B,C), but up-regulate VEGF miR-200b expression (4.91 ± 1.00
vs. 0.45 ± 0.18, P < 0.01, Fig. 3B) compared with HG. There were no signi�cant differences of TGF-β1
mRNA and protein expressions between NG and NG + MI. Also, there were no signi�cant differences of
TGF-β1 mRNA and protein expressions between HG and HG + MM. The expressions of TGF-β1 mRNA and
protein were notably enhanced by high glucose but not regulated by miR-200b mimic or inhibitor
(Figs. 3B,C). These results indicated that the high-glucose-induced activation of TGF-β1/miR-200b/VEGF
pathway played a positive role in excessive proliferation of RECs.

3.5 Hyperoside regulated TGF-β1/miR-200b/VEGF pathway
in high-glucose-cultured RECs
To elucidate the protective mechanism of hyperoside against RECs over-proliferation in HG, we analyzed
the variation of TGF-β1, miR-200b, and VEGF levels in different groups. Compared with NG, HG could
remarkably induce high mRNAs and proteins expressions of TGF-β1 and VEGF (3.08 ± 0.35 vs. 1.00 ± 
0.00, P < 0.01; 1.80 ± 0.09 vs. 1.00 ± 0.00, P < 0.01 & 4.82 ± 1.08 vs. 1.00 ± 0.00, P < 0.01; 2.25 ± 0.16 vs.
1.00 ± 0.00, P < 0.01, Figs. 4A,B), and obviously inhibit miR-200b expressions (0.39 ± 0.13 vs. 1.00 ± 0.00,
P < 0.05, Fig. 4A). However, hyperoside reversed the expressions of TGF-β1/miR-200b/VEGF under high
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glucose condition. As presented in Fig. 4, the low concentration of hyperoside in HG + H100 could
signi�cantly inhibit mRNA and protein levels of TGF-β1 and VEGF (1.54 ± 0.14 vs. 3.08 ± 0.35, P < 0.01;
1.39 ± 0.08 vs. 1.80 ± 0.09, P < 0.01 & 2.82 ± 0.43 vs. 4.82 ± 1.08, P < 0.01; 1.92 ± 0.09 vs. 2.25 ± 0.16, P < 
0.05, Figs. 4A,B), and up-regulate miR-200b levels (1.06 ± 0.10 vs. 0.39 ± 0.13, P < 0.05, Fig. 4A) compared
with HG. The similar difference was also seen in comparisons of HG + H400 vs. HG and HG + H400 vs.
HG + H100. There was a stronger regulation of TGF-β1/miR-200b/VEGF pathway when hyperoside
concentration increased. Therefore, these data indicated that hyperoside could decrease TGF-β1 and
VEGF, but increase miR-200b of RECs under high glucose condition in a dose-dependent manner.

3.6 Body mass and fasting blood glucose of rats in different
groups
We observed BM and fasting blood glucose (FBG) of rats at different periods including at 4 weeks before
STZ injection (-4 w), 0 week before STZ injection (0 w), 8 weeks after STZ injection (8 w), and 16 weeks
after STZ injection (16 w). As shown in Fig. 5, there were no signi�cant differences of BM and FBG at -4 w
in all groups. After 4 weeks of high-fat diet, BM and FBG results in all DR groups (DR, DR + L-HY, DR + H-
HY & DR + CD) were signi�cantly higher than NC. At 8 w and 16 w, BM results in all DR groups were
signi�cantly lower than NC, while FBG results were signi�cantly higher than NC. However, there were no
signi�cant difference of BM and FBG in DR, DR + L-HY, DR + H-HY or DR + CD groups at any time. It could
be speculated that the primary effect of hyperoside and Calcium Dobesilate was not aimed at
hyperglycemia.

3.7 Hyperoside improved pathology of retinal tissue
To further analyze the possible role of hyperoside on retinal injury in diabetic rats, we observed the
pathological changes of retinal tissues in NC, DR, DR + L-HY, DR + H-HY and DR + CD groups. As shown in
Fig. 6A, in NC group, the ganglion cell layer (GCL) in retinal tissue was orderly, and the inner nuclear layer
(INL) and outer nuclear layer (ONL) were closely arranged. In DR group, the arrangement of GCL was
disordered, and INL and ONL appeared sparser and less compact than NC. However, these pathological
changes were alleviated in DR + L-HY group, and improved in DR + H-HY and DR + CD groups as marked
by black arrows in Fig. 6A. These results indicated that hyperoside could alleviate retinal tissue damage
in DR rats.

3.8 Hyperoside improved retinal vasculopathy
To con�rm the improvement of hyperoside on diabetic retinal injury, we also evaluated the effect of
hyperoside on retinal vessels in DR rats. Retinal trypsin digest and retinal vascular staining were
performed in NC, DR, DR + L-HY, DR + H-HY and DR + CD groups. In NC group, the retinal capillaries
distributed regularly with smooth vascular branches, uniform diameter and very few acellular capillaries.
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In DR group, the retinal capillary network remained dense, disorderly and twisted, with uneven diameter,
more acellular capillaries (AC), more ghost-pericytes (GP), and proliferative RECs. However, these retinal
vasculopathy were alleviated in DR + L-HY group, and improved in DR + H-HY and DR + CD groups as
shown in Fig. 6B. These preliminary results showed the improvement of hyperoside on diabetic retinal
vasculopathy.

3.9 Comparisons of RVQ and E/P to evaluate the degrees of
retinal vasculopathy
As mentioned above, RVQ and E/P were further calculated to quantitatively assess the alleviation of
hyperoside in diabetic retinal vascular lesions. As shown in Table 1, RVQ and E/P in DR groups were
signi�cantly higher than NC (30.33 ± 3.83 vs. 14.83 ± 2.04, P < 0.01; 2.43 ± 0.22 vs. 1.03 ± 0.12, P < 0.01),
but all RVQ and E/P in DR + L-HY, DR + H-HY and DR + CD groups were signi�cantly lower than DR. In
addition, RVQ and E/P in DR + H-HY were signi�cantly lower than DR + L-HY (19.83 ± 2.32 vs. 24.50 ± 2.88,
P < 0.05; 1.52 ± 0.18 vs. 1.83 ± 0.13, P < 0.05). These results indicated that hyperoside could alleviate
retinal vasculopathy severity of DR rats, and the alleviation effect was more strengthened with the
increase of hyperoside dose.

Table 1
Comparisons of RVQ and E/P of retinal capillaries in different groups

  NC (n = 6) DR (n = 6) DR + L-HY (n = 6) DR + H-HY (n = 6) DR + CD (n = 7)

RVQ 14.83 ± 2.04 30.33 ± 3.83** 24.50 ± 2.88## 19.83 ± 2.32## Δ 19.86 ± 1.57##

E/P 1.03 ± 0.12 2.43 ± 0.22** 1.83 ± 0.13## 1.52 ± 0.18## Δ 1.27 ± 0.07##

RVQ: retinal vascular quantity; E/P: endothelial cells to pericytes ratio. Data are presented as mean ± 
standard deviation. P < 0.05 is statistically signi�cant. ** vs. NC, P < 0.01; ## vs. DR, P < 0.01; Δ vs. DR + L-
HY, P < 0.05.

3.10 Hyperoside regulated TGF-β1/miR-200b/VEGF
pathway in retinal tissues of DR rats
Finally, we compared the expressions of TGF-β1, miR-200b and VEGF in retinal tissues of all groups by
qRT-PCR, WB and IF. The mRNAs and proteins expressions of TGF-β1 and VEGF in DR were signi�cantly
higher than NC (4.25 ± 0.72 vs. 1.00 ± 0.00, P < 0.01; 3.41 ± 0.39 vs. 1.00 ± 0.00, P < 0.01 & 3.97 ± 0.51 vs.
1.00 ± 0.00, P < 0.01; 4.93 ± 0.53 vs. 1.00 ± 0.00, P < 0.01, Figs. 7A,B), while the miR-200b in DR was
signi�cantly lower than NC (0.19 ± 0.07 vs. 1.00 ± 0.00, P < 0.01, Fig. 7A). However, hyperoside reversed
the expressions of TGF-β1/miR-200b/VEGF in DR group. As shown in Fig. 7A,B, the low-dose hyperoside
(in DR + L-HY), high-dose hyperoside (in DR + H-HY), and Calcium Dobesilate (in DR + CD) all signi�cantly
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inhibited mRNAs and protein levels of TGF-β1 and VEGF, and up-regulated miR-200b levels compared
with DR groups (0.48 ± 0.10 vs. 0.19 ± 0.07, P < 0.05; 0.77 ± 0.14 vs. 0.19 ± 0.07, P < 0.01; 1.09 ± 0.08 vs.
0.19 ± 0.07, P < 0.01, Fig. 7A). The comparison between DR + L-HY and DR + H-HY further showed that the
stronger regulations of TGF-β1, VEGF, and miR-200b were along with the increase of hyperoside dose.
Meanwhile, the similar differences of TGF-β1 and VEGF in all groups were also shown in Fig. 7C. In DR
group, the green �uorescence intensities representing TGF-β1 and VEGF expression levels were
signi�cantly stronger than for NC group. However, the green �uorescence intensity of DR + L-HY group
was signi�cantly weaker than for DR group. In DR + H-HYand DR + CD group, the green �uorescence
intensities were further weakened. Therefore, these data suggested that hyperoside could down-regulate
TGF-β1 and VEGF, but up-regulate miR-200b in retinal tissues of DR rats.

Discussion
TGF-β is a protein family which has multifunctional and bidirectional intercellular signaling. Different
isoforms (e.g. TGF-β1, TGF-β2, and TGF-β3) are highly homologous in structure, and their functions are
quite similar. TGF-βs are synthesized and secreted as precursor proteins, which are combined with
latency-associated peptide in an inactivated manner. After latency-associated peptide is cleaved, TGF-βs
are activated and can bind to speci�c receptors on cell surface and play essential roles in growth and
development, in�ammation and repair and host immunity (13, 14). The recent studies showed that TGF-
β1 was up-regulated by high glucose and considered a proin�ammatory cytokine that could be implicated
in the pathogenesis of DR (15). Elevated TGF-β1 speci�cally bounded to its receptor on cell surface and
transmitted the signal to intracellular Smads proteins (16), which continued to transmit the signal into the
nucleus to inhibit the activity of miR-200b promoter and reduce the expression of miR-200b (17, 18). The
miR-200b was an endogenous non-coding RNA that did not participate in protein coding, but precisely
bound to the 3' non-coding region of VEGF mRNA to inhibit VEGF mRNA translation and protein synthesis
(19, 20). The previous studies have proven that over-expression of VEGF played an essential role in RECs
dysfunction induced by high glucose (21) and contributed to BRB destruction in several blinding eye
diseases including DR (22, 23). However, the detailed mechanisms have been not illustrated clearly.
Therefore, the evaluation of TGF-β1/miR-200b/VEGF pathway in DR pathogenesis is the �rst aim of our
study.

We used CCK-8 assay to evaluate the proliferation of RECs. There are many methods to detect cell
proliferation, among which EdU re�ects cell proliferation by detecting the replication activity of DNA,
PCNA and Ki67 re�ect cell proliferation by detecting the level of nuclear antigen of cells in the
proliferation stage, while CCK-8 indirectly re�ects the number of living cells by detecting the metabolic
activity of cells. Admittedly, EdU, PCNA and Ki67 re�ect cell proliferation more directly. However, CCK-8
has its own advantages, such as simple operation, high sensitivity, accurate results, good repeatability,
low cytotoxicity, no radioactivity and so on. Both DNA-related tests (EdU, PCNA & Ki67) and metabolism-
related test (CCK-8) supported the same conclusion uniformly. In this study, the CCK-8 was used to
con�rm that excessive proliferation of RECs were induced by high glucose, which has been applied in
many previous studies (24, 25). The focus of this study was to con�rm the proliferation of RECs induced
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by high glucose and inhibited by hyperoside. In addition, we further assayed migration and tube
formation of RECs to evaluate the role of high-glucose and hyperoside on RECs dysfunction. All results
including CCK-8, transwell and tube formation of RECs should be su�cient to draw the conclusion.

The results of our experiments in vitro showed that the proliferation, migration and tube formation of
RECs were more signi�cantly related with the increase of glucose concentration, while this promoting
effect was not seen in the same concentration of mannitol. These results suggested that over-
proliferation of RECs and retinal angiogenesis was mainly driven by high glucose rather than high
osmotic pressure (26). Meanwhile, high glucose remarkably induced an increase in expressions of TGF-
β1 and VEGF, and decreased expression of miR-200b in RECs, which was similar to the results in previous
studies (27). However, after miR-200b mimic was transfected into RECs under high glucose condition,
TGF-β1 level was also signi�cantly elevated. The RECs viability and the expression of VEGF were
obviously decreased, while the expression of miR-200b was signi�cantly increased. In contrast, after miR-
200b inhibitor was transfected into RECs under normal glucose condition, the RECs viability and the
expression of VEGF were signi�cantly enhanced, while the expression of miR-200b was signi�cantly
reduced. The above transfection experiments suggested that the activation of TGF-β1/miR-200b/VEGF
pathway played a pivotal role in RECs proliferation and retinal angiogenesis induced by high glucose.
There are many mechanisms resulting in DR, including in�ammation, pyroptosis, retinal
neovascularization, epigenetic modi�cation, perturbation of the redox system, and the interference of mi-
RNA (28). The TGF-β1/miR-200b/VEGF pathway may not be the only mechanism, but it must be a crucial
mechanism of DR pathogenesis.

Our previous study has proven that Abelmoschus manihot could improve DR severity, ETDRS vision,
macular edema, and serum VEGF levels in type 2 diabetes (7). Hyperoside is a primary active ingredient
of Abelmoschus manihot (29), and the hyperoside content level in Abelmoschus manihot is notably
higher compared with other herbal medicines (30). Hyperoside is also one of the �avonoid glycosides
with anti-in�ammatory, antioxidant, antidepressant, and anti-cancer effects (31, 32). Recent studies have
con�rmed that hyperoside could improve oxidative stress and in�ammation induced by high glucose (33,
34), and inhibit the over-expression of TGF-β1 under high-glucose condition (35). Can this explain the
therapeutic mechanism of Abelmoschus manihot against DR? What is the role of TGF-β1/miR-
200b/VEGF pathway in the treatment of DR by hyperoside? These issues need more illustrations.

Our further in vitro experiments have shown that both low-concentration and high-concentration
hyperoside could inhibit proliferation, migration and tube formation of RECs induced by high glucose, and
the inhibition was obviously strengthened with the elevation of hyperoside concentration. Meanwhile,
hyperoside also signi�cantly down-regulated the activation of TGF-β1/miR-200b/VEGF pathway in RECs
proliferation induced by high glucose, and the regulation was obviously enhanced with the increase of
hyperoside concentration. In addition, the results of in vivo experiments showed that retinal ganglion cell
layers of DR group were disordered, and the inner and outer nuclear layers were sparsely arranged. It was
suggested that the retinal damage of DR group was relatively severe, and the lesion had broken through
BRB and spread to optic nerve cells. Furthermore, it was convincing that E/P and RVQ were used as
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representative indicators to assess the degrees of retinal capillary degeneration and neovascularization in
DR (36, 37). The results showed that E/P and RVQ in DR group were signi�cantly higher than NC group,
and RECs proliferation and angiogenesis also increased obviously in DR group. In contrast, hyperoside
could signi�cantly improve retinal tissue injury and vascular lesions in DR group, and the e�cacy was
ampli�ed with the elevation of hyperoside dose. These results preliminarily con�rmed that hyperoside
could treat DR.

The related WB, IF and PCR results showed that hyperoside also conspicuously decreased the
expressions of TGF-β1 and VEGF in retinal tissues of DR rats, but markedly increased the expression of
miR-200b. These results further con�rmed the inhibitory effect of hyperoside on TGF-β1/miR-200b/VEGF
pathway. Interestingly, the comparisons of FBG levels of DR rats in all groups at 0 w, 8 w, and 16 w
showed that all FBG levels in DR group, DR + L-HY group, DR + H-HY group, and DR + CD group were
higher than that for NC group, but there was no signi�cant difference of FBG levels in all DR rats groups.
These data suggested that the therapeutic effect of hyperoside on DR rats was not dependent on the
decrease of blood glucose, which was different from previous reports that some herbal medicines could
improve diabetic complication by hypoglycemic method (38, 39). However, it is known that the "metabolic
memory" effect caused by long-term hyperglycemia can lead to an embarrassing situation that many DM
patients cannot prevent the progression of diabetic complications despite signi�cant improvement of
blood glucose (40, 41). Therefore, it is particularly important to explore effective methods to improve DR
independent of glycemic control. The results of this study showed that hyperoside treated DR by
inhibiting TGF-β1/miR-200b/VEGF pathway rather than lowering blood glucose. Hyperoside can be
regarded as a potential effective complementary and alternative treatment for DR.

Due to time and funds limitation, it is a pity that some experiments are not performed, such as the
evaluation of RECs proliferation by EdU or Ki67, and the possible inhibitory mechanism of RPCs loss by
hyperoside and so on. RPCs loss is regarded as an essential pathogenic process in BRB dysfunction (42)
and the completion of related experiments will be more evidential for full explanation of DR
pathogenesis. These de�ciencies will be improved in further similar studies.

Conclusions
In summary, the present study offered convincing evidence that hyperoside can improve RECs over-
proliferation and angiogenesis induced by high-glucose and alleviate retinal tissue injury and vascular
lesions in DR rats. The therapeutic mechanism is probably attributed to the regulation of TGF-β1/miR-
200b/VEGF pathway by hyperoside. These results can be taken as a novel exploration of treatment
strategy for DR.
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Figures

Figure 1

RECs viability was positively correlated with glucose concentration and obviously inhibited by hyperoside.
(A) The relative viability of RECs in different concentrations of glucose was measured by CCK-8 after 24h,
48h, and 72h of incubation. (B) The relative viability of RECs in NG, MG, HG, HG+HY100 and HG+HY400
were measured by CCK-8 after 24h, 48h, and 72h of incubation. RECs in HG+H100 and HG+H400 were
transferred to high-glucose mediums and were added with 100 ug/mL and 400 ug/mL hyperoside for
further incubation, respectively. Data are presented as mean ± standard deviation. P<0.05 is statistically
signi�cant. * vs. NG, P<0.05, ** vs. NG, P<0.01, # vs. HG, P<0.05, ## vs. HG, P<0.01, ++ vs. HG+H100, P<0.01.
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Figure 2

The excessive migration and tube formation of RECs were induced by high glucose and inhibited by
hyperoside. (A) The comparison of migrated RECs measured by transwell assay in HG and different
concentrations of hyperoside. (B) The comparison of RECs branch points tested by tube formation assay
in HG and different concentrations of hyperoside. (C) The representative pictures of transwell assay in
different groups under the microscope (× 200). (D) The representative pictures of tube formation assay in
different groups under the microscope (× 200). Data are presented as mean ± standard deviation. P<0.05
is statistically signi�cant. ** P<0.01.
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Figure 3

TGF-β1/miR-200b/VEGF pathway played a key role in high-glucose-induced proliferation of RECs. (A) The
viability of RECs in all groups was measured by CCK-8 after transfection. (B) The expressions of TGF-β1
and VEGF mRNAs and miR-200b in different groups were assayed by qRT-PCR after transfection. (C) The
expressions of TGF-β1 and VEGF proteins in different groups were detected by WB after transfection.
Data are presented as mean ± standard deviation. P<0.05 is statistically signi�cant. * P<0.05, ** P<0.01.
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Figure 4

Hyperoside downregulated TGF-β1 & VEGF and upregulated miR-200b of RECs in high glucose. (A) The
expressions of TGF-β1 and VEGF mRNAs and miR-200b in different groups were tested by qRT-PCR. (B)
The expressions of TGF-β1 and VEGF proteins in different groups were detected by WB. Data are
presented as mean ± standard deviation. P<0.05 is statistically signi�cant. * P<0.05, ** P<0.01.

Figure 5

The comparisons of BM and FBG of rats were performed at different times. The BM and FBG of rats are
all measured on fasting in the morning. Data are presented as mean ± standard deviation. P<0.05 is
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statistically signi�cant. * vs. NC at the same week, P<0.05; # vs. NC at the same week, P<0.01.

 

Figure 6
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The representative pathological changes of retinal tissues and the typical images of retinal vasculopathy
in different groups. (A) The pathological changes of retinal tissue were detected by HE staining. (HE ×
200). (B) The retinal vasculopathy was detected by retinal trypsin digest and PAS staining. (PAS × 200).
GCL: ganglion cell layer; INL: inner nuclear layer; ONL: outer nuclear layer; RECs: retinal endothelial cells;
RPCs: retinal pericytes; AC: acellular capillaries; GP: ghost-pericytes. The differences of pathological
changes and retinal vasculopathy in all groups were indicated by black arrows.



Page 25/25

Figure 7

Hyperoside downregulated TGF-β1 & VEGF and upregulated miR-200b in retinal tissues of DR rats. (A)
The expressions of TGF-β1 and VEGF mRNAs and miR-200b in different groups were tested by qRT-PCR.
(B) The expressions of TGF-β1 and VEGF proteins in different groups were detected by WB. (C) The
representative images of TGF-β1 and VEGF proteins were detected by IF in different groups. (IF × 200).
Green �uorescence represented FITC-labeled TGF-β1 and VEGF levels in retinal tissues, and blue
�uorescence represented  DAPI-stained retinal cells. Data are presented as mean ± standard deviation.
P<0.05 is statistically signi�cant. * P<0.05, ** P<0.01.
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