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Purpose: For early-stage Diabetic retinopathy (DR), various pharmacological agents and neuroprotective factors have been devel-
oped. However, these treatments often show limited efficacy, especially when initiated after retinal damage, and may cause adverse
effects. Therefore, there is an urgent need to develop safer and more effective therapeutic strategies for early-stage DR. Shenzhuo
Formula (SZF), a modified classical traditional Chinese medicine prescription, has shown promising clinical efficacy in early-stage DR
treatment. This study aims to investigate the underlying mechanisms of SZF to expand treatment strategies for DR.

Methods: SZF components were analyzed using Ultra Performance Liquid Chromatography-Quadrupole Time-of-Flight Mass
Spectrometry/Mass Spectrometry (UPLC-Q-TOF-MS/MS). Db/db mice received three different SZF doses for 12 weeks.
Physiological parameters, including water and food consumption, body weight, and urine output, were monitored. Blood samples
were analyzed for fasting blood glucose and other relevant parameters. Ocular changes were assessed using fundus photography (FP),
fundus fluorescein angiography (FFA), optical coherence tomography (OCT) and hematoxylin and eosin (H&E). Network pharmacol-
ogy analysis (NP) identified potential SZF targets, while immunofluorescence staining evaluated SZF’s mechanism in delaying DR
progression. The distribution of SZF pharmacological targets in critical DR target cells was analyzed using single-cell data from the
GSE245561 dataset. Molecular docking predicted SZF-target interactions.

Results: SZF improved diabetic symptoms, increased retinal thickness, and reducedvascular leakage and microcirculation issues. The
HIF-1a-VEGFA axis was suggested as a potential core target. Single-cell analysis of clinical samples suggested macrophages as a
common target cell for HIF-1a and VEGFA. Molecular docking identified effective SZF components.

Conclusion: Results indicate that SZF may impede the progression of DR by inhibiting the HIF-10-VEGFA signaling pathway in
macrophages, with quercetin and apigenin identified as significant contributors, though further experimental validation is needed to
confirm these mechanistic.
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Introduction

The American Diabetes Association (ADA) defines Diabetic retinopathy (DR) as a highly tissue-specific neurovascular
complication.! Approximately 22.27% of diabetes patients will suffer from DR,? making it the fifth largest cause of visual
impairment among adults aged 50 and above.’ DR is characterized by progressive damage to the retinal microvasculature and
neurons, involving mechanisms such as oxidative stress, inflammation, and vascular dysfunction.4 The condition typically
progresses from non-proliferative diabetic retinopathy (NPDR) to proliferative diabetic retinopathy (PDR), potentially leading
to vision loss.

Current therapeutic strategies for DR include surgical and pharmacological treatments. Surgical approaches such as
vitreoretinal surgery and laser photocoagulation are mainly used for advanced proliferative DR with severe complications.”
While anti-VEGF therapy has become a primary treatment option, these interventions are invasive and may cause complications
including intraocular inflammation, retinal detachment, and elevated intraocular pressure.*'* For early-stage DR, various
pharmacological agents have been developed, including neuroprotective factors (insulin-like growth factor-1 (IGF-1), pigment
epithelium-derived factor (PEDF), somatostatin (SST), pituitary adenylate cyclase-activating polypeptide (PACAP), glucagon-
like peptide-1 (GLP-1), brain-derived neurotrophic factor (BDNF), and nerve growth factor (NGF))'* and other therapeutic
compounds (calcium dobesilate, SGLT2 inhibitors, PPAR-a agonists). However, these treatments often show limited efficacy,
especially when initiated after retinal damage, and may cause adverse effects.'®'® Therefore, there is an urgent need to develop
safer and more effective therapeutic strategies for DR.'°
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Traditional Chinese medicine (TCM) exhibits significant advantages in addressing early DR. Notably, Professor Tong
Xiaolin has developed a refined formulation, Shenzhuo Formula (SZF), based on the traditional Di dang Tang. This innovative
formula primarily comprises Astragalus mongholicus Bunge, Salvia miltiorrhiza Bunge, Rheum officinale Baill, Hirudo,
Epimedium sagittatum (Siebold & Zucc). Maxim, and Leonurus japonicus Houtt among other ingredients. It is known for its
efficacy in nourishing qi, enhancing blood circulation, and unblocking collaterals, which positions it favorably compared to
standard first-line treatments and pharmaceuticals. While earlier literature documented the use of Di dang Tang for treating
Type 2 Diabetes Mellitus (T2DM),"” there is currently no published research on its application in the treatment of DR.

Interestingly, several key components of SZF have been reported to be beneficial for DR."* 2 Astragalus membranaceus and
its main components, such as Astragaloside IV, may play a role in the treatment of DR by targeting VEGFA, AKT1, and IL-6 and
participating in oxidative stress, angiogenesis, and inflammation.?’ Moreover, quercetin from Astragalus membranaceus has
been shown to prevent DR in rats by inducing heme oxygenase-1 expression,”? while kaempferol, another component of
Astragalus membranaceus, exhibits immunomodulatory effects on microglia and macrophages during the progression of DR.*
Leonurus japonicus Houtt, another key ingredient in SZF, contains chlorogenic acid, which alleviates blood-retinal barrier (BRB)
injury by reducing microglia-induced inflammation.”*2° Furthermore, hyperoside from Epimedium sagittatum (Siebold &
Zucc). Maxim has been found to reduce oxidative stress and inhibit cell damage,?’ suggesting its potential role in DR treatment.
These findings collectively highlight the therapeutic potential of SZF and its individual components in the management of DR.
The synergistic effects of these ingredients may contribute to the overall efficacy of SZF in treating this complex condition.

This study aims to: (1) evaluate the therapeutic efficacy of SZF in DR treatment; (2) identify the key active
compounds and their molecular targets; (3) elucidate the underlying mechanisms through which SZF exerts its protective
effects on retinal vessels and neurons.

Materials and Methods

Ultra Performance Liquid Chromatography-Quadrupole Time-of-Flight Mass
Spectrometry/Mass Spectrometry (UPLC-Q-TOF-MS/MS) Analysis

Preparation of Standard and Sample Solutions
A total of twenty-nine standard substances were utilized in this study. These include: Astragaloside IIT (DST181118-018),
Astragaloside II (DST180315-023), Isoastragaloside II (DST180315-023), Astragaloside 1 (DST190216-016),
Isoastragaloside IV (ST81100105), (6aR, 11aR)-3-hydroxy-9,10-dimethoxy pterocarpan-7-O-B-D-glucoside (ST19060210),
Astraisoflavan-7-O-B-D-glucoside (ST80460105), complanatuside (ST11380120), Calycosin (ST08810120), Calycosin 7-O-
glucoside (ST08820120-5240), Astragalin (ST07310120-3289), Formononetin (ST08800120-1948), Astragaloside A
(DST190711-015), and Genistin (ST02430120). All these compounds were procured from Chengdu Dest Biotechnology
Co., Ltd. Additionally, the following substances were included: Emodin (5940), Emodin-3-methyl ether (7550), Aloe emodin
(8075), Aloe-emodin-8-O-B-D-glucopyranoside (5421), lithospermic acid (ST13620120MG), Dihydrotanshinone I, and
Salvianolic acid (ST005570120MG-4881), along with Salvianolic acid C and Cryptotanshinone (110852-200,806), 2-
Propenoic acid, 3-[2-[(1E)-2-(3,4-dihydroxyphenyl)ethenyl]-3,4-dihydroxyphenyl]- (2E) (DST180404-075), lithospermic
acid B (ST000500120MG-4065), Danshensu, and Ferulic acid (110773-201,012), as well as Protocatechualdehyde
(110810-201007) and Rosmarinic acid (DST190506-027). To prepare a mixed standard solution, an appropriate volume of
methanol was added to dissolve 1.00 mg of each reference substance, followed by dilution to a concentration of 50 pg/mL.
For fingerprint analysis and similarity evaluation, SZF granules (20 mg) were accurately weighed and dissolved in 1
mL of ultrapure water by vortexing and sonication to prepare a solution with a concentration of 20 mg/mL. The solution
was centrifuged at 14,000 rpm for 10 min at 4°C, and the supernatant was collected and stored for later use. For chemical
component identification, 20 mg of SZF formula solution was accurately measured and dissolved in 1 mL of ultrapure
water by vortexing to prepare a 5 mg/mL SZF solution, which was then centrifuged, and the supernatant was collected.
Single herb sample solutions were prepared by weighing 10 g of each herb, soaking them in 8 times the volume of water
for 30 minutes, and heating the mixture under reflux for 1 hour. After cooling and adjusting for any weight loss, the
solution was filtered, and 1 mL of the filtrate was diluted to a concentration of 5 mg/mL, centrifuged, and the supernatant
was collected.
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UPLC-Q-TOF-MS/MS Conditions

UPLC-Q-TOF-MS/MS analysis was performed for fingerprint analysis, similarity evaluation, and chemical component
identification of SZF. Chromatographic separation was achieved using a Phenomenex Kinetex XB-C18 column (2.1 x
100 mm, 2.6 um) at 35°C for fingerprint analysis and a Waters Acquity UPLC BEH C18 column (2.1 x 100 mm, 1.7 um)
at 30°C for component identification. The mobile phases consisted of (A) 0.1% phosphoric acid or formic acid and (B)
0.1% phosphoric acid or formic acid in acetonitrile, with gradient elution programs ranging from 0-38 min and 0-42
min, respectively. The flow rates were 0.7 mL/min and 0.3 mL/min, with injection volumes of 5 pL (SZF) and 2 pL
(standards). Mass spectrometric detection was performed using the HDMS® acquisition method in both positive and
negative ionization modes. The ESI parameters were set as follows: capillary voltage 2.5 kV, cone voltage 60 V, source
temperature 120°C, desolvation temperature 500°C, cone gas (N,) flow 50 L/h, and desolvation gas (N,) flow 800 L/h.
The collision energy was 6 eV (low) and 20-50 eV (ramp), with a mass range of m/z 100—1500. Data processing was
conducted using UNIFI™ 1.9.3.0 software for HDMS" data correction and automatic peak annotation with an in-house
database. Key parameters included peak finding intensity thresholds, mass deviation, isotope selection, fragment
matching, adduct ions, and lock mass settings for both negative and positive modes.

Data and Methods of Network Pharmacology
SZF Active Ingredients and Disease Target Prediction
The obtained ingredients were inputted into the SwissTarget Prediction database (http://www.swisstargetprediction.ch/)

to identify their potential targets of action. A table was organized to display the results according to the following
structure: “Traditional Chinese Medicine - Ingredient Code - Ingredient Name - Target”. Furthermore, the GeneCards
database (https://www.genecards.org/) was utilized to gather data on disease targets specifically related to the keyword

“diabetic retinopathy”. This systematic approach enables a comprehensive understanding of the connections between the
identified ingredients and their potential therapeutic roles in the context of DR.

Building a Traditional Chinese Medicine Compound Regulation Network

The potential targets identified for SZF were analyzed to find their intersections with relevant genes, and a Venn diagram
was created utilizing R packages to visually represent this overlap. Subsequently, a regulatory network for the traditional
Chinese medicine compounds was constructed using Cytoscape version 3.8.2, where the intersecting genes and active
ingredients served as nodes within the network. This approach facilitates a better understanding of the interactions
between the compounds and their target genes, highlighting the intricate relationships that underpin the therapeutic
effects of traditional Chinese medicine.

Construction of PPl Protein Interaction Network and Screening of Hub Genes
The STRING database (https://www.string-db.org/) serves as a resource for constructing a protein-protein interaction

(PPI) network using commonly identified differentially expressed genes.”® Nodes within the network that are not related
and possess a confidence score below 0.4 are filtered out to enhance clarity. For visualization purposes, Cytoscape 3.8.2
software is utilized, while the CytoHubba plugin facilitates the identification of the top 10 hub targets based on node
scores.”” Additionally, the MCODE plugin®® is employed to pinpoint key modules within the PPI network, applying the
following criteria for screening: degree cutoff set at 2, node score cutoff at 0.2, K-score at 2, and a maximum depth of
100. The module achieving the highest score is regarded as the final functional module. The intersection of the hub
targets and the key modules identified by MCODE represents the core targets of the PPI network. To deepen the
understanding of the biological characteristics associated with these core targets, the GeneMANIA platform is leveraged
to construct and analyze a network comprising the core genes and their co-expressed counterparts.!

Functional Enrichment Analysis

Gene Ontology (GO) provides functional annotations for genes, enabling the understanding of their biological roles. On
the other hand, the Kyoto Encyclopedia of Genes and Genomes (KEGG) is utilized to analyze and map various signaling
pathways associated with these genes. For the purposes of visualization, R packages are employed to create informative
and insightful graphical representations of this data.’
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Analysis of Single-Cell RNA Sequencing Data and ldentification of DR Related Genes
The single-cell RNA sequencing data (accession number: GSE245561) was downloaded from the Gene Expression
Omnibus (GEO) database. Four preterminal fibrous membrane samples were selected for downstream analysis. Quality
control and data preprocessing were performed using Seurat package (version 4.0.0) in R software (version 4.2.0). The
following filtering criteria were applied: cells expressing fewer than 3 genes were removed (min.cells=3); genes detected
in fewer than 200 cells were filtered out (min.features=200); cells with total feature counts between 300 and 10,000 were
retained ($nFeature RNA > 300 and < 10,000); cells with mitochondrial gene percentage > 10% were excluded
($percent.mt < 10); and cells with ribosomal gene percentage > 1% were removed ($percent.rb < 1).

After quality control, data normalization was performed using the LogNormalize method with a scale factor of 10,000. The
top 2000 highly variable genes were identified using the “FindVariableFeatures” function with “vst” method. Principal
component analysis (PCA) was performed on the scaled data, and the first 30 principal components were selected based on
elbow plot visualization. For dimensionality reduction and visualization, t-distributed stochastic neighbor embedding (t-SNE)
analysis was performed on the PCA-reduced data. Cell clustering was performed using the shared nearest neighbor (SNN)
modularity optimization with a resolution parameter of 0.9, resulting in 20 distinct clusters.

Cell type annotation was performed based on the expression of canonical marker genes: PDGFRB and ACTA2 for
Pericytes; CD68 and CD163 for Macrophages; ACTA2 and COL1A1 for Myofibroblasts; PECAM1 and VWF for
Endothelial cells; CD8A and CD3D for CD8+ T Cells; NCAMI1 and KLRDI1 for Natural Killer Cells; CD1C and
CLECI10A for Dendritic Cells; and CD19 and CD79A for B Cells. Differentially expressed genes (DEGs) were identified
using the “FindAllMarkers” function with Wilcoxon rank sum test (adjusted p-value < 0.05, [log2FC| > 0.25).

The expression patterns of HIF1A and VEGFA were analyzed across different cell populations. Feature plots and
violin plots were generated to visualize their cell-type specific expression patterns.

Experimental Verification

Animal Studies and Drug Intervention

C57BL/KsJdb/db mice serve as a well-established spontaneous model for studying type 2 diabetes, while their non-
diabetic counterparts, the db/m mice, provide a crucial control group for comparative analyses. In this study, a total of 40
male db/db mice and 10 male db/m mice were utilized, all of which were 7 weeks old at the time of experimentation.
These mice were obtained from Changzhou Kavins Experimental Animal Co., Ltd., which holds the animal license
number SCXK (Su) 2021-0013. The housing conditions for the mice were strictly maintained under specific pathogen-
free (SPF) standards, ensuring a controlled environment that minimizes the risk of infections and other confounding
factors. The mice were provided with a standard diet that is essential for their growth and maintenance. Temperature
control was set within a range of 22 to 25 °C, while the relative humidity was carefully regulated at 55 + 5%, creating an
optimal living environment for the animals. Additionally, the light/dark cycle was systematically arranged to provide 12
hours of light followed by 12 hours of darkness, simulating natural conditions (with the light period set from 7:00 to
19:00). The diet administered to the mice was procured from Jiangsu Xietong Biotechnology Company and was
formulated to include 22.8% protein, 13.8% fat, and 63.4% carbohydrates, ensuring that the dietary needs of the growing
mice were adequately met. Furthermore, the mice were allowed unrestricted access to both food and fresh water,
promoting healthy feeding behaviors. Ethical considerations for the treatment of these animals were paramount; hence,
all experimental procedures were meticulously reviewed and approved by the Experimental Animal Ethics Committee of
Changchun University of Traditional Chinese Medicine. This study was approved by the Experimental Animal Ethics
Committee of Changchun University of Traditional Chinese Medicine (approval number: 2024743) and followed the
“Guiding Opinions on Treating Experimental Animals with Kindness” (2006) and “Guidelines for the Ethical Review of
Laboratory Animal Welfare” (2020) issued by China’s Ministry of Science and Technology. All animal experiments were
designed to minimize pain and discomfort.

Following one week of adaptive feeding in animal models, fasting blood glucose levels were assessed at the tail tip of
mice. Results indicated that the blood glucose concentrations in the db/db group were significantly elevated compared to
the db/m group. The mice were categorized into five distinct groups based on their blood glucose levels and body
weights: the normal group (db/m), model group (db/db), low-dose group, medium-dose group, and high-dose group.
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According to the established daily protocol, the SZF decoction pieces were immersed in distilled water for 30 minutes
and then decocted twice. The first decoction yielded 500 mL and the second produced 300 mL, with each decoction
lasting 30 minutes. After filtration, the two decoctions were combined, freeze-dried, and stored at 4 °C, resulting in a
total of 16.2975 g per dose of the medication. This dosage was determined based on the equivalent dose of SZF reported
in two large-scale clinical studies by Chen 2017 and Zhao 201833

For a typical adult weighing 70 kg, the SZF is administered once daily at a dosage of 16.2975 g. The dosing
conversion for mice, based on body surface area, follows the methodology outlined in Professor Xu Shuyun’s book,
“Pharmacological Experimental Methodology™: equivalent dose for mice (mg/kg) = 9.1 * clinical dose for humans (mg/
kg). Consequently, the medium-dose group received a daily oral gavage of 2.11868 mg/g/d, which corresponds to the
human equivalent dose. The low-dose and high-dose groups were given 1.05934 mg/g/d and 4.23736 mg/g/d, respec-
tively, which are 0.5 and 2 times the equivalent dose.

Prior to the formal experiment, we conducted preliminary experiments using these three doses and observed no
obvious toxic reactions in the mice. For the 12-week treatment period, the low, medium, and high-dose groups received
SZF solution via gavage once daily at their respective doses. The SZF solution was prepared by diluting the freeze-dried
powder with sterile water for oral administration. During this period, both db/m and db/db mice in the normal and model
groups were given equal volumes of sterile water via gavage.

Feeding and water intake for each cage, containing five mice, were monitored every six days, and average values
were calculated. Body weight was assessed once a month, and urine output was collected over a 12-hour period using
metabolic cages. Prior to this, the mice were euthanized after fasting overnight. Subsequently, fasting serum samples
were obtained for analysis. Using a fully automated biochemical analyzer (Mindray BS-240VT), serum levels of GLU,
ALT, AST, CREA, UREA, and BUN/CREA were measured.

Fundus Photography and Fluorescein Fundus Angiography (FP and FFA)

Morphological and pathological alterations in the fundus of db/db mice were examined using a Micron IV retinal imaging
microscope. Continuous anesthesia was maintained using isoflurane, and pupil dilation was achieved with a compound
tropicamide eye drop solution (0.5%; 0.05 mL). Each mouse was positioned on the microscope platform, and
OmniVision (SA, Neuhausen, Switzerland) was applied to their eyes. Following the color FP, FFA was performed
through an intraperitoneal injection of fluorescein sodium solution (10%; 0.05 mL).

Optical Coherence Tomography (OCT) Imaging and Retinal Thickness Analysis

The OCT module integrated into the Micron IV retinal imaging microscope was employed to obtain high-resolution images
that reveal the intricate structures of various retinal layers. This study specifically utilized the InSight 2D software for the
segmentation of the entire visual field of the retina, enabling a comprehensive analysis through hierarchical statistical methods.
The focus was placed on measuring three distinct layers of the retina: the Ganglion Cell Layer (GCL), which is crucial for
transmitting visual information; the Inner Nuclear Layer (INL), which contains the cell bodies of several types of neurons; and
the Outer Nuclear Layer (ONL), where the photoreceptor cell bodies reside. Additionally, the total retinal thickness was
assessed to provide further insights into the overall structural integrity of the retina.

H&E Staining

Following euthanasia, eyes were carefully enucleated and immediately fixed in 4% paraformaldehyde at 4°C for 24
hours. The fixed tissues were processed through graded ethanol series for dehydration, cleared in xylene, and embedded
in paraffin. Paraffin sections (4 pm thickness) were cut and mounted on glass slides. For histological analysis, sections
were stained with hematoxylin and eosin (H&E) following standard protocols. The stained sections were examined under
a light microscope to assess retinal structure and measure layer thickness.

Regional Blood Flow Velocity and Perfused Blood Vessel Area Detection

Mice were anesthetized with isoflurane. Regional blood flow velocity and perfused blood vessel area of plantar skin were
measured using a Laser Speckle Imaging System (RFLSI III, RWD). Relative perfusion volume was quantified using the
mean value of the region of interest (ROI).
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Immunofluorescence

Paraffin sections were dried for 1 h followed by antigen retrieval for 1 h. The sections were washed three times with PBS
(pH 7.4) for 5 min each on a shaker. After removing excess moisture, sections were incubated with 3% hydrogen
peroxide solution for 25 min at room temperature in darkness, followed by three 5-min PBS washes.

Sections were blocked with a mixture of 10% goat serum and 3% BSA in a humid chamber for 30 min at room
temperature. After removing the blocking solution, primary antibodies were diluted in sterile PBS: VEGFA (Abcam,
ab52917, 1:100) and HIF-1a (Proteintech, 20960-1-ap, 1:50). Sections were incubated with primary antibodies overnight at
4°C in a dark, humid chamber.

Following overnight incubation, sections were washed three times with PBS for 5 min each. HRP-conjugated secondary
antibodies were applied and incubated for 50 min at room temperature in darkness. After three 5-min PBS washes, TSA
reagents were added: VEGFA-iF488 Tyramide (Servicebio, G1231, 1:500) and HIF-10-iF647 Tyramide (Servicebio, G1232,
1:500). Sections were incubated for 10 min at room temperature in darkness, followed by three 5-min TBST washes.

Nuclei were counterstained with DAPI for 10 min at room temperature in darkness, followed by three 5-min PBS
washes. Auto-fluorescence quencher was applied for 5 min, followed by three 5-min PBS washes. Sections were
mounted with anti-fade mounting medium. Images were acquired using CaseViewer software.

Molecular Docking

Molecular docking analyses were performed to investigate the binding interactions between active compounds of SZF
and key target proteins (HIF1A and VEGFA) identified from the PPI network analysis. The three-dimensional crystal
structures of target proteins were obtained from the RCSB Protein Data Bank (https://www.rcsb.org/). Prior to docking,

the protein structures were preprocessed using PyMOL software (version 2.5) by removing water molecules, adding
hydrogen atoms, and extracting co-crystallized ligands. The 3D structures of the compounds were obtained from the
PubChem database and optimized using energy minimization.

The docking analyses were performed using both AutoDock Vina (version 1.1.2) and CB-dock2, with 5 independent
docking runs for each analysis.*® For AutoDock Vina, the grid box was centered on the active site of each protein with
dimensions sufficient to encompass all potential binding sites. The binding poses were visualized and analyzed using
PyMOL to identify key protein-ligand interactions, including hydrogen bonds, van der Waals interactions, and m-alkyl
interactions. For each complex, the binding site residues and interaction types were mapped and presented in 2D
interaction diagrams. The molecular surface representation, detailed binding pose analysis, and protein-ligand interaction
maps were generated to visualize the binding modes between compounds and target proteins.

The evaluation of molecular docking results was performed using binding energy thresholds based on
literature. Referring to studies by Reda and Platania on HIF-1a and VEGFA inhibitors,*”**
below —7.5 kcal/mol as strong binding, between —7.5 and —6.5 kcal/mol as moderate binding, and above —6.5 kcal/mol as

we defined binding energies

weak binding. These thresholds were established based on the reported binding energies of the HIF-1a positive control
inhibitor 2-methoxyestradiol (2-ME2, —6.68 kcal/mol) and the VEGFA inhibitor ranibizumab (7.0 kcal/mol).

Statistical Analysis

The statistical analysis was performed using GraphPad Prism 9.0. The normality of data distribution was assessed using
the Shapiro—Wilk test, supplemented with Q-Q plots for visual assessment of normality due to the small sample size (n>5
per group; see Figure S1). Homogeneity of variance was verified using the Brown-Forsythe test. Data are presented as
mean + standard error (SE) for normally distributed data. The sample size was determined based on previously published
similar studies in diabetic retinopathy models and ethical considerations to minimize animal use following the 3Rs
principle (Replacement, Reduction, and Refinement).>® Additionally, sample size adequacy was confirmed using the
Resource Equation Method (REM).*® Our study included 5 experimental groups with n=5 mice per group, and the error
degrees of freedom (E) was calculated as E=Total N-Number of groups=25-5=20 for primary biochemical analyses,
falling within the REM-recommended range of 10-20. For OCT retinal measurements and serum biomarker analyses, we
used slightly larger sample sizes (n=6-8) due to measurement variability, resulting in E values of 25-35. While these
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values slightly exceed conventional recommendations, this approach ensures statistical rigor for technically challenging
measurements while maintaining ethical standards. Each experimental group contained n=5-8 independent biological
replicates (individual animals), with each animal contributing one data point per analysis, maintaining statistical
independence for conventional parametric analyses. For multiple group comparisons, conventional one-way analysis of
variance (ANOVA) was used when variances were homogeneous, followed by Tukey’s HSD test for post hoc pairwise
comparisons. For data that did not follow normal distribution, Kruskal-Wallis test was used for multiple group
comparisons, followed by Dunn’s multiple comparisons test for post hoc analysis. When the Brown-Forsythe test
indicated unequal variances, Welch’s ANOVA was applied instead, followed by Games-Howell test for post hoc pairwise
comparisons. All post hoc tests included appropriate correction for multiple testing to control family-wise error rate. A
p-value < 0.05 was considered statistically significant.

Results

Chemical Components of SZF Extract and Quality Control

UPLC-Q-TOF-MS/MS analysis was performed to characterize the chemical composition of SZF and evaluate batch-to-batch
consistency. The extraction ion chromatograms of all identified compounds in the formula are shown in Figure 1A and B. Among
152 identified compounds, 29 were validated using reference standards. Each compound was traced to specific herbs in the
formula, including Astragalus, Rhubarb, and Salvia miltiorrhiza. The identified compounds encompassed a diverse chemical
profile, including cryptotanshinone, danshensu, protocatechualdehyde, ferulic acid, Aloe-eModin-8-O-B-D-glucopyranoside,
emodin-3-methyl ether, calycosin 7-O-Glucoside, genistin, lithospermic acid, astragalin, and 2-propenoic acid, 3-[2-[(1E)-2-(3,4-
dihydroxyphenyl)ethenyl]-3,4-dihydroxyphenyl]-, (2E)-. A complete list of compounds is provided in Tables S1 and S2. Quality
control analysis of twelve SZF batches against a reference spectrum yielded similarity indices ranging from 0.886 to 0.995,
demonstrating high batch-to-batch consistency (Figure 1C and D, Table S3). These results confirm the reproducibility of the SZF
manufacturing process.

Effects of SZF on Basic Physiological Parameters

Atweek 12 of SZF administration, db/db mice reached 20 weeks of age, satisfying the criteria for DR model establishment. No
signs of toxicity or mortality were observed in any SZF treatment group throughout the study period. After 12 weeks of
treatment, mice receiving medium and high doses of SZF showed a trend towards reduced average daily food intake, although
the difference was not statistically significant. However, at day 84, low-dose SZF significantly decreased water consumption
per mouse (Figure 2A and B). Urine output showed no significant difference between db/db and db/m groups before gavage
initiation. However, SZF has little effect on urine output in mice (Figure 2C). Low-dose SZF significantly improved fasting
blood glucose levels in db/db mice (Figure 2D) without substantial body weight changes (Figure 2E), suggesting absence of
systemic toxicity or growth inhibition. SZF demonstrated high safety profiles, evidenced by effective reduction of AST in the
medium-dose group and decreased BUN/CREA ratios across all SZF groups in a dose-dependent manner (Figure 2F and G),
indicating no significant hepatic or renal toxicity at therapeutic doses.

SZF Alleviates Retinal Lesions in Db/Db Mice

OCT was employed to evaluate retinal structural changes at week 12 post-gavage. The analysis revealed significantly
reduced retinal thickness in db/db mice compared to db/m mice. High-dose SZF treatment effectively restored overall
retinal thickness. Specifically, examination of retinal layers (GCL, INL, and ONL) showed marked thinning of the INL
and ONL in db/db mice compared to db/m controls. High-dose SZF treatment significantly increased the thickness of
these layers, while low and medium doses demonstrated dose-dependent improvements thickness. No additional
abnormalities, such as retinal edema, were observed (Figure 3A). H&E staining confirmed that SZF treatment enhanced
the thickness of ONL, INL, and GCL in a dose-dependent manner, particularly at medium and high doses. The db/db
group exhibited mild ganglion cell loss and disorganization of retinal cellular architecture (Figure 3B). Collectively, OCT
and HE staining results suggest that SZF may ameliorate DR primarily through restoration of INL and ONL thickness.
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FP analysis revealed cotton wool spot-like retinal lesions in db/db mice, characterized by white coloration, indistinct
margins, irregular shapes, and cloud-like appearance, suggesting localized retinal microvascular occlusions. These
lesions were notably absent prevented by SZF treatment (Figure 4A). FFA examination of vascular abnormalities
demonstrated increased vascular leakage in db/db mice compared to db/m controls. SZF treatment substantially reduced
this abnormal leakage. No significant vascular dilation or microaneurysms were detected in any group (Figure 4B).

SZF Improves Foot Microcirculation in Db/Db Mice

Foot perfusion was quantitatively assessed using a laser Doppler imaging system. Analysis revealed that db/db mice
exhibited significantly reduced foot perfusion compared to the control group. Administration of SZF resulted in a dose-
dependent improvement in foot perfusion. Notably, high-dose SZF treatment led to a marked increase in perfusion levels,
with statistically significant differences observed (Figure 4C). These findings demonstrate that SZF effectively enhances
peripheral microcirculation in diabetic mice.

Target Gene Screening and SZF Regulatory Network Construction

Our previous results demonstrated that SZF effectively delays DR progression in db/db mice. To investigate the underlying
mechanisms, we performed a comprehensive network pharmacology analysis. UPLC-Q-TOF-MS/MS-identified compounds
from SZF were analyzed using the SwissTarget Prediction database, yielding 655 unique potential targets. Cross-referencing
these with 4023 DR-associated targets from the GeneCards database identified 344 shared targets (Figure 5A).

Using Cytoscape 3.8.2, we constructed a compound-target network comprising 395 nodes and 1457 edges. The
network analysis highlighted functional interactions between compounds and targets, with highly connected nodes
indicating greater biological significance. Five active compounds - Magnoflorine, Apigenin, Isorhamnetin, Quercetin,
and Kaempferol - showed particularly high connectivity (Figure 5B).

Protein-protein interaction analysis of the 344 shared targets using STRING generated a network with 18 nodes and
7392 edges (Figure 5C). The CytoHubba plugin identified ten crucial targets: STAT3, GAPDH, BCL2, CASP3, HIF1A,
MTOR, CTNNBI, JUN, TNF, and ESR1 (Figure 5D). MCODE clustering analysis revealed 11 functional modules, with
the primary module containing these same key targets (Figure SE).

GeneMANIA analysis generated an extended network of 30 genes (including 20 related genes) with 265 connections.
Analysis of the hub genes revealed multiple interaction types: physical interactions (52.34%), co-expression (26.87%),
co-localization (6.30%), predicted interactions (5.84%), genetic interactions (4.33%), and pathway involvement (4.31%).
These targets were primarily associated with miRNA regulation by RNA polymerase II (Figure 5F).

Functional Enrichment Analysis

GO functional analysis was performed on the 344 shared targets between SZF and DR. This analysis revealed a
comprehensive spectrum of biological processes, encompassing 2679 BP categories, 117 CC categories, and 232 MF
categories, highlighting the extensive biological implications of these targets (Figure 6A). Subsequent KEGG pathway
enrichment analysis identified 180 pathways potentially regulated by these targets (Figure 6B). Additionally, a co-
expression network was constructed to visualize the interactions between differentially expressed genes (DEGs, shown as
gray nodes) and their associated pathways (represented as yellow nodes), with colored edges indicating the specific
pathways engaged by different genes (Figure 6C).

Identifying Target Genes Through Single-Cell RNA Data Analysis

Single-cell RNA sequencing data were obtained from the GEO database for comprehensive analysis. After implementing
stringent quality control measures, batch effects were eliminated using the Harmony software package, enabling optimal
clustering of the dataset at a resolution of 0.9. The t-distributed stochastic neighbor embedding (t-SNE) dimensionality
reduction analysis identified 20 distinct cell clusters (Figure 7A) and revealed characteristic biomarkers within each
cluster (Figure 7B). Drawing from established literature, these clusters were categorized into eight cell types: endothelial
cells, macrophages, dendritic cells, B cells, natural killer cells, CD8+ T cells, myofibroblasts, and pericytes (Figure 7C).
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A heatmap was constructed to visualize the distinct gene expression patterns across these clusters (Figure 7D).
Furthermore, the expression profiles of HIF1A and VEGFA are presented in Figure 7E-H, respectively.

SZF Reduces Serum Inflammation

The serum levels of TNF-a and STAT3 were quantified using specific ELISA kits. The results revealed that SZF
administration significantly reduced these inflammatory markers, as demonstrated by decreased cytokine levels
(Figure 8A and B).
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SZF Delays DR Progression Through HIF-10-VEGFA Pathway Regulation
Immunofluorescence assays were employed to evaluate the expression levels of HIF-loo and VEGFA. The results
demonstrated that SZF treatment significantly decreased the levels of both HIF-1a and VEGFA. Furthermore, evidence
suggested potential interaction between these proteins (Figure 8C).

Molecular Docking

Based on the established binding energy threshold criteria, quercetin and kaempferol exhibited the lowest binding
energies with HIF-1a (=8.0 kcal/mol), significantly below the threshold of —7.5 kcal/mol, indicating their potential as
strong binders with binding affinities superior to the positive control 2-ME2 (—6.68 kcal/mol). Apigenin also demon-
strated strong binding affinity for VEGFA (=7.7 kcal/mol), comparable to the binding energies of known VEGFA
inhibitors such as ranibizumab. The detailed binding mode analysis (Figure 9B-D) revealed multiple interactions
between these compounds and key amino acid residues of the target proteins. The docking results from AutoDock
Vina (Figure 9A) and CB-dock2 (Figure S2) are presented. These findings suggest that quercetin, kaempferol, and
apigenin may serve as potential inhibitors of HIF-1a and VEGFA, warranting further experimental validation.

Discussion

This study systematically explored the mechanism of SZF in treating DR. Initially, we observed that SZF significantly
improved multiple DR-related indicators in db/db mouse models, including fasting blood glucose levels, vascular leakage,
structural changes in the inner nuclear layer (INL) and outer nuclear layer (ONL), and enhanced limb microcirculation. These
findings prompted us to investigate its underlying mechanisms. First, we characterized the chemical composition of SZF using
UPLC-Q-TOF-MS/MS and, combined with network pharmacology analysis, identified 344 potential therapeutic targets,
highlighting SZF’s advantage as a multi-component, multi-target therapeutic approach. To understand how these targets work
in concert, we conducted PPI network analysis, which revealed that SZF simultaneously regulates multiple key biological
processes, including apoptosis, inflammatory response, angiogenesis, hypoxic response, metabolic processes, and immune
regulation. Notably, HIF-1a ranked fifth among the key targets, and since the retina is characterized by high energy and
oxygen demands necessary for maintaining visual function, with the HIF-1 signaling pathway playing a crucial role in this
process,*"*? this led us to investigate the role of HIF-1o in TCM treatment of DR. Through pathway analysis, we found that
thyroid hormone signaling pathway, HIF-1 signaling pathway, and VEGF signaling pathway are closely related to HIF-1a and
VEGFA, and DR is closely associated with the regulation of retinal angiogenesis and leakage by HIF-1a and VEGF.**** This
prompted us to further verify through immunofluorescence experiments, which suggested that SZF may influence vascular
permeability, potentially involving the HIF-10-VEGFA pathway, though additional validations through Western blot or gPCR
would be needed to confirm this mechanistic link. This discovery prompted us to further explore: in which cells do HIF-1a and
VEGFA exert their effects? To answer this question, we analyzed single-cell RNA sequencing data from retinal samples of DR
patients. Results showed that macrophages not only formed a unique cell subgroup but also exhibited high expression levels of
both HIF-1a and VEGFA. This finding is significant because macrophage activation is considered a key factor in the
occurrence and progression of DR.* Studies have shown that macrophages are the main source of intraocular VEGFA,
promoting angiogenesis through the secretion of VEGF, TNF-a, and various interleukins.*®*® Notably, HIF- 1o activation is a
key mechanism for VEGFA production in human macrophages.*’ According to Zhang et al’s research,’® under hyperglycemic
conditions, oxidative stress and inflammatory responses synergistically activate macrophages, triggering this pathway. Based
on this finding, we hypothesized that macrophage-mediated inflammatory response might be a crucial mechanism. To test this
hypothesis, we examined inflammatory factor levels. Results showed that SZF significantly reduced TNF-a and STAT3 levels
in the serum of DR model mice. Notably, these two factors ranked ninth and first respectively among key inflammatory factors
in our earlier network pharmacology analysis, and extensive literature has confirmed their important roles in mediating DR
inflammatory responses.”’ Combining the single-cell transcriptome analysis results, we propose a new perspective: TNF-q,
STAT3, and HIF-1a/VEGFA may form a tight inflammation-hypoxia-vascular regulation network, jointly participating in the
pathological activation of macrophages. This led us to consider: which components in SZF play key roles in this network?
Preliminary molecular docking analysis suggested that quercetin and apigenin could potentially interact with HIF-1o and

6200 https: Drug Design, Development and Therapy 2025:19


https://www.dovepress.com/article/supplementary_file/505055/505055-Supplementary-Material.docx

Zang et al

Dist from best
mode(kcal/mol)

A)

Magnoflorine -6.5
. . -7
Apigenin
-7.5
Isorhamnetin -8

Quercetin

kaempferol

GLN  THR ‘
| ,’f;‘.—?z A:333 B462
PRO
@ 8:360
Interactions
[ van der vaals [~ Pi-Donor Hydrogen Bond
I Conventional Hydrogen Bond W Pisigma
"] carbon Hydrogen Bond [0 piAlkyl

B:464. THR
GLN 8:460
\ ILE
. A:324
. . A35  SER
8442
s |
A334
B Pisigma
[ Pisulfur
[ Carbon Hydrogen Bond [ pi-alkyl
M 1 1

| LYS Cys
A48 B
cvs
: GLY
| i & B:67
Interactions @ (ﬁb
[77] vandervaals £ il
| ) Conventional Hydrogen Bond [ Pisulfur

[ pi-alkyl

Figure 9 Molecular docking results. (A) Heatmap showing five docking analyses of 5 key active ingredients from SZF with VEGFA and HIF | A targets using AutoDock Vina.
(B) Quercetin and HIFIA binding mode. (C) Kaempferol and HIFIA binding mode. (D) Apigenin binding mode with VEGFA. The middle dashed line represents hydrogen
bonds, and the numerical value is the bond length.

VEGFA, although these computational predictions require experimental validation and comparison with established ligands to
determine their biological significance. This finding is particularly significant because these two compounds have been proven
to have notable antioxidant and anti-inflammatory properties.’>>* Based on our preliminary findings, we propose a possible
mechanism for SZF’s effects: its components quercetin and apigenin might contribute to alleviating DR symptoms, possibly
through interactions with the HIF-1a-VEGFA pathway in macrophages, which could help reduce retinal leakage, though
further functional studies are needed to validate this hypothesis.
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These mechanistic insights not only clarify the molecular basis of SZF in treating DR but also highlight its potential as a
new treatment option for DR. Compared with other reported TCM compound studies, this research has several advantages:
First, we adopted a systematic research strategy from chemical composition characterization to network pharmacology
analysis and single-cell sequencing data mining, enabling a more comprehensive understanding of the compound’s mechan-
ism. Second, we discovered for the first time the key role of macrophages in SZF’s treatment of DR and elucidated the
regulatory mechanism of the HIF-1a-VEGFA pathway, providing new therapeutic targets for TCM compounds in treating
DR. Furthermore, we validated SZF’s safety through a 12-week sub-acute toxicity assessment. Sub-acute toxicity studies are
crucial for evaluating the safety of TCM preparations, which is essential for guiding clinical applications.>* Such studies can
reveal potential toxic reactions and provide scientific basis for determining safe dosage ranges. In this study, through 12 weeks
of sub-acute toxicity assessment, we systematically observed SZF’s effects on db/db mice’s general condition (food and water
intake), liver function (ALT, AST), and kidney function (CREA, UREA, BUN/CREA). Results confirmed that SZF has good
safety characteristics within the therapeutic dose range, with no obvious toxic reactions observed. These findings not only
support SZF’s therapeutic efficacy but also provide important experimental evidence for its safe clinical application.

However, this study has some limitations: (1) molecular docking results need further experimental verification; (2) the
finding of macrophages as HIF-10/VEGFA target cells needs more in vitro and in vivo experimental support; (3) the lack
of positive control groups in our experiments may limit the interpretation of the therapeutic effects. These issues will be
the focus of our future research.

Conclusion

In the db/db mouse model of DR, SZF showed promising potential in potentially alleviating DR progression. Our
preliminary findings suggest that SZF may enhance the structural integrity of retinal layers, particularly INL and ONL,
and reduce retinal vascular leakage. Immunofluorescence observations suggest a possible association with HIF-1a and
VEGFA expression, though additional validation through Western blot or qPCR is needed to support these mechanistic
implications. Computational analyses hint that compounds such as Quercetin and Apigenin in SZF might theoretically
interact with these pathway components, but these predictions require experimental confirmation. The integration of
chemical characterization, network pharmacology, and single-cell sequencing provides a framework for examining
potential mechanisms, though the exact pathways remain to be elucidated. While our data points to macrophages as
potential mediators, further functional studies are essential to verify this hypothesis and identify the specific bioactive
compounds responsible for the observed effects.
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