
Yin et al. Chinese Medicine          (2024) 19:169  

https://doi.org/10.1186/s13020-024-01041-6

RESEARCH

Zi Shen Wan Fang repaired blood–
brain barrier integrity in diabetic 
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Abstract 

Background Blood–brain barrier (BBB) integrity disruption is a key pathological link of diabetes-induced cognitive 
impairment (DCI), but the detailed mechanism of how the diabetic environment induces BBB integrity disruption 
is not fully understood. Our previous study found that Zi Shen Wan Fang (ZSWF), an optimized prescription consisting 
of Anemarrhenae Rhizoma (Anemarrhena asphodeloides Bge.), Phellodendri Chinensis Cortex (Phellodendron chin-

ense Schneid.) and Cistanches Herba (Cistanche deserticola Y.C.Ma) has excellent efficacy in alleviating DCI, however, 
whether its mechanism is related to repairing BBB integrity remains unclear. This study aims to reveal the mecha-
nism of BBB integrity destruction in DCI mice, and to elucidate the mechanism by which ZSWF repairs BBB integrity 
and improves cognitive function in DCI mice.

Methods Diabetic mouse model was established by feeding a 60% high-fat diet combined with a single intra-
peritoneal injection of 120 mg/kg streptozotocin (STZ). DCI mice were screened with morris water maze (MWM) 
after 8 weeks of sustained hyperglycemic stimulation. ZSWF was administered daily at doses of 9.36 and 18.72 g/
kg for 8 weeks. Cognitive function was evaluated using MWM, blood–brain-barrier (BBB) integrity was tested using 
immunostaining and western blot, the underlying mechanisms were explored using single-cell RNA sequencing 
(scRNA-seq), validation experiments were performed with immunofluorescence analysis, and the potential active 
ingredients of ZSWF against cerebrovascular senescence were predicted using molecular docking. Moreover, cerebral 
microvascular endothelial cells were cultured, and the effects of mangiferin on the expression of p21 and Vcam1 were 
investigated by immunofluorescence staining and RT-qPCR.

Results ZSWF treatment significantly ameliorated cognitive function and repaired BBB integrity in DCI mice. Using 
scRNA-seq, we identified 14 brain cell types. In BBB constituent cells (endothelial cells and pericytes), we found 
that Cdkn1a and senescence-associated secretory phenotype (SASP) genes were significantly overexpressed in DCI 
mice, while ZSWF intervention significantly inhibited the expression of Cdkn1a and SASP genes in cerebrovascular 
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Background

Cognitive dysfunction is an important central nervous 

system complication of diabetes. Previous epidemiologi-

cal surveys have shown that 25–35% of diabetic patients 

are accompanied by cognitive dysfunction, and the prob-

ability of cognitive dysfunction in diabetic patients is 

1.5–2.5 times higher than that in non-diabetic patients 

[1, 2]. �erefore, the development of drugs to prevent 

and treat DCI has been an arduous task for medical and 

health services. Unfortunately, despite enormous stud-

ies on DCI [3–5], its pathogenesis remains obscure and 

there are still no FDA approved drugs. Some multicenter 

clinical cohort studies using diabetes drugs to prevent 

cognitive impairment also showed that lowering or con-

trolling blood glucose could not reduce the incidence of 

cognitive impairment [6–9], revealing the subsequent 

pathological mechanism mediated by hyperglycemia may 

be a potential target for the prevention and treatment of 

cognitive impairment.

BBB is a key interface separating circulating blood 

compounds from the brain and is essential for maintain-

ing the brain microenvironment. Cumulative clinical and 

preclinical studies have shown that the diabetic environ-

ment mediates BBB integrity disruption and that BBB 

dysfunction is a key pathological link in DCI [10–13]. 

Some excellent studies have also revealed that repairing 

BBB integrity is a potential strategy to prevent and treat 

DCI [11, 14, 15]. However, given the ingenious physical 

composition and complex chemical structure of BBB, 

the mechanism by which diabetes leads to BBB integrity 

disruption remains unclear. �e anatomical structure 

of the BBB is comprised of different fine cells, including 

endothelial cells (ECs), pericytes, and astrocytes, which 

presumably affect each other through reciprocal inter-

actions [16]. scRNA-seq allows accurate analysis of the 

gene expression profles of different types of brain cells at 

the single-cell level, and has been widely used to analyze 

physiological and pathological signatures of BBB [17–22]. 

�erefore, scRNA-seq was used to explore the underly-

ing mechanism of BBB integrity destruction in DCI mice. 

Senescence is a biological process defined by an apopto-

sis-resistant and irreversible arrested cell cycle with a dis-

tinct pro-inflammatory phenotype affecting neighboring 

cells [23]. Accumulated past studies have confirmed that 

cells of DCI mice. Moreover, we also found that the communication between brain endothelial cells and pericytes 
was decreased in DCI mice, while ZSWF significantly increased the communication between them, especially 
the expression of PDGFRβ in pericytes. Molecular docking results showed that mangiferin, the blood component 
of ZSWF, had a stronger affinity with the upstream proteins of p21. In vitro experiments showed that high glucose 
significantly increased the expression of p21 and Vcam1 in bEnd.3 cells, while mangiferin significantly inhibited 
the expression of p21 and Vcam1 induced by high glucose.

Conclusion Our study reveals that ZSWF can ameliorate cognitive function in DCI mice by repairing BBB integrity, 
and the specific mechanism of which may be related to preventing cerebrovascular cells senescence, and mangiferin 
is its key active ingredient.

Keywords Diabetic cognitive impairment, Zi Shen Wan Fang, Blood–brain-barrier, Vascular senescence, Mangiferin
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senescence of cerebrovascular cells drives BBB integrity 

destruction, and targeted clearance of senescence vas-

cular cells can prevent BBB dysfunction [24–26]. Most 

notably, past studies have also shown that cerebrovascu-

lar cell senescence is the pathological basis of diabetes-

induced central nervous system complications [27–29]. 

�erefore, we will use the scRNA-seq technology to 

clarify the mechanism of BBB integrity destruction in 

DCI mice from the perspective of cerebrovascular cell 

senescence.

ZSWF is a prescription optimized under the guidance 

of DCI traditional Chinese medicine theory of “poison 

damage brain collaterals” pathogenesis and “clearing 

heat-fire and detoxifying” treatment, which consists of 

Anemarrhenae Rhizoma (Anemarrhena asphodeloides 

Bge), Phellodendri Chinensis Cortex (Phellodendron chin-

ense Schneid) and Cistanches Herba (Cistanche deser-

ticola Y.C.Ma). Our previous studies have repeatedly 

demonstrated that ZSWF can improve cognitive function 

in DCI mice, and investigated the potential mechanisms 

from the perspective of regulating kynurenine metabo-

lism and intestinal flora [30, 31]. Moreover, we have pre-

viously investigated the distribution of ZSWF chemical 

components in the body, and found many prototype and 

metabolic components in the blood [32], suggesting that 

ZSWF may have direct vascular protective effects. �ere-

fore, this study aims to clarify the potential mechanism 

by which ZSWF improves DCI from the perspective of 

protecting BBB integrity through scRNA-seq. Specifi-

cally, on the basis of confirming that ZSWF improves 

DCI, this study first investigated its protective effect on 

BBB integrity in DCI mice, and then analyzed the tran-

scriptional characteristics of BBB constituent cells by 

using scRNA-seq. Furthermore, we applied previously 

identified ZSWF components into blood [32], screened 

the potential active components of ZSWF for anti-vascu-

lar senescence through molecular docking, and verified 

them by cultured cerebral microvascular endothelial cells 

in  vitro. Overall, this study aims to uncover the under-

lying mechanism of BBB integrity in DCI mice and to 

provide new strategies for the development of innovative 

drugs against DCI.

Methods

Preparation of ZSWF extract

ZSWF is composed of Anemarrhenae Rhizoma (dried 

rhizome of Anemarrhena asphodeloides Bge.), Phelloden-

dri Chinensis Cortex (dried bark of Phellodendron chin-

ense Schneid.) and Cistanches Herba (dried fleshy stem 

of Cistanche deserticola Y.C.Ma) with a ratio of 1:1:1 

in weight. Anemarrhenae Rhizoma and Phellodendri 

Chinensis Cortex were purchased from Anhui Bozhou 

Medical Materials Co., Ltd, and Cistanches Herba was 

purchased from Inner Mongolia Mandela Biotechnology 

Co., Ltd. �ese herbs were identified and processed by 

professors Tianxiang Li and Yan Wang from Tianjin Uni-

versity of Traditional Chinese Medicine, respectively. �e 

detailed processing of these herbs is described previously 

[31]. At the end of processing, different concentrations 

of ZSWF extracts were prepared by reflux extraction, 

the detailed process was also described previously. In 

short, Anemarrhenae Rhizoma and Phellodendri Chin-

ensis Cortex were mixed at a ratio of 1:1, and extracted 

with 8 times the amount of 80% ethanol for 3 times 

(2  h each time). �e same weight of Cistanches Herba 

was extracted by reflux with 8 times of 80% ethanol for 

3 times (2 h each time). After collecting the filtrate, the 

residue was extracted with 10 times of distilled water for 

3 times (2  h each time). All filtrates were collected and 

concentrated into 0.936 and 1.872 g/ml solutions, respec-

tively, and stored at −80 °C in the refrigerator.

Animals and experimental design

120  C57BL/6J male mice (8–10  weeks) were purchased 

from Beijing Vital River Laboratory Animal Technol-

ogy Co., Ltd (SCXK (Jing) 2016-0006) and housed under 

standard laboratory conditions (temperature 22 ± 2  °C, 

humidity 50 ± 15%, 12 h light/12 h dark cycle) in the SPF-

level rearing room of the Laboratory Animal Center of 

Tianjin University of Chinese Medicine. All mice were 

allowed free access to water and feeding. All experi-

mental procedures were approved by the Animal Ethics 

Committee of Tianjin University of Traditional Chinese 

Medicine (TCM-LAEC2020093, Tianjin, China).

To remove some of the animals unsuitable for the maze 

environment, all mice were subjected to the morris water 

maze (MWM, see the following for details) after 3 days 

of adaptive feeding. �en, the remaining qualified mice 

were randomly divided into control group and high-fat 

diet group. �e control group (Con) was fed with ordi-

nary diet, and the high-fat diet group was fed with 60% 

high-fat diet (containing 60% fat, 20% protein and 20% 

carbohydrate, Beijing Vital River Laboratory Animal 

Technology Co., Ltd.). After 3 weeks of high-fat diet, the 

type 2 diabetes model was induced by a single intrabito-

neal injection of 120 mg/kg streptozotocin (STZ, S0130, 

Sigma, St Louis, MO, USA) as previously reported [31, 

33]. Specifically, after the mice were fasted for 12 h, STZ 

was weighed away from light and dissolved using a pre-

cooled 0.1 mmol/L sodium citrate buffer (pH = 4.5, Solar-

bio Technologies, Inc. Beijing, China). Subsequently, STZ 

solution with a concentration of 120  mg/kg was intra-

peritoneally injected in a light-free environment, and 

the injection volume was 0.1  mL per 10  g body weight 

of mice. Mice in the Con group were intraperitoneally 

injected with the same volume of sodium citrate buffer. 
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After 1  week of STZ injection, all mice were tested for 

fasting blood glucose (FBG) by tail vein using a glu-

cometer (Roche), and mice with FBG ≥ 11.1  mmol/L 

were screened as diabetic mice for subsequent experi-

ments. Diabetic mice were then continued to be fed a 

high-fat diet for 8  weeks and screened using MWM, 

and mice with cognitive impairment were used for sub-

sequent grouping and treatment. Finally, diabetic cog-

nitive impairment mice were divided into three groups 

based on cognitive function: diabetic cognitive impair-

ment group (DCI), ZSWF low dosage treatment group 

(ZSWFL, 9.36  g/kg, 2 times the clinical equivalent dos-

age) and ZSWF high dosage treatment group (ZSWFH, 

18.72  g/kg, 4 times the clinical equivalent dosage). �e 

dosage of ZSWFL and ZSWFH was selected based on the 

results of previous studies [30, 31]. Mice in the treatment 

group were orally gavaged with the corresponding dosage 

of ZSWF crude extract at 0.1 ml/10 g body weight once 

daily for 8 weeks, while mice in the DCI and Con groups 

were gavaged with an equal volume of distilled water. 

During the drug treatment, the treated and DCI groups 

continued to be fed with high-fat chow and the Con 

group was fed with normal chow. After the end of drug 

treatment, the body weight and fasting blood glucose of 

mice in each group were obtained, and MWM was used 

again to confirm the ameliorating effect of ZSWF on cog-

nitive impairment in DCI mice. �en the experimental 

animals were deep anesthesia with isoflurane and exe-

cuted, and hippocampus and whole brain were collected 

for the subsequent index tests.

Morris water maze task

To further corroborate the effect of ZSWF on improving 

cognitive function in DCI mice, MWM experiments were 

performed according to previously reported procedure 

[34]. �e Morris water maze consists of a round stainless 

steel pool with a diameter of 100 cm and evenly divided 

into 4 quadrants and a hidden platform with a diameter 

of 10 cm. �e stainless steel pool is filled with water until 

the liquid level is 0.8 cm above the height of the hidden 

platform. Meanwhile, the stainless steel pool is evenly 

divided into 4 quadrants, namely east, west, south and 

north, and the letters E, W, S and N are marked in the 

center of the pool wall of the corresponding quadrant. 

�en one of the quadrants is defined as the target quad-

rant, where the hidden platform is placed in the center. 

During the whole process of the water maze experiment, 

the water temperature of the pool was kept at 23 ± 1 ℃, 

the visual cues around the maze were relatively fixed, 

the experimental environment was kept quiet, and the 

operator was fixed. To familiarize the experimental ani-

mals with the maze environment and reduce the stress 

response caused by stimuli such as water temperature, 

all mice were placed in a platformless maze environ-

ment to swim freely for 60  s the day before the water 

maze experiment began. During the positioning naviga-

tion experiments, the experimental mice were placed in 

water facing the pool wall from the opposite quadrant of 

the target quadrant, and the time the mice reached the 

hidden platform (escape latency) was recorded. If the 

mice did not find the hidden platform within 60  s, the 

escape latency was recorded for 60 s, and the mice were 

gently guided from the placed into the water quadrant to 

the platform, and allowed to remain on the platform for 

15  s to remember the location of the platform and the 

environment around the platform. �e positioning navi-

gation experiment was performed 5 times, and the mice 

were gently wiped dry with dry gauze after each train-

ing. �e escape latency and swimming trajectory of each 

mouse were recorded using the image automatic moni-

toring and processing system carried by MWM, and data 

from each group were analyzed using repeated measure 

ANOVA. To further evaluate the memory ability of the 

experimental mice, we also performed a space explora-

tion experiment on the sixth day. In the space exploration 

experiment, a platform previously hidden underwa-

ter was removed and the mice were gently placed into a 

maze from the opposite quadrant of the target quadrant 

facing the pool wall and allowed to swim freely for 60 s. 

�en the time when the mice first arrived at the virtual 

platform, the frequency of crossing the virtual platform, 

the duration in the virtual platform quadrant, and the 

swimming trajectory were recorded using an automated 

image processing and analysis system, and the data were 

analyzed using one-way ANOVA.

Immunohistochemistry

Immunofluorescence staining was performed to investi-

gate the effect of ZSWF on BBB integrity and to verify 

the findings of scRNA-seq. �e mice were sacrificed for 

cervical dislocation after deep anesthesia, and the whole 

brain tissue was separated and fixed with 4% paraform-

aldehyde. Gradient sucrose (10, 20, 30%) was then dehy-

drated and frozen sectioning was performed. A series 

of 10  μm coronal sections were cut from the anterior 

commissure to hippocampus with 100  μm interval for 

immunostaining. �e functional and morphological 

alterations of BBB were assessed by IgG immunostain-

ing [35]. Detailed procedures are as follows: After the 

frozen sections were placed at room temperature, the 

antigen-active clusters crosslinked by paraformaldehyde 

were repaired by a water bath at 95 ℃. 0.5% Triton-100 

was used for membrane permeability and bovine serum 

albumin (BSA) was used to block non-specific antigenic 

sites. Cy3 conjugated Goat Anti-mouse IgG (H + L) was 

added for incubation, and the images were collected by 
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fluorescence microscopy. Endothelial cell senescence and 

endothelial-pericyte communication were evaluated by 

double labeling of CD31 (Cat. No. ab281583, abcam; Cat. 

No. GB12063, Servicebio Technology) with P21 (Cat. 

No. GTX34925, GeneTex) and PDGFRβ (Cat. No. 3169S, 

CST), respectively. After the primary antibody was added 

and incubated at 4 ℃ overnight, the corresponding flu-

orescent secondary antibodies (goat anti-rabbit IgG 

H&L (Alexa Fluor® 488, Cat. No. ab150077, abcam) and 

Goat Anti-mouse IgG H&L (Alexa Fluor® 647, Cat. No. 

ab150115, abcam) were added and incubated at room 

temperature for 2  h, and the images were collected by 

fluorescence microscopy. Five random fields in the brain 

were photographed in each section, and the mander’s 

coefficients of colocalization was analyzed by Image J 

software.

Western blot analysis

To investigate the effect of ZSWF on BBB integrity in 

DCI mice, the mice were sacrificed for cervical disloca-

tion after deep anesthesia. �e skull was then cut along 

the midline of the skull to expose the brain tissue, and 

hippocampus samples were collected and stored at 

−80  °C for testing. �e total protein in hippocampus 

was extracted and quantified by BCA protein quantifica-

tion kit according to the manufacturer’s protocal. Briefly, 

20  mg of hippocampus sample was taken and cleaved 

with 100  μl lysate containing 10  μL PMSF, followed by 

centrifugation at 4 ℃ at 12,000g for 5  min, supernatant 

was collected, and protein concentration was determined 

using a BCA protein quantification kit (Cat. No.DB0028, 

Bioworld Technology). �e total protein was then iso-

lated by polyacrylamide gel electrophoresis (SDS-PAGE) 

and transferred to polyvinylidene difluoride (PVDF) 

membranes. �e immunoblotted was then incubated 

overnight at 4  °C with primary antibody: anti-claudin 5 

antibody (Cat. No. PA5-99415, Invitrogen Life Technol-

ogy), anti-occludin antibody (Cat. No. 40-4700, Invitro-

gen Life Technology), anti-matrix metalloproteinase 9 

antibody (MMP9, Cat. No. PA5-13199, Invitrogen Life 

Technology), and anti-β-actin antibody (Cat. No. PA5-

21396, Cell Signaling Technology). After 3 washes, the 

immunoblotted were incubated with the peroxidase-con-

jugated secondary antibody at room temperature for 2 h. 

Proteins were detected using the enhanced chemilumi-

nescence detection kit (Millipore). Band intensities were 

quantified using Image J. Relative expression was normal-

ized to β-actin.

Brain tissue dissociation for scRNA-seq

Brain tissue harvest and dissociation were performed at 

the same time (10:00–11:00) for each animal, thus limit-

ing circadian variation [36]. �e mice were sacrificed by 

cervical dislocation, brains were extracted, and hindbrain 

and olfactory bulb regions were removed. �e remain-

ing tissue was chopped on ice to less than 1mm cubic 

pieces, then enzymatically digested with 0.25% trypsin 

for 40 min, manually shaken every 5 min. Samples were 

then centrifuged at room temperature at 300 rcf for 30 s 

to remove the supernatant. Next, 1 × PBS (calcium and 

magnesium free) containing 0.04% weight/volume BSA 

(400 µg/ml) was added and then centrifugation at 300 rcf 

for 5  min. �e cell pellet was resuspended in 1 mL red 

blood cell lysis buffer and incubated at 4 ℃ for 10 min to 

lysate red cells. Samples were then resuspended in 1 mL 

PBS containing 0.04% BSA. Next, samples were filtered 

over Scienceware Flowmi 40  µm cell strainers (VWR). 

After the brain cells were isolated, cell concentration and 

cell viability were measured by hematocytometer and 

Trypan blue staining. All cell lysates were stored on ice 

for no more than 1 h until sequencing.

scRNA library preparation

Cell suspensions were loaded on a Chromium Single 

Cell Controller instrument (10× Genomics, Pleasanton, 

CA, USA) to generate single-cell gel beads in emulsions 

(GEMs). �en, scRNA-seq libraries were prepared with 

the Chromium Single Cell 3′ Library & Gel Bead kit v2 

and i7 Multiplex kit (10× Genomics) according to the 

manufacturer’s instructions. Briefly, suspensions contain-

ing about 10,000 cells per sample were mixed with RT-

PCR reaction before being added to a chromium chip 

already loaded with barcoded beads and partitioning 

oil. After the generation of GEMs, reverse transcription 

reactions were engaged to generate barcoded full-length 

cDNA, which was followed by disruption of emulsions 

using the recovery agent, and then cDNA clean-up was 

performed with DynaBeads Myone Silane Beads (�ermo 

Fisher Scientific). Next, cDNA was amplified by PCR for 

the appropriate number of cycles, which depended on 

the number of recovered cells. Subsequently, the ampli-

fied cDNA was fragmented, end-repaired, A-tailed, and 

ligated to an index adaptor, and then the library was 

amplified. Every library was sequenced on a Novaseq 

6000 (Illumina), and 150  bp paired-end reads were 

generated.

Single-cell sequencing data analysis

�e Cell Ranger software pipeline (version 6.1.2) pro-

vided by 10× Genomics was used to map the raw reads 

of each sample to the mouse genome reference (version 

mm10) with default parameters. �e filtered feature_bc_

matrix produced by the Cell Ranger pipeline was used 

as a raw count matrix for each sample and processed 

separately in R (version, 4.3.0) for quality control (QC). 

In the QC process, the raw count matrix was read into 
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the R package Seurat (v 4.3.0) [37] and was cleaned up 

with some criteria. Genes detected in less than 3 cells 

were excluded. Cells with less than 100 detected genes, or 

with less than 500 detected UMIs, or with more than 10% 

mitochondrial transcripts were also excluded. �en, dou-

blets were detected and removed from the count matrix 

using the R package DoubletFinder (v2.0) [38], and ambi-

ent RNA was also detected and removed from the count 

matrix using the R package DecontX (v0.99) [39] to get a 

clean count matrix. After QC analysis and filtering, the 

clean count matrixes of all samples were merged and ana-

lyzed using the Seurat.

�e merged count matrix was normalized using the 

NormalizeData function in Seurat. �e top high variable 

genes were identified using the FindVariableGenes func-

tion in Seurat. �e merged count matrix was then scaled 

using the ScaleData function in Seurat, with UMIs and 

the percentage of mitochondrial reads regressed. And 

then, the PCA analysis was performed using the RunPCA 

function in Seurat. �e above 4 functions were carried 

out with default parameters. �e R package Harmony 

(v0.1.1) was used to remove batches among the samples. 

After batch correction, the FindNeighbors function in 

Seurat was used to construct a shared nearest-neighbor 

graph among all cells, and the FindClusters function in 

Seurat was used to separate all cells into clusters. Differ-

ent resolutions were tested when using FindClusters and 

the clustering results were evaluated with ROGUE [40] 

to help choose the most optimized resolution parameter 

for clustering cells. Clustered cells were transferred into 

a reduced dimensional space for easy visualization using 

both RunTSNE and RunUMAP functions in Seurat.

Cell types and subtypes identi�cation

�e FindAllMarkers function in Seurat was used to iden-

tify marker genes of all clusters. �rough comparing 

marker genes of each cluster to known cell type-specific 

marker genes that have been previously described in the 

literature or collected in the CellMarker database (http:// 

bio- bigda ta. hrbmu. edu. cn/ CellM arker/), cell types were 

annotated manually for each cluster. And then, the cells 

of each cell type were re-clustered and separated into cell 

sub-types and annotated manually.

Cell–cell communication analysis

�e ligand or receptor was defined as “expressed” in 

a particular cell type if 10% of the cells of that type had 

non-zero read counts for the ligand/receptor encoding 

gene. Confident Ligand-Receptor interaction was then 

assessed by comparing their real average expression to a 

null distribution of average expression, which was gener-

ated by randomly selecting a pair of cell types and calcu-

lating the average expression of the Ligand-Receptor pair. 

Both CellPhoneDB (v2.0) [41] and CellChat (v1.6.1) were 

used to identify ligand-receptor interactions among cell 

types. �e number of Ligand-Receptor pairs was used to 

define interaction strength between a pair of cell types. 

R packages igraph and Circlize were used to display the 

cell–cell communication networks.

Molecular docking

Molecular docking was was employed to predict the 

potential active components of ZSWF anti-vascular cell 

senescence. Previously published ZSWF blood entry 

components [32] were defined as small molecules, while 

proteins upstream of the senescence marker p21 pathway 

(such as ERK, P38, mTOR, MDM2) were defined as tar-

get proteins. Molecular docking uses Discovery Studio 

2019 software. �e files of sdf. structure of ZSWF into 

blood compounds were downloaded from PubChem 

database, imported into Discovery Studio 2019 software 

to add CHARMm force field and hydrogen atoms, saved 

in pdb format. �e three-dimensional crystal structure 

of the target protein was downloaded from the PDB pro-

tein database and Uniprot database. �e water molecules 

in the crystal structure were removed, and amino acid 

residues around the original ligand were used as docking 

sites. Molecular docking binding energy reflects the bind-

ing strength of the active ingredient and protein, and the 

higher the binding energy, the better the binding ability.

Cell culture and treatment

Mouse brain microvascular endothelial cells (bEnd.3) 

were purchased from Wuhan Xevill Biotechnology Co., 

LTD. �e cells were cultured in low glucose DMEM 

(10% fetal bovine serum (FBS) and 1% penicillin/strepto-

mycin) and incubated in an atmosphere of 5%  CO2 and 

95% humidified air at 37 °C. Cell viability was measured 

by CCK8 assay. bEnd.3 cells were inoculated into 96-well 

plates at a density of 1 ×  104 cells/ml, and treated with dif-

ferent concentrations of mangiferin (0, 25, 50, 100, 200, 

400  µM) for 24  h, and then a final 10  μl of 10% CCK8 

solution was added to each well with the plate protected 

from light. After 0.5  h, the optical density value was 

recorded at 450  nm using a microplate reader. Moreo-

ver, three groups of cells were created, and each group 

received the following treatment: cells did not receive 

any drug during the experiment (Con), bEnd.3 were 

incubated with 30 mM glucose for 48 h (High glucose), 

bEnd.3 were incubated with 30 mM glucose and 50 µM 

mangiferin simultaneously for 48  h (Mangiferin). After 

high glucose and drug incubation, cells were collected 

to fix and RNA was extracted for immunofluorescence 

staining and RT-qPCR, respectively.

http://bio-bigdata.hrbmu.edu.cn/CellMarker/
http://bio-bigdata.hrbmu.edu.cn/CellMarker/
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Immuno�uorescence for bEnd.3

BEnd.3 cells were seeded in 24-well chamber slides at 50% 

confluency, fixed in 4% paraformaldehyde (biosharp). 

After washing with PBS, the slides were permeated with 

Triton X-100 (Beyotime) for 10  min, and blocked using 

5% bovine serum albumin (BSA) and incubated over-

night with p21 primary antibody (Cat. No. GTX34925, 

GeneTex) and vcam1 (Cat. No. ab171123, Abcam, Cam-

bridge, UK). �e cells were then incubated at 37  °C for 

1  h with a goat-mouse IgG HL (Alexa Fluor 488) (Cat. 

No. Ab150113, Abcam, Cambridge, UK). �e nuclei were 

stained with 4, 6-diamino-2-phenylindole (DAPI). Images 

were obtained using a fluorescence inverted microscope.

Reverse transcription-quantitative (RT-q)PCR for bEnd.3

RT-qPCR was applied to assess the effects of mangif-

erin on markers of endothelial cell senescence induced 

by high glucose. Total RNA was isolated from bEnd.3 

cells using Total RNA extraction kit (TIANGEN, China) 

in accordance with the manufacturer’s protocol. cDNA 

was synthesized using Prime Script™ RT kit (TIANGEN, 

China). Real-time quantitative PCR was established using 

TB Green Advantage qPCR premix (TIANGEN, SYBR 

Green, China) and real-time system PCR was performed 

(Bio RAD CFX96, America). Intron-spanning primers 

were designed based on the National Center for Bio-

technology Information (NCBI) database and purchased 

from Shanghai Shenggong Biological Engineering Co., 

LTD. �e relative expression of target genes was assessed 

using the  2−ΔΔCq method and normalized to Gapdh. �e 

following primers were used:

Cdkn1a Forward 5′-AGC GCA CAG GTA AGA GTG 

TTC ATC -3′,
Reverse 5′-AGC GCA CAG GTA AGA GTG TTC ATC 

-3′;
Gapdh: Forward 5′-CAT GAG AAG TAT GAC AAC 

AGCCT-3′,
Reverse 5′-AGT CCT TCC ACG ATA CCA AAGT-3′.

Statistical analysis

GraphPad Prism Software (version 5.0.2) and SPSS (ver-

sion 17.0) were employed for data analysis and presen-

tation. �e MWM experimental data were represented 

by means ± SD, and the other results were presented as 

means ± SEM. �e escape latency in the MWM experi-

ment was analyzed using repeated measures ANOVA. 

We used a non-parametric two-sided Wilcoxon rank 

sum test in Seurat to identify DEGs and P_val_adjust was 

obtained by Seurat’s BH in all the comparisons discussed. 

�e minimum threshold for significance was defined as 

P_val_adjust <0.05.

Results

ZSWF protected cognitive function in DCI mice

To evaluate the protective effect of ZSWF on the cog-

nitive function of DCI mice, a DCI mouse model was 

established, and the learning and memory ability of mice 

after ZSWF treatment was investigated using MWM, 

as shown in Fig.  1A. We first investigated the effects of 

ZSWF on body weight and FBG in DCI mice. At the end 

of treatment, our results showed that DCI mice had sig-

nificantly reduced body weight (Fig. 1B) and significantly 

increased FBG (Fig.  1C), which is consistent with the 

clinical phenotype of type 2 diabetes patients. After treat-

ment, both ZSWFL and ZSWFH tended to increase the 

body weight of DCI mice, but there was no statistical dif-

ference (P > 0.05) (Fig. 1B). For FBG, neither ZSWFL nor 

ZSWFH reduced FBG in DCI mice (P > 0.05) (Fig.  1C). 

�e results of the positioning navigation test showed that 

the escape latency of mice in the DCI group was signifi-

cantly increased compared to the Con group during the 5 

consecutive days of training (Fig. 1D), while both ZSWFL 

and ZSWFH treated mice showed a significant reduc-

tion in escape latency by the 5th day of training (Fig. 1D), 

confirming that ZSWF can improve the learning ability 

of DCI mice. �e results of the space exploration test 

showed that after platform removal, mice in the DCI 

group took significantly more time to reach the platform 

for the first time compared to the Con group (Fig.  1E) 

(P < 0.01), while the frequency of crossing the plat-

form (Fig. 1F) and the time spent in the target quadrant 

(Fig.  1G) were significantly reduced (P < 0.05). Similarly, 

both ZSWFL and ZSWFH groups mice took significantly 

shorter time to first reach the virtual platform than mice 

in the DCI group (Fig.  1E) (P < 0.05). For the frequency 

of crossing the virtual platform and duration in the plat-

form quadrant, our results showed that both the ZSWFL 

group and the ZSWFH group were higher than the DCI 

Fig. 1 ZSWF protected cognitive function in DCI mice. A Overview of the experimental workflow. B body weight, C fasting blood glucose, D 
Escape latency, E time of first arrival at platform, F frequency of crossing the platform, G duration of the target quadrant, these data were expressed 
as the mean ± SD, (n = 15 for each group). Escape latency data were analyzed by repeated measurement ANOVA, other data were analyzed 
by one-way ANOVA, **P < 0.01, *P < 0.05 vs. Con group, ##P < 0.01, #P < 0.05 vs. DCI group. H Representative swimming trajectory of each group 
of mice within 60 s in the space exploration experiment

(See figure on next page.)
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Fig. 1 (See legend on previous page.)
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mice, but the ZSWFL group showed a statistical differ-

ence (Fig. 1F, G) (P < 0.05). �ese results confirmed that 

both ZSWFL and ZSWFH improved the learning abil-

ity of DCI mice, while ZSWFL seemed to have a better 

effect on memory ability. Moreover, we also observed 

the swimming trajectory of each group of mice within a 

specified time after platform removal. �e results showed 

that the trajectories of DCI mice were directionless and 

aimless compared with the directional and regular tra-

jectories of Con mice, while the trajectories of ZSWFL 

group and ZSWFH group mice also showed some direc-

tionality, as reflected by the fact that their swimming tra-

jectories were mostly concentrated in the quadrant where 

the original platform was located (Fig. 1H). �ese results 

reaffirm potential of ZSWF to ameliorate cognitive func-

tion in DCI mice. Considering the fact that ZSWF has a 

weak effect on FBG in DCI mice, we speculate that the 

mechanism by which ZSWF ameliorates cognitive func-

tion in DCI mice may be the subsequent pathological 

response induced by hyperglycemia.

ZSWF repaired BBB integrity in DCI mice

Considering the impact of the diabetic environment on 

BBB integrity and the critical role of BBB integrity on 

cognitive function, we thus investigated the repairing 

effect of ZSWF on BBB integrity in DCI mice. IgG 

leakage is a key indicator to evaluate the integrity of 

BBB. We first examined the repairing effect of ZSWF 

on BBB integrity in DCI mice using immunofluores-

cence staining, and the results showed an increase of 

IgG fluorescence intensity in the brain tissue of DCI 

group mice compared to Con group mice (Fig.  2A, B) 

(P < 0.01), while neither ZSWFL nor ZSWFH treatment 

reduced the IgG fluorescence intensity in the brain tis-

sue of DCI mice (Fig. 2A, B) (P < 0.01), indicating that 

ZSWF repaired the BBB integrity of DCI mice. Moreo-

ver, we also performed western blot to detect the effect 

of ZSWF on the expression of hippocampal tight junc-

tion protein and matrix metalloproteinase 9 (MMP9) in 

DCI mice, and the results showed a significant decrease 

in Claudin-5 (Fig. 2C) (P < 0.01) and Occludin (Fig. 2D) 

(P < 0.05) expression and a significant increase in 

MMP9 (Fig. 2E) (P < 0.01) expression in DCI mice com-

pared to the Con group. On the contrary, both ZSWFL 

and ZSWFH treatment significantly increased Clau-

din-5 and Occludin expression and decreased MMP9 

expression in DCI mice (P < 0.05). �ese results suggest 

that ZSWF can repair damage to BBB integrity in DCI 

mice.

Fig. 2 ZSWF repaired BBB integrity in DCI mice. A Representative IgG immunoactivity in hippocampus, B Statistics of the area fraction with IgG 
positive staining in hippocampal, these data were expressed as the mean ± SD, (n = 4 for each group). C Representative bands and expression 
levels of Claudin-5, D representative bands and expression levels of Occludin, E representative bands and expression levels of MMP9, these data 
were expressed as the mean ± SD, (n = 3 for each group). All data were analyzed using one-way ANOVA, **P < 0.01, *P < 0.05 vs. Con group, ##P < 0.01, 
#P < 0.05 vs. DCI group
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Single-cell transcriptional landscape of DCI mouse brain 

treated with ZSWF

Considering the cell diversity and heterogeneity of BBB 

structure, to depict the transcriptional signatures of 

DCI mice BBB destruction and identify the mechanism 

of ZSWF therapy, we performed scRNA-seq analysis 

on the brain tissues from three representative mice in 

DCI and ZSWF groups using 10× Genomics, the sin-

gle cell transcriptome data of Con mouse brain were 

obtained from published public data [42]. After inte-

gration, batch removal and quality control, 26,760 cells 

high-quality cells were detected, among which 15,109, 

26,471, and 23,180 cells were collected from the Con, 

DCI, and ZSWF groups, respectively. After unsuper-

vised cell clustering and UMAP dimensionality reduc-

tion, 27 clusters with differentially expressed lineages 

were found (Fig.  3A). Using known markers for brain 

cell types, we identified 14 cell types, including neu-

rons (Neur, Nrxn3, Dlx5, Dcx), astrocytes (AS, Cldn10, 

Fgfr3, Grin2c), microglia (MG, Aif1, Ly86, C1qb), oli-

godendrocytes (OLG, Mog, Mbp, Mal), oligodendro-

cyte progenitor cells (OPC, Opcml, Vcan, Cacng4), 

endothelial cells (EC, Cldn5, Pecam1, Cdh5), pericytes 

(PC, Kcnj8, Abcc9, Vtn), vascular smooth muscle cells 

(VSMC, Acta2, Myh11, Tagln), choroid plexus epi-

thelial cells (CPEC, Car12, Clic6, Prr32), ependymal 

cells (EP, Dnah11, Ak7, Armc3), T/Natural killer cells 

(T/NK, Cd3e, Cd3g, Cd3d, Nkg7), B cells (B, Ms4a1, 

Cd79a, Cd79b), neutrophils (Neut, Retnlg, Clec4e, 

Trem1), and perivascular fibroblast-like cells (FB, Dcn, 

Lum) (Fig. 3B–D). �e results of cell proportion among 

cell types showed that the ratio of MG, AS, OPC, and 

Neur was higher (Fig.  3E), which is consistent with 

previous reports [42–44], indicating that we obtained 

a reliable single-cell transcriptome atlas. �e cell pro-

portion between the groups showed that compared 

with the Con group, the proportion of Neur in the DCI 

mice brain decreased, while ZSWF treatment increased 

the proportion of Neur, which was consistent with the 

results of ZSWF improving the cognitive function of 

DCI mice, indicating that ZSWF has the potential to 

prevent neuron damage in DCI mice. �e results of the 

proportion of BBB constituent cells showed that com-

pared with the Con group, the proportion of cerebral 

vascular endothelial cells and pericytes in DCI mice 

significantly increased (Fig. 3F), among which endothe-

lial cells were consistent with the previously reported 

results of cerebrovascular neovasculation induced by 

diabetes environment [45, 46], while ZSWF reduced the 

proportion of endothelial cells and pericytes (Fig.  3F), 

preliminarily suggested that endothelial cells and peri-

cytes may be the target cells of ZSWF to improve DCI.

ZSWF prevented brain endothelial cells senescence in DCI 

mice

To further elucidate the molecular mechanism of BBB 

integrity destruction in DCI mice and the intervention 

mechanism of ZSWF, we then investigated the transcrip-

tional characteristics of endothelial cells in DCI mice 

and after ZSWF treatment. �e transcription profiles 

of mouse endothelial cells in each group were shown in 

Fig. 4A, which showed significantly different gene expres-

sion characteristics. Notably, we found that the expres-

sion of cyclin dependent kinase inhibitor 1A (Cdkn1a, 

also known as p21), a senescence-related gene, was sig-

nificantly elevated in endothelial cells of DCI mice, while 

ZSWF treatment significantly decreased the expression 

of Cdkn1a in endothelial cells (Fig.  4A, B). �is results 

preliminarily suggested that endothelial cells of DCI mice 

showed senescence phenotype, and ZSWF could pre-

vent the senescence of DCI endothelial cells. Inspired by 

this phenomenon, we then investigated the changes of 

senescence-associated secretory phenotype genes (such 

as Ccl3, Ccl4, Ang, Tnfrsf10b, Nfkbid, Nfkb1, Plat) in DCI 

mice brain endothelial cells, and found that SASP genes 

expression were significantly increased in DCI mice 

endothelial cells, suggesting that DCI brain endothelial 

cells showed a senescence phenotype (Fig.  4C). Fortu-

nately, our results also showed that ZSWF treatment 

significantly improved the senescence phenotype of 

endothelial cells in DCI mice.

Furthermore, to further investigate whether there is 

structural heterogeneity in senescence of brain endothe-

lial cells in DCI mice, using the known subsets of ECs 

makers, we divided them into four subsets, namely arte-

rial ECs (ART, Bmx, Gkn3, Efnb2, Vegfc), venous ECs 

(VN, Nr2f2, Slc38a5, Vwf), capillary arterial ECs (CapA, 

Mfsd2a, Trfc, Efnb2) and capillary venous ECs (CapV, 

Mfsd2a, Trfc, Vwf) (Fig. 4D, E). Our results showed that 

Cdkn1a and SASP related genes were highly expressed 

in all types of ECs in DCI mice, while ZSWF treatment 

significantly reduced senescence and its secretory pheno-

type in all types of ECs in DCI mice (Fig. 4F–H). Notably, 

two senescence-associated secretory genes involved in 

leukocyte adhesion, such as Vcam1 and Icam1, were spe-

cifically highly expressed in DCI mice venous ECs, and 

ZSWF treatment significantly increases their expression, 

suggesting that ZSWF also prevents leukocyte migra-

tion into the brain of DCI mice (Fig. 4F, I). Moreover, our 

results observed that ZSWF significantly reduced the 

expression of Cdkn1a upstream signaling molecules (for 

example, Kras, Map2k6, Mapk14, Myc, Arf1, Pikc3, Akt1, 

mTOR, and Foxo1) (Fig. 4H). Finally, to further verify the 

transcriptional results, we used immunofluorescence to 

detect the expression of Cdkn1a in ECs, and fortunately 

found that compared with the Con group, the expression 
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Fig. 3 Single cell transcriptional landscape of DCI mouse brain treated with ZSWF. A Umap showing the clusters of all high-quality brain cells 
after reduction and clustering. B Dotplot showing the expression levels of well-known representative cell-type-enriched marker genes across all 14 
cell types. C Heatmap showing the top ten most enriched genes for each cell type. D A total of 26,760 high-quality cells from 14 mouse brains in 3 
different groups are projected by UMAP plot. Colors indicate the major brain cell types, and cluster boundaries are outlined by contour curve. The 
illustrations in the bottom two corners insets show endothelial cell subsets and pericytes maps. The axis outside the circular plot depicts the log 
scale of the total cell number for each cell class. The three colored tracks (from outside to inside) indicate mouse ID, group ID, and marker gene 
expression. The left legend shows the mouse ID/colors for the mouse ID track. The right legend shows groups ID/colors used for the groups track. 
E Bar chart showing the percentage of 14 brain cell types in the three groups. F Bar plot showing the percentage of neurons, vascular endothelial 
cells and pericytes in the three groups, these data were expressed as the mean ± SD of 8 Con, 3 DCI, and 3 ZSWF brains
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of Cdkn1a in brain ECs and adjacent regions of DCI 

mice was increased, while ZSWF treatment significantly 

decreased the expression of Cdkn1a in DCI mice ECs 

(Fig.  4J). In conclusion, these results suggest that DCI 

mice brain ECs exhibit senescence phenotype, and ZSWF 

can prevent ECs senescence in DCI mice.

ZSWF prevented pericyte senescence in DCI mice

Pericytes connected on the parenchymal side of endothe-

lial cells are also key components of BBB. �erefore, we 

also investigated the transcriptional signatures of PCs in 

DCI mice and the effects of ZSWF treatment on them. 

Similarly, our results showed that senescence-related sig-

nature and SASP genes were also significantly elevated 

in PCs of DCI mice (Fig.  5A, B), indicating that PCs of 

DCI mice also showed an senescence phenotype. For-

tunately, Cdkn1a and senescence related secretory phe-

notype genes in PCs of mice treated with ZSWF were 

significantly reduced compared with DCI group (Fig. 5A, 

B), suggesting that ZSWF prevented PCs senescence in 

DCI mice. Furthermore, we investigated the key commu-

nication relationships between ECs and PCs in DCI mice. 

Notably, our results showed that ZSWF significantly 

increases the communication intensity of Pdgfb-Pdgfrβ 

signals (Fig.  5C). Vascular ECs derived platelet-derived 

growth factor B (Pdgfb) can bind to Pdgfrβ on the PCs 

surface, which is crucial for the recruitment of PCs to 

adhere to the vascular surface and maintain the integrity 

of BBB. Further expression analysis showed no significant 

difference of ECs-derived Pdgfb between the three groups 

(Fig. 5D), while Pdgfrβ expression in PCs was significantly 

reduced in DCI mice brains (Fig. 5E). Fortunately, ZSWF 

treatment significantly increased the expression of Pdgfrβ 

in DCI mice brain PCs (Fig. 5E), we thus speculate that 

ZSWF can restore BBB integrity in DCI mice by recruit-

ing PCs coverage. To verify this hypothesis, we used 

immunofluorescence co-localization to analyze PCs cov-

erage of ECs. Our results also confirmed that PDGFRβ 

co-localization with ECs was significantly reduced in 

the brains of DCI mice, while ZSWF treatment signifi-

cantly increased the co-localization of ECs and PDGFRβ 

(Fig. 5D, E). �ese results suggest that ZSWF maintains 

BBB integrity in DCI mice by preventing PCs senescence 

and repairing ECs-PCs communication.

Mangiferin prevents endothelial cell senescence induced 

by high glucose

On the basis of demonstrating that ZSWF can repair the 

integrity of the BBB in DCI mice by preventing cerebro-

vascular cell senescence, to further reveal the potential 

chemical composition of ZSWF against vascular senes-

cence, we performed active ingredient screening using 

molecular docking and in  vitro cell assay validation 

(Fig.  6A). Using the previously reported ZSWF blood 

chemical components [32] to perform molecular dock-

ing with p21 upstream signaling proteins (e.g. mTOR, 

p38, ERK, and MDM2), we found that mangiferin, a 

component derived from the Anemarrhenae rhizoma-

Phellodendri chinensis cortex pair, has a stronger bind-

ing energy with the upstream proteins of p21 than other 

components (Fig. 6B, Table 1), suggesting that mangiferin 

may be a potential active component of ZSWF in anti-

vascular senescence. Furthermore, to further confirm the 

discovery of molecular docking, we cultured bEnd.3 cells 

in vitro with medium containing normal glucose (5 mM) 

and high glucose (30 mM), and treated with mangiferin. 

Cytotoxicity tests showed that 50  µM mangiferin pre-

sented a safe dosage (Fig.  6E). Immunostaining results 

showed that, compared with Con group, high glucose 

stimulation significantly increased the expression of cell 

senescence marker p21 protein in bEnd.3 cells, while 

mangiferin treatment significantly inhibited the expres-

sion of p21 (Fig.  6C, F). RT-qPCR results also showed 

that mangiferin significantly decreased Cdkn1a mRNA 

expression in bEnd.3 cells induced by high glucose 

(Fig.  6G), indicating that high glucose stimulation can 

accelerate endothelial cell senescence, and mangiferin 

has anti-endothelial cell senescence effect. Meanwhile, 

(See figure on next page.)
Fig. 4 ZSWF prevented brain endothelial cells senescence in DCI mice. A Heatmap showing the top 20 most enriched genes for each gruop. B 
Violin plot showing the distribution of expression levels of Cdkn1a in endothelial cells of each group. C Dotplot showing the expression levels 
of SASP genes (such as Ccl3, Tnfrsf10b, Nfkbid, Nfkb1, Plat, and Ang) in endothelial cells of each group, the colors on the right of the picture 
represent the average expression level of these genes, and the circles represent the percentage distribution of these genes in each group 
of cells. D Dotplot showing the expression levels of well-known representative marker genes in vascular endothelial cells. E Umap showing 
the distribution of endothelial cell subtypes (ART, arterial endothelial cell; VN, venous endothelial cell; CapA, capillary arterial endothelial cell; CapV, 
capillary venous endothelial cell) in each group. F Dotplot showing the expression levels of SASP genes (such as Ccl3, Tnfrsf10b, Nfkbid, Nfkb1, 
Plat, Ang, Vcam1, and Icam1) in each endothelial cell subtype of three groups. G Umap showing the distribution of expression levels of Cdkn1a 
in endothelial cell subtype of each group. H Umap showing the expression levels of SASP genes set (such as Ccl3, Tnfrsf10b, Nfkbid, Nfkb1, Plat, 
and Ang) and senescence upstream genes set (such as Kra, Map2k6, Mapk14, and Foxo1) in endothelial cell subtype of each group. I Umap showing 
the expression levels of leukocyte adhesion molecules (Vcam1 and Icam1) in endothelial cell subtype of each group. J Immunofluorescence 
depicting the expression of senescence signature proteins (Cdkn1a, red) in endothelial cells (CD31, green) of each group (scale bar, 20 µm)
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Fig. 4 (See legend on previous page.)
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Fig. 5 ZSWF prevented pericyte senescence in DCI mice. A Dotplot showing the expression levels of SASP genes (such as Ccl3, Tnfrsf10b, Nfkbid, 

Nfkb1, Plat, and Ang) in pericytes of each group. B Umap showing the expression levels of Cdna1a and SASP genes set (such as Ccl3, Tnfrsf10b, 

Nfkbid, Nfkb1, Plat, and Ang) in pericytes of each group. C Dotplot showing the communication intensity of Pdgfb-Pdgfrβ receptor and ligand pairs 
between endothelial cells and pericytes in each group. D Violin plot showing the distribution of expression levels of Pdgfb in endothelial cells 
of each group. E Dotplot showing the expression levels of Pdgfrβ in pericytes of each group. F Histogram showing the colocalization coefficients 
of endothelial cells and pericytes, these data were expressed as the mean ± SD, n = 4. G Immunofluorescence depicting the colocalization 
of endothelial cell (CD31, green) and pericytes (PDGFRβ, red) of each group (scale bar, 20 µm)
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we also examined the effect of high glucose stimulation 

on Vcam1 protein expression and mangiferin interven-

tion in b.End3 cells. Our results also showed that high 

glucose stimulation significantly increased the expres-

sion of Vcam1 protein in endothelial cells, while man-

giferin treatment significantly decreased the expression 

of Vcam1 protein induced by high glucose (Fig.  6D, H). 

�ese results suggest that mangiferin can indeed prevent 

cerebral vascular senescence induced by high glucose, 

and is one of the key active components of ZSWF to pro-

tect BBB integrity in DCI mice.

Discussion

Cognitive dysfunction is a common central nervous sys-

tem complication of diabetes mellitus, the incidence of 

which increases year by year and seriously affects the 

quality of life of patients. Limited by the complex and 

not fully understood pathological mechanisms of DCI, 

there are still no FDA-approved treatments. More unfor-

tunately, past multi-center clinical studies have found 

that neither metformin nor insulin replacement therapy 

can effectively reduce the incidence of DCI [8, 9], reveal-

ing that single-target drugs to control or reduce blood 

glucose are not ideal for the prevention and treatment 

of DCI, and the development of multi-target combina-

tion drugs may be a new trend for the prevention and 

treatment of DCI in the future. Multi-component tra-

ditional Chinese medicine has unique advantages in 

the treatment of complex diseases. Our previous stud-

ies have investigated and found that ZSWF has a good 

effect on improving cognitive impairment in DCI mice, 

and preliminarily explained the mechanism from the 

perspective of regulating kynurenine metabolism and 

maintaining intestinal flora [30, 31]. Notably, our previ-

ous studies also found that ZSWF has many prototypic 

and metabolic components that enter the blood, suggest-

ing that it may have a direct vascular protective effect. 

In this study, therefore, on the basis of confirming the 

efficacy of ZSWF to improve DCI, we focused on the 

BBB perspective and employed scRNA-seq technology 

to investigate the mechanism of ZSWF to improve DCI. 

Fortunately, our findings not only revealed a new patho-

logical mechanism of DCI in which diabetes accelerates 

cerebrovascular senescence, induces BBB integrity 

destruction and worsens cognitive impairment, but also 

clarified a new pharmacological mechanism of ZSWF to 

repair BBB integrity in DCI mice through anti-cerebro-

vascular senescence, providing a new strategy for DCI 

prevention and treatment from the perspective of anti-

cerebrovascular senescence.

To further confirm the efficacy outcome of ZSWF in 

improving DCI, the DCI mouse model was established 

according to the previous method and the therapeutic 

effect of ZSWF was investigated. Consistent with previ-

ous results, the current study reaffirms that ZSWF can 

significantly reverse cognitive function in DCI mice. 

Considering that hyperglycemia is the initial pathologi-

cal factor of DCI, the study first investigated the hypo-

glycemic effect of ZSWF. Unfortunately, our results show 

that ZSWF does not reduce FBG in DCI, suggesting that 

a subsequent pathological cascade mediated by hypergly-

cemia may be the target of ZSWF.

BBB is an interface that separates the central nervous 

system from the peripheral circulation, composed of 

microvascular ECs, PCs, and astrocytes, and is a key bar-

rier to avoid damage to the brain from potentially neu-

rotoxic and inflammatory agents in the circulation, such 

as cytokines, erythrocytes, leukocytes and pathogens 

[47]. However, BBB is susceptible to the diabetic envi-

ronment, such as hyperglycemia, hyperlipidemia, and 

chronic inflammation [12, 48]. Accumulated past studies 

have shown that BBB integrity disruption mediated by 

homeostasis imbalance of peripheral circulation in dia-

betes is an early hallmark of cognitive impairment [11]. 

�erefore, the study investigated the effect of ZSWF on 

BBB integrity in DCI mice. According to the previously 

reported method [49], we evaluated BBB integrity by IgG 

staining. �e results showed that ZSWF treatment sig-

nificantly reduced the IgG positive staining in hippocam-

pus, suggesting that ZSWF can repair BBB functional 

integrity in DCI mice. Tight junction proteins (such as 

Occludin and Claudin-5) that adhere to endothelial cells 

are essential for maintaining the structural integrity of 

BBB. �erefore, we also investigated the effect of ZSWF 

on the expression of tight junction proteins in DCI mice, 

and fortunately found that ZSWF treatment significantly 

(See figure on next page.)
Fig. 6 Mangiferin prevents endothelial cell senescence induced by high glucose. A Overview of ZSWF anti-vascular senescence active ingredient 
screening workflow. B Pattern diagram of molecular docking, including mangiferin and mTOR, p38, ERK and MDM2, respectively. C Representative 
fluorescence imaging of p21 protein expression. D Representative fluorescence imaging of Vcam1 protein expression. E Histogram represents 
the effects of mangiferin at different concentrations on the cytotoxicity of bEnd.3, this data was expressed as the mean ± SD and analyzed using 
t-test, n = 6, **P < 0.01, *P < 0.05 vs. 0 µM. F Histogram shows the protein expression level of p21. G Histogram shows the mRNA expression level 
of Cdkn1a. H Histogram shows the protein expression level of Vcam1. These data were expressed as the mean ± SD, these data were analyzed using 
one-way ANOVA, n = 3, **P < 0.01, *P < 0.05 vs. Con, ##P < 0.01, #P < 0.05 vs. High glucose
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Fig. 6 (See legend on previous page.)
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increased the expression of brain tight junction proteins 

in DCI mice. MMP9 is a zinc-dependent protease that 

degrades many structural components of the extracel-

lular matrix and non-extracellular matrix proteins [50]. 

Studies have shown that the expression of MMP9 is 

closely related to BBB integrity, and the diabetic environ-

ment can mediate the destruction of BBB by promoting 

the expression and secretion of MMP9 in pericytes [51]. 

�erefore, we examined the expression of MMP9 protein 

and found that ZSWF treatment significantly reduced 

the expression of MMP9 protein in the hippocampus of 

DCI mice. �ese results suggest that ZSWF restored BBB 

integrity in DCI mice.

ScRNA-seq provides an alternative method to study 

the cellular heterogeneity of the brain [52–54]. Com-

pared with the average changes of various types of cells 

obtained by bulk RNA sequencing, scRNA-seq can 

accurately capture the transcriptional characteristics of 

tens of thousands of individual cells, and has made great 

achievements in analyzing the pathological mechanisms 

of a variety of complex diseases [42, 43, 55, 56]. More 

importantly, scRNA-seq also reflects a wide range of 

application scenarios for the analysis of complex mech-

anisms of traditional chinese medicine [57–60]. For 

example, fan et  al. used scRNA-seq to reveal the syner-

gistic mechanism of Shenmai injection combined with 

PD-1 inhibitors to improve non-small cell lung cancer by 

enhancing antitumor immunity [60]. �erefore, to reveal 

the mechanism of BBB integrity destruction in DCI 

mice and investigate the repair mechanism of ZSWF, 

we performed scRNA-seq on mouse brain tissues in the 

DCI group and the ZSWF treatment group, and obtained 

single-cell data of control mice from a public database 

(GSE129788). By integrating and quality controlling 

these data using R packets and identifying brain tissue 

cell types using known markers in brain tissue, 14 com-

mon brain cell types were identified, including neurons, 

astrocytes, microglia, and vascular-associated cells. �e 

intercellular ratio results showed that neurons, micro-

glia, and astrocytes accounted for a high proportion of all 

brain cells, which is similar to the previously published 

results for brain cell types [42, 61, 62], indicating that 

we obtained reliable single-cell transcriptome data. �e 

results of cell proportion between the groups showed a 

decreased proportion of neurons in DCI mice, which 

was also consistent with the previously reported results 

of DCI neuron apoptosis [31]. �e results of the propor-

tion of BBB constituent cells showed that the proportion 

of ECs and PCs in the brain of DCI mice was signifi-

cantly increased compared with that of Con group, and 

this result was also supported by diabetes induced cer-

ebrovascular neovasculation [45, 46]. Fortunately, these 

abnormalities were reversed by ZSWF, providing initial 

clues that ZSWF improves cognitive function by target-

ing cerebrovascular cells to prevent neuronal apoptosis. 

Furthermore, our results also found that the proportion 

of microglia in the brain of DCI mice was significantly 

increased, while ZSWF could significantly reduce the 

proportion of microglia, suggesting that microglia activa-

tion may also play a crucial role in the pathological pro-

gression of DCI, and may also be the target cell of ZSWF 

to improve DCI. Since our current study focused on 

investigating the transcriptional signatures of cerebrovas-

cular cells, the transcriptional characteristics of microglia 

will be analyzed in depth in our subsequent studies.

Inspired by the above clues, we focused on investigat-

ing the transcriptional characteristics of vascular-asso-

ciated cells. Fortunately, we found that the expression of 

Cdkn1a, a landmark of senescent cells, was significantly 

increased in the brain endothelial cells of DCI mice. 

Accumulated past studies have also shown that Cdkn1a 

is involved in the senescent of multitudinous cells [63, 

64], including vascular ECs [65–67]. Our current study 

revealed that Cdkn1a is highly expressed in almost all 

types of endothelial cells and that ZSWF significantly 

reduces Cdkn1a expression, suggesting that ZSWF has 

the potential to prevent endothelial cell senescence in 

DCI mice. Senescent cells usually secrete numerous fac-

tors, including pro-inflammatory cytokines, chemokines, 

and angiogenic factors, which are known as SASP. SASP 

can not only mediate the pathophysiological effects of 

senescent cells themselves, but also promote the commu-

nication between senescent cells and surrounding cells, 

Table 1 Binding energy of ZSWF into blood components and 
P21 upstream proteins

CDOCKER 
energy (Kcal/
mol)

mTOR p38 ERK MDM2

Mangiferin 25.0096 19.3859 28.6698 16.5056

Armepavine 21.7576 18.8355 24.5489 17.0896

Isomangiferin 18.2643 19.3885 22.5182 12.3331

Lotusine 17.545 14.3731 18.5929 9.43675

Phellodendrine 17.858 7.82887 17.4037 11.1723

Tembetarine 19.6809 7.91893 16.4526 8.89275

Magnoflorine 5.57458 0.6692 8.04119 −4.23999

Jatrorrhizine 4.73411 9.92541 5.4543 0.40794

Phellamurin −3.34497 −23.4787 5.18335 −7.66213

Oxyberberine 0.23961 2.50728 2.75612 −1.42216

Menisperine −1.08088 −9.00297 −0.7990 −7.96665

berberrubine −5.43259 −3.81597 −8.05427 −10.2438

Berberastine −10.8052 −7.26413 −8.73267 −14.5512

Thalifendine −7.4879 −5.60026 −9.00103 −14.8097

Berberine −12.2187 −9.53648 −12.852 −15.3749
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thus affecting the function of neighboring cells. In this 

study, we found that chemokine Ccl3 and pro-inflamma-

tory factors such as Tnfrsf10b, Nfkbid, and Nfkb1 were 

significantly overexpressed in DCI endothelial cells, while 

ZSWF significantly reduced the expression of these fac-

tors. Ccl3 is a key factor that promotes transendothelial 

migration of T cells [68], which suggests that there may 

be a large number of infiltrating T lymphocytes in DCI 

brains, and ZSWF has the potential to prevent T cell 

infiltration. �e high expression of proinflammatory 

factors reveals that DCI brain endothelial cells have a 

hyperinflammatory response, and importantly, endothe-

lial inflammation is also a key cause of BBB integrity 

destruction [69], which suggests that ZSWF can repair 

BBB integrity in DCI mice by preventing endothelial 

cell senescence and reducing endothelial cell inflamma-

tion. Benefiting from the development of scRNA-seq, 

brain ECs have also been divided into different subtypes, 

including arterial endothelial cells, venous endothelial 

cells, and capillary endothelial cells. To further investi-

gate the heterogeneity of DCI senescent endothelial cells 

and SASP, we used known markers to classify endothe-

lial cells into arterial endothelial cells, venous endothe-

lial cells, capillary arteries endothelial cells, and capillary 

veins endothelial cells. Our results showed that Cdkn1a 

and SASP genes were highly expressed in almost all 

types of endothelial cells in DCI mice, while ZSWF sig-

nificantly reduces the expression of these genes. �e 

only notable thing is that we found that two molecules 

involved in leukocyte adhesion, Icam1 and Vcam1, are 

only characteristically highly expressed in venous ECs, 

which is consistent with the previously reported results 

that these adhesion molecules are expressed exclusively 

in venous endothelial cells [18]. Meanwhile, this result 

also suggests that DCI brain may infiltrate a large num-

ber of leukocytes, and ZSWF can inhibit the infiltration 

of cerebral leukocytes in DCI mice.

On the basis of demonstrating the senescence of cer-

ebral vascular ECs in DCI mice and the inhibitory effect 

of ZSWF, the study then investigated whether the PCs of 

DCI mice were senescence and the effect of ZSWF. For-

tunately, our results also confirmed that DCI mice brain 

PCs also showed a senescence phenotype, and ZSWF 

inhibited PCs senescence. Furthermore, we investi-

gated the communication between senescent ECs and 

PCs in the DCI brain and found that ZSWF significantly 

increased the Pdgfb-Pdgfrβ signal strength. ECs-derived 

Pdgfb is essential for the recruitment of PCs by interact-

ing with Pdgfrβ, and the decreased expression of perivas-

cular Pdgfrβ reflects the loss of PCs, which is fatal to 

the maintenance of BBB integrity [70, 71]. Overall, our 

scRNA-seq data not only revealed that cerebrovascular 

cell senescence is involved in the pathological progression 

of DCI, but also found that ZSWF, a prescription for 

clearing heat, has the potential to improve DCI by pre-

venting cerebrovascular cell senescence. Notably, recent 

accumulated studies have shown that cerebrovascular 

senescence can lead to the destruction of BBB integrity, 

and delaying cerebrovascular senescence or removing 

senescent cerebrovascular cells can restore BBB integ-

rity [24, 25]. Meanwhile, recent studies have reported 

that diabetes can accelerate cerebral vascular senescent 

[27]. Accordingly, we conclude that ZSWF may restore 

BBB integrity in DCI mice by preventing cerebrovascu-

lar senescence. �e detailed mechanism was reflected in 

that ZSWF reduced the expression of senescence mark-

ers Cdkn1a and SASP genes in cerebrovascular cells, pre-

vented the senescence of cerebrovascular cells driven by 

diabetes environment, repaired BBB integrity, and thus 

improved the cognitive function of DCI mice.

Finally, to further discover the potential active compo-

nents of ZSWF in anti-vascular senescence, we used the 

previously identified blood entry components as small 

molecules and the upstream protein of p21 as target 

proteins to predict them by molecular docking. Nota-

bly, mangiferin stands out from these small molecules, as 

reflected in better affinity between mangiferin and pro-

teins (such as ERK, mTOR, P38, and MDM2). To confirm 

this finding, we cultured cerebral microvascular endothe-

lial cells in  vitro and established a high glucose injury 

model using 30 mM glucose. As expected, our results 

showed that high glucose significantly induced endothe-

lial cell senescence, and mangiferin significantly inhibited 

the expression of senescence marker, confirming that 

mangiferin indeed has an anti-vascular senescence effect. 

Similar to the results reported in the literature, previous 

accumulated studies have also confirmed that mangiferin 

has excellent anti-senescence effects both in  vivo and 

in  vitro [72, 73]. �ese results suggest that mangiferin 

is a potential active component of ZSWF to repair BBB 

integrity in DCI mice by anti-vascular senescence. Over-

all, our study on the one hand reveals a new pathologi-

cal mechanism of DCI in which the diabetic environment 

accelerates cerebrovascular senescence, leading to BBB 

integrity destruction and worsening cognitive impair-

ment, on the other hand, it also elucidates the potential 

of ZSWF to repair BBB integrity and improve cognitive 

function in DCI mice by preventing cerebrovascular 

senescence. �ese findings not only provide a new strat-

egy for the prevention and treatment of DCI, but also 

provide a theoretical basis for the clinical application 

of heat-clearing traditional chinese medicine. Notably, 

recent studies have proposed that panvascular injury is 

a common pathological event of diabetes-induced multi-

organ complications [74, 75], and accumulated studies 

have also observed that diabetic environment accelerates 
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vascular aging in multiple organs [27, 76, 77]. �ere-

fore, we expect that panvascular senescence induced by 

diabetic environment may be the common pathological 

mechanism of diabetic multi-organ complications, and 

anti-vascular senescence may be a new strategy to delay 

or prevent the progression of diabetic complications.

�at said, there are limitations to our current study. 

First, a suitable positive control was not selected for this 

study because there are no drugs with clear clinical effi-

cacy against DCI. Second, the small molecules of ZSWF 

entering the blood used in the current study of molecular 

docking are prototype components, and the relationship 

between their metabolic components and senescence 

pathways has not been investigated. �ird, although we 

preliminarily identified mangiferin as the active ingredi-

ent of ZSWF in anti-vascular senescence to repair BBB 

integrity in DCI mice, the detailed molecular pathways 

regulated by mangiferin have not yet been fully verified. 

Fourth, it is still unclear whether mangiferin can also 

repair BBB integrity and improve cognitive impairment 

in DCI mice by preventing cerebral vascular senescence 

in vivo. �ese limitations will be the focus of our future 

research.

Conclusion

Overall, our study reveals that ZSWF can ameliorate cog-

nitive function in DCI mice by repairing BBB integrity, 

and the specific mechanism of which may be related to 

preventing cerebrovascular cells senescence and improv-

ing abnormal communication between them, and man-

giferin its key active ingredient. �is study provides a 

new perspective for the development of DCI combina-

tion drugs for clinical prevention and treatment, and also 

provides theoretical support for the future clinical appli-

cation of ZSWF.
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