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Background: Diabetic retinopathy (DR) is a complication of diabetes that impacts the vision and quality of life of patients. Sodium
aescinate (SA) has been widely used in resisting exudation and treating inflammation and vascular diseases, which is consistent
with the disease symptoms of DR. However, the therapeutic effect and molecular mechanism of SA on DR are lacking. Therefore,
this study is aimed at examining the palliative impact of SA on DR rats induced by streptozotocin (STZ).

Methods: DR model was established by injecting STZ (80 mg/kg) into the Sprague Dawley (SD) rats (7-week-old). Later, SA was
administered via the tail vein at a dosage of 1 mg/kg/per, 7 days/cycle, totaling 21 days. During this period, the changes in the rats’
body weight and blood sugar levels were observed, and their glucose tolerance was monitored. The fundus conditions of the rats
were then examined using fundus photography, focusing on the diameter and permeability of blood vessels. Retinal pathology
was assessed using hematoxylin-eosin (HE) staining, and the changes in DR-related markers vascular endothelial growth factor
(VEGF) and tumor necrosis factor-a (TNF-«) in the retinas were assayed. The changes in reactive oxygen species (ROS), lipid
peroxidation (Lip-ROS), malondialdehyde (MDA), glutathione (GSH), and insulin-like growth factor 1 (IGF1) in retinal protein,
as well as the changes of IGF1 in the serum, were also evaluated. Additionally, the changes in the advanced glycation end products
(AGE)-receptor for AGEs (RAGE) signaling pathway were investigated.

Results: The treatment group with SA slowed down the diameter of fundus blood vessels and reduced angiogenesis in DR. It
inhibited the expression of VEGF and TNF-a. At the same time, SA could also inhibit the activation of ROS, MDA, GSH,
and IGF1, and reduce the protein content of IGF1. Additionally, the expression of AGE and RAGE in the advanced glycation
end products (AGE)-receptor for AGEs (RAGE) signaling pathway was decreased, and the phosphorylated Janus kinase-signal
transd ucer and activator of transcription 3 (JAK/STAT?3) in its downstream pathway was also downregulated.

Conclusions: SA has the capacity to diminish DR by inhibiting oxidative stress and AGE-RAGE signaling pathway.
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Introduction Microvascular injury in diabetic retinopathy (DR) in-
volves several key mechanisms. The aberration of vas-

The Global Diabetes Data 2021 report indicated that  cular endothelial growth factor (VEGF) a significant sig-

there are over 537 million people worldwide with diabetes,
a metabolic disease, and this number is expected to con-
tinue rising in the future [International Diabetes Federation
(IDF), https://diabetesatlas.org/]. One of the complications
of diabetes mellitus (DM) is diabetic retinopathy (DR), a
condition where chronic vascular lesions can result in reti-
nal damage [1]. In terms of DR, retinal microvascular in-
jury plays a significant role [2]. DR has two classifications:
non-proliferative and proliferative, both of which are asso-
ciated with microvascular disease [3,4]. The development
of DR coincides with the progression of DM, with more
than one-third of people with diabetes also experiencing DR
[5], highlighting the global burden of the condition. As are-
sult, our research focuses on preventing the occurrence and
progression of DR.

nal [6]. Elevated levels of VEGF in DR lead to signal-
ing in endothelial cells, causing changes in vascular per-
meability and promoting neovascularization. The introduc-
tion of anti-VEGF treatment has shown promise in improv-
ing vision and preventing or reversing neovascularization,
making it an important clinical treatment strategy (IDF,
https://diabetesatlas.org/) [7]. Insulin-like growth factor 1
(IGF1) is another protein involved in the development of
new blood vessels and has been implicated in retinal dam-
age [8]. Additionally, IGF1 has been found to inhibit re-
active oxygen species (ROS) and enhance the antioxidant
capacity of cells, suggesting a protective role against ox-
idative stress [9]. Interestingly, elevated VEGF levels can
trigger the generation of ROS. The discoveries underscore
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the significance of VEGF and IGF1 in the onset and treat-
ment of DR. Further research in these areas may lead to im-
proved therapeutic strategies for preventing and managing
this condition [10,11].

Numerous studies have revealed the critical role of
ROS in the development of DR, particularly in microan-
giopathy complications [12]. High blood sugar levels con-
tribute to oxidative stress and an imbalance in antioxi-
dants. Interestingly, ROS activation can interfere with
glucose metabolism, leading to mitochondrial dysfunction
and influencing the development of DR microangiopa-
thy [13—15]. ROS upregulation also triggers various pro-
inflammatory pathways, causing phenotypic changes and
the continued expression of pro-inflammatory genes, even
after blood glucose levels stabilize. One example of this
is the glycosylation of plasma proteins, such as insulin,
under high glucose conditions. Glycosylated insulin can
act as a ligand for the receptor for advanced glycation end
products (RAGE), triggering the production of ROS and
consequently leading to insulin resistance [16]. Similarly,
the increased levels of ROS induced by high blood sugar
levels can activate the advanced glycation end products
(AGE)-receptor for AGEs (RAGE) signaling pathway [17].
But, the specific role of the AGE-RAGE signaling path-
way in DR studies is still not entirely clear. Furthermore,
the impaired regulation of ROS has been associated with
metabolic abnormalities in diabetes, which can lead to com-
plications such as DR [18]. These mechanisms involve
an increased formation of advanced glycation end prod-
ucts (AGEs), increased expression of AGE receptors, and
their activating ligands [19]. Investigating the correlation
between the AGE-RAGE signaling pathway and DR is an
intriguing prospect in the antioxidant study of DR and may
provide further therapeutic insights.

Sodium aescinate (SA) is a sodium salt of triterpenoid
saponins derived from the dried and mature seeds of Aes-
culus wilsonii Rehd [20]. SA has been extensively uti-
lized in clinical settings to treat soft tissue swelling and
venous edema, as it aids in reducing vascular permeability
[21]. Recent studies have also demonstrated the remarkable
anti-inflammatory and antioxidant properties of SA [22,23].
However, there has been limited research on the specific ef-
fects of SA on DR, which is associated with retinal edema,
vascular abnormalities, and oxidative stress [24]. Our focus
is on examining how SA can alleviate DR by regulating ox-
idative stress, aiming to shed light on the potential benefits
of SA in mitigating the impact of DR and improving retinal
health.

Materials and Methods

Materials

SA was purchased from Aimin Pharmaceutical Com-
pany (H20213782, Wuhan, China). Streptozotocin (STZ)
(HY-13753) was obtained from MedChemExpress (Mon-
mouth Junction, NJ, USA). Evans blue dye (EBD,
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E2129) was purchased from Sigma-Aldrich® (Saint Louis,
MO, USA). The Glucose Test Kit (O-toluidine method,
S0201S), ROS (S0033S), glutathione (GSH) (S0053)
and malondialdehyde (MDA, S0131S) kit were obtained
from the Beyotime Institute of Biotechnology (Shang-
hai, China). Rabbit anti-cell adhesion molecule-1 (CD31)
(ab28364), anti-AGE (ab176173), anti-IGF1 (ab106836),
anti-VEGFA (ab214424), anti-tumor necrosis factor-«
(TNF-a) (ab6671), anti-phosphorylation-Janus kinase (p-
JAK) (ab32101) and anti-RAGE (ab216329) antibodies
were purchased from Abcam (Cambridge, MA, USA). Rab-
bit, anti-JAK (#3230), anti-STAT3 (#9139), anti-p-STAT3
(#9145), and anti-$-actin (#4967) antibodies were obtained
from Cell Signaling Technologies (Danvers, MA, USA).
Phosphate buffered saline (PBS, CB012), anti-rabbit IgG
(LF104), anti-mouse IgG (LF103), Electrochemilumines-
cence detection reagents (SQ203L) and a bicinchoninic
acid (BCA) protein assay kit (ZJ102L) was purchased from
Epizyme Biotech (Shanghai, China).

Animals

Male-specific pathogen-free (SPF) Sprague-Dawley
(SD) rats, 6 weeks of age, were acquired from Shanghai
Slake Experimental Animal Co., Ltd. (Shanghai, China)
and were housed in accordance with relevant guidelines.
They underwent adaptive feeding for one week. The ani-
mal study was approved by the Ethics Committee for An-
imal Study in Animal Ethical and Welfare Committee of
Zhejiang Chinese Medical University (approval number:
IACUC-20230904-04). This experiment strictly follows
the Regulations on the Management of Experimental An-
imals and other relevant provisions.

Animals’ Experimental Protocols

SD rats were randomly divided into 5 groups: con-
trol group, DR Group, SA1-3 group (0.5/1.0/1.5 mg/kg),
6 rats/group. Control group was administered with a cit-
ric acid buffer of equal volume. DR-model group and SA-
treat group were induced by a single injection of STZ (80
mg/kg). SA group was given intravenous SA (0.5/1.0/1.5
mg/kg/day), 7 days/cycle. Total of 21 days of treatment
(According to the SA injection instructions, every 7 days
for a course of treatment. There are 7 days between each
session). The weight of the rats was measured per 7 days,
and the blood glucose was measured after the experiment.
Blood glucose was measured on the seventh day after the
first STZ injection. DR-Rats were selected with blood glu-
cose >16.5 mmol/L. In the DR group, less than 20 rats with
unqualified blood glucose were injected with STZ again.
Twenty rats were randomly divided into four cages (DR
Group, SA-1 group, SA-2 group, SA-3 group). The overall
experiment was repeated to minimize the error caused by
different batches of animals. Three rats from each group
were randomly chosen for the subsequent experiments in
both of the trials.
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Fundus Imaging

Animals were induced into a coma using isoflurane. A
1% tropicamide solution was applied to the eye to dilate the
pupil. Subsequently, the rats were examined using a reti-
nal camera (TRC-50IX, Topcon Medical Systems, Tokyo,
Japan). The lens was adjusted to focus on the retina, and
images of each rat were then captured.

Blood-Retinal Function Evaluation

After the intravenous injection of EBD (45 mg/kg)
through the tail vein, the rat’s heart was injected with 100
mL PBS for 1 h. The eyes were collected after the rats
were treated with excess isoflurane. Samples were then ex-
tracted for grinding, ultrasound, and centrifugation (12,000
x g, 30 min, 4 °C). The supernatant was collected, and the
same amount of 50% trichloroacetic acid was added for ev-
ery 200 pL sample. The samples were incubated overnight
at 4 °C and centrifuged again (12,000 x g, 30 min, 4 °C).
A method similar to enzyme-linked immunosorbent assay
(ELISA) was used to determine the EBD content at 610 nm
in Microplate Reader (PR4100, Bio-Rad Laboratories, Her-
cules, CA, USA) and quantified according to the standard
curve.

Hematoxylin-Eosin (HE) Staining

After the rats were euthanized (the anesthetic was Tile-
tamine Hydrochloride and Zolazepam Hydrochloride for
injection, which was provided by the Animal Experimental
Center of Zhejiang Chinese Medicine University according
to the animal weight limit, and the anesthetic dosage of rats
was 100 g/100 pL. The execution method is cervical dislo-
cation.), their eyes were removed. The samples, which were
embedded in paraffin, were sliced into 4 um sections using
4% paraformaldehyde, decalcified in xylene, and then de-
hydrated after ethanol treatment. The sections were stained
with hematoxylin-eosin, and the tissue was examined under
a light microscope (IX83, Olympus, Tokyo, Japan).

CD31-Immunohistochemistry Analysis

The collected retina specimens were fixed, embed-
ded in paraffin, and then cut into 5 um segments. Sub-
sequently, antigen repair was performed, and endogenous
peroxidase activity was reduced by incubating the sections
with 2.5% hydrogen peroxide methanol solution. To reduce
nonspecific binding, the tissue sections were incubated with
10% normal goat serum. Anti-CD31 (1:100) was incubated
overnight at 4 °C. Next day, the slices were treated with an
all-purpose protein block (Dako) at room temperature for
25 min. The sections were then developed by DAB (Dako)
and observed under a light microscope. Subsequently, the
sections were counterstained with hematoxylin. Finally, the
sections were dehydrated with gradient ethanol, sealed with
neutral glue, and examined under a microscope. The brown
color represents the staining of CD31.
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ROS, MDA, GSH, and IGF1 Content Test

In the in vivo study, the eyeballs of the rats were re-
moved to conduct ELISA experiments following the in-
structions. The concentrations of IGF1, MDA and GSH
in the rats were assessed and analyzed. Additionally, the
primary retinal cells of mice were extracted, and ROS was
detected according to the instructions. All the experiments
were performed using a microplate reader, the standard
curve was designed and the corresponding results were cal-
culated.

Western Blotting

The protein from the rat eyeball was extracted
and quantitatively analyzed using the Bicinchoninic Acid
(BCA) Assay. Subsequently, the protein was separated
by 30 pg polyacrylamide gel electrophoresis using sodium
dodecyl sulfate and transferred to a polyvinylidene fluo-
ride (PVDF) membrane. A 5% solution of BSA was dis-
solved in TBST and used to incubate the membrane at room
temperature for 2 h. The AGE-RAGE signaling pathway
was detected by analyzing AGE, RAGE, p-JAK, and p-
STAT3 protein changes. The DR-related factors VEGF and
TNF-a were also detected. Anti-AGE (1:1000 dilution),
anti-RAGE (1:2000), anti-P-JAK (1:1000), anti-P-STAT3
(1:1000), anti-VEGF (1:1000), and anti-TNF-« (1:1000)
were incubated at 4 °C overnight. [-actin served as the
control group. The corresponding horseradish peroxidase
labeled secondary antibody was added to the membrane
and incubated at room temperature for 2 h. SuperSignal®
West Dura Extended Duration Substrate was used to pre-
pare about 1 mL of ECL working liquid according to the
instructions. The transfer film was incubated at room tem-
perature for 1 min, then excess ECL reagents were removed
and sealed with plastic wrap. X-ray film is placed in the
cassette and exposed about 5 for development and fixing.
The relative density of the proteins was analyzed using Im-
age J (1.53k, National Institutes of Health, San Diego, CA,
USA).

Bioinformatics Analysis

The targets of “diabetic retinopathy” were searched
from different disease databases (Such as: GeneCards (ht
tps://www.genecards.org/), Online Mendelian Inheritance
in Man (OMIM) (https://www.omim.org/) and DisGeneT
(https://www.disgenet.org/)). The intersection of the tar-
gets was taken for Venn. Then the common targets were
entered into the STRING website (https:/cn.string-db.or
g/) for Protein-Protein Interaction Networks (PPI) analysis
(Organisms: Homo sapiens; minimum required interaction
score: 0.4; max number of interactors to show: no more
than 10 interactors). Finally, the results of PPI and Kyoto
Encyclopedia of Genes and Genomes (KEGG) enrichment
information were obtained.
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Fig. 1. Information about the rat model of diabetic retinopathy (DR). (A) Overall experimental process. (B) Fundus of rats after

the second SA treatment. (C) Recording the weight of each group of rats every 7 days. (D) Blood glucose of each group. **p < 0.01
vs. control (the mean + standard deviation (SD), n = 6). One-way Analysis of variance (ANOVA) with Dunnett’s post hoc test. STZ,

streptozotocin; SA, sodium aescinate.

Statistical Analyses

The experiments were repeated three times, and the
mean + standard deviation (SD) of the data was calculated.
Univariate analysis of variance and Tukey post hoc test
were used to determine statistical significance. p < 0.05
was considered statistically significant. GraphPad Prism
software (version: 8.0.1, GraphPad Software, San Diego,
CA, USA, https://www.graphpad.com) was used for the
analysis.

Results

Effect of SA on SD-Rats Body Weight and Blood
Glucose Level

The rats’ body weight was recorded every 7 days
during the experiment. The total experimental process is
shown in Fig. 1A. The diameter of fundus blood vessels
was observed in the instrument after each course of treat-
ment (Fig. 1B shows the fundus condition after the second
course of SA-3 treatment showed some improvement but
no significant improvement). The rats in the DR Group had
a significantly lower body weight compared to the control
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group (p < 0.05). However, the SA treatment group showed
no significant effect on weight levels compared to the DR
group (Fig. 1C). At the end of the experiment, the changes
in blood glucose were measured. The rats in the DR group
exhibited hyperglycemia compared to the control group (p
< 0.05), while the SA treatment group showed no signifi-
cant effect on blood sugar levels compared to the DR group
(Fig. 1D).

Effect of SA on Retinal Vascular Permeability and
New Formation

The EBD test was used to assess the impact of SA on
retinal vascular permeability. EBD extravasation signifi-
cantly increased in the DR group (p < 0.01). Compared to
the DR group, SA could reduce retinal intravascular EBD
extravasation in diabetic rats (p < 0.05) (Fig. 2). In ad-
dition, SA can also affect the formation of blood vessels.
According to the immunohistochemical staining results of
CD31, the number of CD31 staining increased after STZ
intervention compared to the control group, and the pro-
duction of CD31 decreased after SA treatment, showing a
dose-dependent pattern (Fig. 3A,B).
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Fig. 2. Intervention effect of SA on vascular permeability.
**%p < 0.001 vs. control, N.S. p > 0.05, ##p < 0.01 vs. DR group
(the mean = standard deviation (SD), n = 6). One-way ANOVA
with Dunnett’s post hoc test.

SA4 Effect on Retinal Vessel Diameter and Results of
Fundus Photography

The diameter of retinal vessels was significantly
greater in the DR group compared to the control group.
Micro-angiogenesis was significantly higher than that of
control group. In contrast, the diameter of retinal vessels
in rats treated with SA was narrowed and micro-vascular
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reduction compared to the DR group. In addition, fundus
bleeding was observed in the STZ model group compared
to the control group without intervention, and the bleeding
situation changed after SA treatment (Fig. 4).

The Histopathological Changes in Retinal Vessels
Induced by SA in Rats

After the administration of SA (0.5/1.0/1.5 mg/kg),
there was a reduction in the enlarged diameter of retinal
blood vessels in the DR group. The blood vessel diameter
was still observed in the low-dose group (0.5 mg/kg) of SA,
although it was lower than in the DR group. This difference
was not found in the SA-2 and SA-3 groups (as indicated by
the arrow in Fig. 5). Hematoxylin-eosin (HE) staining was
utilized to assess the thickness of each retinal layer, and the
most representative image was chosen (Fig. SA). The retinal
layers included the outer nuclear layer (ONL), outer plex-
iform layer (OPL), inner nuclear layer (INL), inner plexi-
form layer (IPL), and ganglion cell layer (GCL). The reti-
nas of the control rats exhibited well-organized structures.
Conversely, the cells of the diabetic rats demonstrated irreg-
ular, loosened, and disorganized features. As expected, SA
treatment improved the damaged cells in each layer. Fur-
thermore, the thickness of each retinal layer, comprising
the outer segment (OS), ONL, OPL, INL, IPL, and GCL,
as well as the total retina, was significantly reduced in dia-
betic rats compared to the controls (Fig. 5B). The treatment
group receiving SA-2 and SA-3 showed a certain degree of
improvement in the thickness of each retinal layer.

Influence of SA on ROS, MDA, GSH, and IGF'1
Levels

The GSH level in the DR group was significantly
lower than that in the control group (p < 0.001). Compared
with the DR group, the retinal GSH level in the SA group
was significantly increased (p < 0.05) (Fig. 6A). The MDA
content in the retina of the DR group was significantly
higher than that of the control group (p < 0.01). Compared
with the DR group, MDA contents were decreased after SA
treatment (p < 0.05) (Fig. 6B). The DCFH-DA probe was
used to detect ROS in living cells extracted from the retina
of each group. Compared with the control group, ROS con-
tent in the DR group was significantly increased (p < 0.01),
while SA could inhibit such increase (p < 0.05) (Fig. 6C).
In the detection of serum IGF1, IGF1 in the DR group was
increased (p < 0.01), but SA could not suppress this point
(Fig. 6D). In the detection of IGF1 protein, the expression
of IGF1 protein in the DR group was higher than that in
the control group, and SA could reduce IGF1 content (p <
0.01) (Fig. 6E).

KEGG Analysis Obtained the Relevant Signal
Pathway of the Target

Based on the (Fig. 7A), a search for “diabetic
retinopathy” in the GeneCards, OMIM, and DisGeNet
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Fig. 3. Effect of SA on Platelet endothelial cell adhesion molecule-1 (CD31) immunohistochemical staining. (A) Typical image
of CD31-IHC: (a) control group. (b) DR group. (c) SA (0.5 mg/kg) group. (d) SA (1.0 mg/kg) group. (e) SA (1.5 mg/kg) group.
Magnification (x200). Brown is CD31 positive expression, the arrow points to the positive stain. (B) The positive staining was analyzed
statistically. ***p < 0.001 vs. control, N.S. p > 0.05, ##p < 0.01, ##p < 0.005 vs. DR group (the mean =+ standard deviation (SD), n

= 6). One-way ANOVA with Dunnett’s post hoc test.

databases resulted in the identification of relevant disease (PPI) (Fig. 7B). Finally, the KEGG enrichment results from
targets (Fig. 7A). Subsequently, 27-targets were input into STRING were exported, and the top ten relevant signaling
STRING to build a Protein-Protein Interaction Networks  pathways were plotted using R language (Fig. 7C).
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Fig. 4. Fundus imaging in rats. (A) Rats without intervention. (B) Streptozotocin (STZ) was used to construct a DR model in rats. (C)

After constructing the DR model of STZ progression, the rats in the SA-high treatment group were treated.

Influence of SA on the AGE-RAGE and Janus
Kinase-Signal Transd Ucer and Activator of
Transcription 3 (JAK-STAT3) Signaling Pathway

In the AGE-RAGE signaling pathway, compared with
the control group, both AGE and RAGE were highly ex-
pressed in the DR Group (p < 0.05, p < 0.01), while JAK
and STAT3, downstream of this signaling pathway, did
not change. Further analysis of their phosphorylated pro-
teins revealed that P-JAK and P-STAT3 were both increased
compared to the control group (p > 0.05). However, after
SA treatment, the expression of AGE and RAGE decreased,
with no significant effect on JAK and STAT3 (p > 0.05).
Additionally, SA decreased the expression of phosphory-
lated P-JAK and P-STAT3 (p < 0.05, p < 0.01) (Fig. 8A—
D). These results suggest that SA could inhibit the AGE-
RAGE signaling pathway.

Intervention Effect of SA on Related Proteins TNF-«
and VEGF

In the DR group, both TNF-a and VEGF were in-
creased compared to the control group. The increase of
TNF-a could be inhibited by SA (p < 0.05, p < 0.01).
However, in the case of VEGF, a low dose of SA (0.5,
1.0 mg/kg) could not inhibit the increase in the DR group.
When the SA dose was increased to 1.5 mg/mL, VEGF
could be effectively inhibited (p < 0.01) (Fig. 9A—C).

Discussion

Sodium aescinate (SA) is a commonly used treatment
for vascular diseases, particularly cerebrovascular diseases.
It primarily improves venous tension, accelerates venous
blood flow, promotes lymphatic return, enhances blood cir-
culation and microcirculation, and protects the blood vessel
wall. Additionally, it possesses anti-inflammatory and anti-
seepage properties. Previous research experiments have
employed SA to examine its effects on reducing oxidative

stress and inflammation [23,25]. The therapeutic efficacy
of SA on micro-vessels has been widely applied in clinical
settings, and its impact on ROS and inflammation has been
confirmed by previous studies. However, its potential in
the treatment of DR has not been explored. In this study,
for the first time, it was demonstrated that SA inhibits the
production of ROS, alleviates DR in vivo by regulating the
balance of oxidation, and inhibits the AGE-RAGE (receptor
for advanced glycation end products) signaling pathway in
STZ-induced DR rats. The findings indicate that although
the therapeutic doses of SA (0.5 and 1.0 mg/kg) did not
yield significant effects in the CD31 and Evans blue ex-
periments, the treatment group receiving 1.5 mg/kg SA ex-
hibited a clear and significant impact. 1.5 mg/kg SA can
decrease the diameter of blood vessels in the fundus of DR
rats and reduce the formation of new blood vessels in vivo.
These results suggest that SA holds promise as a potential
therapeutic agent for the treatment of DR. Further research
is needed to elucidate the underlying mechanisms and as-
sess its effectiveness in clinical settings.

High glucose levels in individuals with diabetes can
impair cellular repair mechanisms over time, which is a key
factor in the development of DR [26,27]. The current study
revealed that SA treatment (different dose) had a minimal
effect on blood glucose levels, suggesting that the observed
improvement in STZ-induced DR rats may not be directly
associated with the reduction of blood glucose levels (p >
0.05). Insulin-like growth factor 1 (IGF1) has been iden-
tified as a correlating factor in the progression of DR. The
relationship between IGF1 and DR is intricate. Chronic de-
ficiency of IGF1 can lead to retinal capillary degeneration,
while a sharp increase in exogenous IGF1 can further en-
hance the vascular endothelial growth factor (VEGF) and
contribute to the progression of DR. In this experiment, the
translation level of IGF1 protein increased in the DR group,
although the SA-1 and SA-2 dose groups did not signifi-
cantly regulate the expression of IGF1 protein (p > 0.05).
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Fig. 5. Retinal damage was observed by HE staining. (A) HE staining image, representing thickness and damage of each layer
(%x200). (a) Control group, (b) DR-group, (c) SA1-group, (d) SA2-group, (¢) SA3-group. Arrows represent possible bleeding spots. (B)
Comparison of the thickness of each layer among different groups. (a—e) Thickness levels of ONL, OPL, INL, IPL and GGL. *p < 0.05,
**p < 0.01, ***p < 0.001 vs. control, N.S. p > 0.05, #p < 0.05, ##p < 0.01 vs. DR group (the mean + standard deviation (SD), n =
6). One-way ANOVA with Dunnett’s post hoc test. ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL
inner plexiform layer; GGL, ganglion cell layer; HE, hematoxylin-eosin.

However, the translation level of IGF1 protein was signif-
icantly reduced in the SA-3 group (p < 0.05). It is worth
noting that any dose of SA had no significant impact on
serum IGF1 levels (p > 0.05). Nevertheless, SA-3 was able
to reduce the expression of IGF1 protein (p < 0.05). These

findings suggest that the therapeutic effect of SA on STZ-
induced DR rats may not only be through its influence on
blood glucose levels, but also through its regulation of IGF 1
protein expression. Further research is needed to fully un-
derstand the mechanisms behind this relationship.
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Fig. 6. The effect of SA on oxidative stress-related indexes in Rat cultured with high glucose. (A) Each group results of glutathione
(GSH) detection. (B) Each group results of malondialdehyde (MDA) detection. (C) Each group results of reactive oxygen species (ROS)
detection. (D) Each group Results of insulin-like growth factor 1 (IGF1) detection in serum of rats. (E) IGF1 western blotting results and
quantitative statistics. **p < 0.01, ***p < 0.001 vs. control, N.S. p > 0.05, #p < 0.05, ##p < 0.01 vs. DR group (the mean + standard
deviation (SD), n = 6). One-way ANOVA with Dunnett’s post hoc test.

Diabetic retinopathy (DR) is a complication of dia-
betes that affects more than one-third of diabetic patients.
It is characterized by the development of abnormal neovas-
cularization in the retina. In the early stages, there is mi-
crovascular dilation and damage to the blood-retinal barrier,
leading to increased retinal vascular permeability, retinal
thickening, and edema. During the proliferative period, ab-
normal proliferation of new blood vessels occurs [28]. The
treatment of DR primarily targets the changes and perme-
ability of microvessels, with a strong correlation between
VEGEF signaling, neovascularization, and persistent ROS
signaling [29]. ROS is believed to play a significant role
in the occurrence and progression of DR [30]. Regulating
ROS through drug intervention is a promising approach in
the treatment of DR. The present study showed that in DR
rats, there was a significant increase in retinal vessel diam-

eter and extravasation of Evans blue dye (EBD). Consis-
tent with fundus imaging results, histopathology revealed
increased retinal vessel diameter due to diabetes. How-
ever, treatment with SA alleviated pathological changes
caused by hyperglycemia. After SA treatment, the diame-
ter and permeability of retinal blood vessels decreased, and
histopathological staining showed some improvement in re-
generated blood vessels. These findings suggest that SA
can reduce the burden of DR in STZ-induced diabetic rats.
VEGF and TNF-« are key factors strongly associated with
the progression of DR. VEGF, in particular, is targeted as
the first-line treatment for DR [31]. The most recent re-
search shows a strong link between VEGF and ROS [32].
TNF-« also plays a role in the DR process by inducing ox-
idative damage. The upregulation of these factors acts as a
marker for DR progression [33]. The study examined the
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effect of SA on VEGF and found that its expression was
significantly enhanced in the DR group compared to the
control group (p < 0.005). However, with the administra-
tion of SA (1.5 mg/kg), the expression of VEGF and TNF-
o was down-regulated compared to the DR group. Addi-
tionally, markers of oxidative stress, MDA and GSH, were
examined. MDA levels increased in the model group but
decreased in the SA-2 (1.0 mg/kg) and SA-3 (1.5 mg/kg)
intervention group (p < 0.05). GSH levels decreased in
the model group but increased after SA-3 intervention (p <
0.05, p < 0.01). The DCFH-DA probe was used to detect
changes in ROS levels in primary ocular cells. The results
indicated higher ROS levels in the DR group compared to
the control group (p < 0.05). However, treatment with SA-
3 reduced ROS expression compared to the DR group (p <

0.05). These findings suggest that SA may alleviate DR by
intervening in ROS levels. There was no gradient depen-
dence of SA on oxidative stress related indexes. Therefore,
SA-3 (1.5 mg/kg) shows promise as a therapeutic interven-
tion for DR by targeting microvascular changes, modulat-
ing VEGF and TNF-« expression, and reducing oxidative
stress and ROS levels. Further research is needed to explore
the full potential and mechanisms of SA in DR treatment.
In previous studies, it has been observed that ROS can
increase the expression of muscle-advanced glycation end
products (AGEs) and activate their receptor RAGE, leading
to retinal damage and the promotion of a pro-inflammatory
environment characterized by oxidative stress [34,35]. The
formation and accumulation of AGEs are significant factors
in the pathogenesis of diabetic retinopathy (DR) and play a
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vs. control, N.S. p > 0.05, #p < 0.05, ##p < 0.01 vs. DR group (the mean =+ standard deviation (SD), n = 6). One-way ANOVA with

Dunnett’s post hoc test.

crucial role in retinal damage. Inhibiting the AGE-RAGE
system is effective in the treatment of DR, making it an im-
portant target for intervention [36]. It is an important remis-
sion in the development of DR and an important part of the
inhibition that drugs can intervene in [37]. In this study, it
was found that in the DR group, AGE and RAGE were acti-
vated, and a low dose of SA (0.5 mg/kg) had no significant
effect on their levels (p > 0.05). However, the high dose
of SA (1.5 mg/kg) effectively inhibited the AGE content
and RAGE activation. Further investigation based on the

AGE-RAGE signaling axis from the KEGG official web-
site and previous bioinformatics studies on diabetes com-
plications suggested that the JAK/STAT3 pathway down-
stream of AGE-RAGE may be correlated with the devel-
opment of DR [38]. In the KEGG enrichment analysis of
DR targets in this study, both the JAK/STAT signaling path-
way and the AGE-RAGE signaling pathway were among
the top three pathways with the strongest correlation. The
evaluation of the role of SA in the AGE-RAGE signaling
pathway in this study indicates that different doses of SA
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with Dunnett’s post hoc test.

can all inhibit the protein expression of AGE and RAGE
in the AGE-RAGE signaling pathway. In the downstream
JAK/STAT3 signaling pathway, while the total protein lev-
els of JAK and STAT3 remain unchanged, the phosphoryla-
tion levels of JAK are influenced by different doses of SA
(» < 0.05), and the phosphorylation levels of STAT3 are af-
fected by SA-2 and SA-3 (p < 0.05), with no significant im-
pact from SA-1 (p > 0.05). Both SA-2 and SA-3 inhibit the
overexpression of DR-induced p-JAK and p-STAT3, sug-
gesting that SA may alleviate DR by modulating the AGE-
RAGE and JAK-STAT3 signaling pathways.

This study has several limitations. For instance, al-
though the selection of animals took into account the differ-
ent batches, only female rats were chosen, and no research
or discussion on gender was conducted. Additionally, there
was no investigation into the potential toxicity of SA; the
focus was solely on the efficacy of SA for DR, which is
an area for improvement in future experiments. Further-
more, due to limited research on the treatment of DR with
SA, we only conducted validation on the most strongly cor-
related AGE-RAGE and JAK/STAT3 signaling pathways
and other related factors such as IGF1, TNF-«, and VEGF,
based on bioinformatics analysis and literature searches re-
lated to DR. Reverse validation of the signaling pathways
was not conducted, and other pathways were not studied.
SA is not a commonly used drug for the clinical treatment
of DR. Clinical treatment for DR largely involves control-
ling blood pressure, blood sugar, and laser photocoagula-
tion therapy. Subsequent clinical research on the use of SA
should consider comparative or collaborative studies in rel-
evant clinical treatments for DR.

Conclusions

Overall, these findings provide insights into the poten-
tial mechanisms through which SA exerts its beneficial ef-

fects in DR, specifically by targeting the AGE-RAGE and
the JAK/STAT3 signaling pathway. Further research will
fully elucidate the underlying mechanisms and therapeutic
potential of SA in the management of DR.
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