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A B S T R A C T   

Vascular aging is an independent risk factor for age-related diseases and a specific type of organic 
aging. Endothelial progenitor cells (EPCs), a type of bone marrow stem cell, has been linked to 
vascular aging. The purpose of this study is to investigate if Ginseng-Sanqi-Chuanxiong (GSC) 
extract, a traditional Chinese medicine, can delay aortic aging in mice by enhancing the per
formance and aging of EPCs in vivo and to analyze the potential mechanisms through a D- 
Galactose (D-gal)-induced vascular aging model in mice. Our study revealed that GSC extracts not 
only enhanced the aortic structure, endothelial function, oxidative stress levels, and aging in 
mice, but also enhanced the proliferation, migration, adhesion, and secretion of EPCs in vivo, 
while reducing the expression of p53, p21, and p16. To conclude, GSC can delay vascular 
senescence by enhancing the function and aging of EPCs, which could be linked to a decrease in 
p16 and p53/p21 signaling. Consequently, utilizing GSC extracts to enhance the function and 
senescence of autologous EPCs may present a novel avenue for enhancing autologous stem cells in 
alleviating senescence.   

1. Introduction 

People are more susceptible to developing diseases as they age. The occurrence of tumors, neurodegenerative diseases, and car
diovascular diseases (CVD) increases annually [1]. It is estimated that by 2030, 23.6 million individuals will succumb to CVD, making 
it the most common cause of death among those aged 65 and above globally. Vascular aging is an independent risk factor for 
age-related diseases and a specific type of organic aging that affects the threshold, course, and severity of various CVD [2]. The process 
of vascular aging is marked by progressive alterations in vascular structure and function, primarily manifested through medial intima 
thickening, increased fibrosis, and decreased endothelial function [3–6]. 

Endothelial progenitor cells (EPCs) act as precursors to endothelial cells, which can stimulate angiogenesis through their own 
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processes of differentiation and secretion [7,8]. EPC therapy is an important endogenous vascular repair strategy with potential value 
for the treatment of diseases associated with endothelial integrity and dysfunction. One important repair mechanism for improving 
endothelial function is the recruitment of EPCs [9]. The circulating levels of EPCs in the bloodstream can be used to anticipate the 
aging of blood vessels [10]. Additionally, the aging process has demonstrated a decrease in the quantity and/or operational capabilities 
of EPCs in both animals and humans [11]. Hence, it is essential to investigate and enhance the performance of autologous endothelial 
progenitor cells for anti-aging. 

The traditional Chinese medicine, Ginseng-Sanqi-Chuanxiong (GSC), is composed of Panax ginseng C. A. Mey., Panax notoginseng 
(Burk.) F. H. Chen, and Ligusticum chuanxiong Hort. With a ratio of 2:3:4, which has been utilized in the treatment of cardiovascular 
and diabetic conditions [12]. Our prior research demonstrated that GSC has the potential to enhance morphological alterations of 
aortas in aging mice, diminish production of reactive oxygen species in vascular tissues, alleviate stiffness of blood vessels in aging 
mice, diminish vascular remodeling, and postpone the onset of vascular aging [13]. Furthermore, GSCs can impede the aging of 
endothelial cells, stimulate the proliferation of aged endothelial cells, and enhance endothelial performance [14]. However, it is 
uncertain if GSCs can delay vascular aging by enhancing endothelial progenitor cell function. In this study, we developed a mouse 
aging model induced by D-gal to investigate the influence of GSC on aortic aging and endothelial progenitor cell function in aging mice, 
providing a fresh outlook on preventing and alleviating vascular aging. 

Prolonged consumption of D-galactose (D-gal) can result in excessive production of advanced glycation end products (AGE), ul
timately causing oxidative stress. D-gal models can be initiated at any point in adolescence, and the outcomes of experiments can be 
rapidly compared to the pathological progression observed in naturally aging model animals [15,16]. Consequently, we employed 
D-gal to reproduce the aging model of mice in this study. This study’s schematic design is shown in Fig. 1. In summary, we assessed the 
effectiveness of GSC in reducing vascular senescence in mice by examining the alterations in aortic histopathology and the expression 
of p53 [17,18]. Furthermore, the increase in AGE and matrix metalloproteinase-2 (MMP-2) causes an increase in vascular stiffness, 
which plays a key role in aging-induced vascular remodeling [19,20]. Moreover, oxidative stress and endothelial dysfunction exert a 
significant impact on the degree of vascular senescence, which can be assessed by detecting superoxide dismutase (SOD) activity, 
malondialdehyde (MDA), nitric oxide (NO) and endothelin-1 (ET-1) content in serum [21,22]. Additionally, to corroborate that GSC 
ameliorates vascular senescence along with EPCs, we obtained endothelial progenitor cells by extracting and in vitro inducing culture 
of bone marrow cells from mouse leg bones. We detected the proliferation, migration, adhesion and secretion of stromal cell derived 
factor-1 (SDF-1), NO and vascular endothelial growth factor (VEGF) of EPCs to assess the cell function [23,24]. Lastly, we investigated 
the variations of senescence staining, p53/p21 and p16 signaling pathways [25] of EPCs to establish clues and mechanisms that GSC 
has an intervening role in the senescence of EPCs and vascular aging. 

2. Materials and methods 

2.1. Preparation of GSC extracts 

According to our previous study [12], GSC ethanol extracts were provided by YinKeRuiSi Medical Technology Co. Ltd. (Beijing, 
China). Raw herbs were prepared into dry powder containing a final concentration of 4.286 g dried crude herb per g through ethanol 
extraction, concentration and vacuum decompression. According to the pharmacopoeia, we analyzed the main components and 
contents of GSC extract by chromatographic analysis: ferulic acid 1.00 mg/g, notoginsenoside R1 8.45 mg/g, ginsenoside Rg1 55.84 

Fig. 1. The design of the experiment. The mice were treated with D-gal (180 mg/kg) for 11 weeks (s.c.). In the third week, the mice were given 
Methionine (Met), GSC or distilled water (oral). The blood, aortas, femurs and tibias were collected separately. 
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mg/g, ginsenoside Re 6.47 mg/g and ginsenoside Rb1 44.57 mg/g (as shown in the Supplement file-1). 

2.2. Animals 

Male C57/BL 6 N mice (5-week-old) were purchased from Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China, 
SYXK2017-0033). The standard conditions of the animal facility were maintained as follows: temperature 24 ± 1 ◦C; humidity 45% ±
10%; 12-h light/dark cycle (Lights on 06:00–18:00). During the model construction procedure, the mice had normal daily activities 
without behavior limitations, optimum eating and drinking, and regular grooming. All mice were left undisturbed and acclimatized for 
seven days prior to the onset of studies at the Experimental Animal Center of Institute of basic theory for Chinese Medicine, China 
Academy of Chinese Medical Sciences (China). Animal welfare and experimental procedures strictly abided to the guidelines for ethical 
care of experimental animals and were approved by the Institutional Animal Research ethics committee of Institute of basic theory for 
Chinese Medicine, China Academy of Chinese Medical Sciences (Ethics number: 2020-011). Every endeavor was undertaken to 
mitigate animal distress and diminish the utilization of animals. 

2.3. Pharmaceutical intervention 

After seven days of adaptive feeding, the aging model was established in mice by dorsal cervical injections of D-gal (180 mg/kg/ 
day) for 11 weeks, as reported previously [26,27]. We converted human dose to mouse dose based on clinical human equivalent dose 
and the animals’ surface area [28]. In summary, the mice were randomly divided into six groups (eight mice in one group), i.e., Control 
(5% saline + distilled water), Model (D-gal + distilled water), Met (D-gal + metformin 150 mg/kg/day), GSC-L (D-gal + GSC 477.5 
mg/kg/day), GSC-M (D-gal + GSC 955 mg/kg/day), and GSC-H (D-gal + GSC 1910 mg/kg/day) groups. From the third to the eleventh 
week of D-gal treatment, GSC and metformin were orally administered to aging mice once daily for consecutive nine weeks. After 11 
weeks, the mice were sacrificed to collect blood, aortas, femurs, and tibias. 

2.4. Histological examination 

C57BL/6 mouse aorta tissue was fixed in 4% neutral formalin solution. The aorta tissue was then embedded in paraffin and cut into 
4μm thick slices. Finally, hematoxylin-eosin (H&E) staining was performed to observe histopathological changes of the aortas under 
optical microscope. Intima-media thickness (IMT) was measured by OLYMPUS OlyVIA 2.9 software (Olympus, Tokyo, Japan) with at 
least five visual fields per mouse and 3–5 per group for quantification. 

2.5. Immunohistochemistry (IHC) 

For IHC, the paraffin-embedded sections (4 μm) were rehydrated and treated with 0.01 M sodium citrate for antigen retrieval. After 
being blocked with 3% BSA for 30 min, the sections were incubated overnight at 4 ◦C in a humidified box with specific antibodies 
against p53 (1:3200, Proteintech Group, Wuhan, China, 60283-2Ig), MMP-2 (1:400, Proteintech Group, Wuhan, China, 10373-2-AP), 
AGE (1:100, Proteintech Group, Wuhan, China, 19003-1-AP). Specimens were then treated with a peroxidase conjugated goat anti- 
mouse and anti-rabbit secondary antibodies (1:500, Seracare Life Sciences Inc, Milford, MA, USA, 5220-0341, 5220-0336) and dia
minobenzidine (Shitai Laboratory Equipment Co., Ltd, Jiangsu, China, 2005289). For each section, five fields were selected from 
aortas tissue and captured at × 200 magnification using microscope (Olympus, Tokyo, Japan, BX61VS). The semi-quantitative analysis 
was performed by ImageJ 1.52v software (National Institutes of Health, USA). 

2.6. Biochemical analysis in serum 

Blood was sampled from eyes of the mice. After clotting at room temperature, serum samples were obtained by centrifugation at 
3500 rpm for 15 min and stored at − 80 ◦C until further analysis. Total SOD, MDA, NO and ET-1 detection kits (Jiancheng Bioengi
neering Institute, Nanjing, China, A001–3, A003–1, A013-2-1, H093) were used to determine the MDA, NO and ET-1 levels and SOD 
activities according to manufacturer’s instructions. At room temperature, the absorbance was measured at 532, 550 or 450 nm 
wavelengths. 

2.7. Isolation and culture of EPCs 

The extraction of EPCs was based on a method described in literature [29]. Briefly, the femurs and tibias were isolated and washed 
with PBS. The epiphysis on both sides was separated and the marrow cavity was flushed with EGM-2MV medium (LONZA, Wal
kersville, MD, USA, CC3202) and a 1 ml syringe. After filtration through a 75 μm cell strainer, the cells were cultured in EGM-2MV 
medium, and unattached cells were abandoned on the fourth day. The EGM-2MV medium was replaced every second day until the 
seventh day of the experiments. 

2.8. Characterization of EPCs 

Characterization of EPCs was performed as previously described [30,31]. Briefly, the cells were incubated with 50 μg/ml acetylated 
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DiI Lipoprotein from human plasma (Dil-ac-LDL, Solarbio, Beijing, China, H7970) at 37 ◦C for 4 h. The cells were washed with PBS and 
fixed with paraformaldehyde, then incubated with 15 μg/ml Lectin from Ulex europaeus FITC Conjugate (FITC-UEA-1, Sigma-Aldrich, 
Darmstadt, Germany, L9006) at 37 ◦C in the dark for 3 h. The cells were then rinsed three times with PBS and visualized under a 
confocal microscope (Olympus, Tokyo, Japan, FV1000). 

2.9. Assessment of EPCs proliferation, adhesion, migration and secretion function 

2.9.1. EPC proliferation assay 
EPCs proliferation was measured by CCK-8 assay [32]. Each group was seeded in 96-well plates at 10,000 cells/well. The optical 

density (OD) of cell adhesion was used as a control to calculate growth rate of absorbance after culturing the cells at 450 nm for 24 h. 
Importantly, 4–6 duplicate wells were set up in each group. 

2.9.2. EPC adhesion assay 
For adhesion function, EPCs were seeded in a 24-well plate at a density of 1 × 10^5/well and cultured at 37 ◦C for 3 h. After that, the 

non-adherent cells were aspirated, fixed with 5% paraformaldehyde, and incubated with 4′,6-diamidino-2-phenylindole (DAPI) at 
room temperature for 10 min, and then placed under a fluorescence microscope (Olympus, Tokyo, Japan, BX61VS) for imaging, 
counting, and photographing. Five fields of view were selected for each group. 

2.9.3. EPC migration assay 
Migration of EPCs was assessed by transwell migration assay [24]. After using serum-free EGM-2 basal medium to adjust each 

group of cells to 2 × 10^5/ml, we added 200 μl cell suspension and 600 μl EGM-2MV medium to the upper and lower chambers of 
transwell, cultured at 37 ◦C for 24 h. The transwell chambers were fixed in 4% paraformaldehyde solution and stained with crystal 
violet. After washing with PBS and air-drying, the cells were observed and counted under a microscope with at least five fields of view 
in each group. 

2.9.4. EPC secretion assay 
Enzyme-linked immunosorbent assay (ELISA) was used to assess the secretion of EPCs according to the manufacturer’s protocol 

[33]. After each group of cells adhered, the medium was changed to serum-free EGM basal medium at 37 ◦C for 48 h. Cell supernatants 
were collected and assayed using NO, SDF-1 and VEGF ELISA kits (Proteintech Group, Wuhan, China, KE10049, KE10009). Each group 
had 4–6 duplicate holes. 

2.10. Senescence-associated-β-galactosidase (SA-β-gal) staining 

EPCs were stained using a Senescence Cells Histochemical Staining kit (Beyotime Institute of Biotechnology, Shanghai, China, 
C0602) to assess senescence [24]. Briefly, the cells were washed with PBS three times and then incubated for 18 h in SA-β-gal staining 
solution at 37 ◦C with no CO2. Then, the samples were washed again with PBS three times and cover-slipped for direct imaging and 
counting under a microscope. 

2.11. Western blot analysis 

Murine protein samples were lysed in cold lysis buffer (Solarbio, Beijing, China, R0010) and quantified by BCA protein quantitation 
kit (Solarbio, Beijing, China, PC0020). The proteins were denatured in sodium dodecyl-sulfate polyacrylamide gel electrophoresis 
(SDS-PAGE) sample loading buffer for 5 min. Then, 30 μg protein sample was added to 12% SDS-PAGE gel for separation and 
transferred to polyvinylidene difluoride (PVDF) membrane by electrophoresis. The membranes were then blocked with 5% non-fat 
milk for an hour at room temperature and incubated with primary appropriate antibodies at 4 ◦C overnight. After washing three 
times with TBST, the membranes were incubated in secondary antibodies for an hour at room temperature. Enhanced chem
iluminescence detection system was used to visualize the immunoreactive bands. Image was used to quantify the protein expression 
from at least three independent experiments. The following primary antibodies were used in Western blot analysis: p53 (1:2000, 
Proteintech Group, Wuhan, China, 60282-2-lg), p21 (1:2000, Proteintech Group, Wuhan, China, 28248-1-AP), p16 (1:2500, Abcam, 
Cambridge, UK, ab211542) and GAPDH (1:1000, Proteintech Group, Wuhan, China, 60004-1-lg). 

2.12. Statistical analysis 

Statistical analysis was conducted through one-way analysis of variance (ANOVA) using SPSS 20.0 software (IBM, New York, NY, 
USA). All data were presented as the mean ± SD, and values of p < 0.05, p < 0.01 and p < 0.001 were considered statistically 
significant. 
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3. Results 

3.1. Effect of GSC on morphology of mouse aorta and IMT 

The main pathology of vascular aging is the disorganization and proliferation of the intima-media structure [34]. The pathological 
structure of the aorta was assessed by H&E staining. The structure of the aorta in the Model group was disordered, and the medial 
intima was significantly thicker than that in the Control group (M vs. C: 61.57 ± 6.14 vs. 49.55 ± 5.77 μm); the vascular structures of 
the Met, GSC-M, and GSC-H groups were better than those of the Model group. The group was relatively intact, with no obvious 
thickening of the intima (GSC-M vs. M: 46.95 ± 8.15 vs. 61.57 ± 6.14 μm; GSC-H vs. M: 46.12 ± 5.94 vs. 61.57 ± 6.14 μm; Met vs. M: 
53.48 ± 7.05 vs. 61.57 ± 6.14 μm). Furthermore, the vascular structure of the GSC-L group was disordered while no difference was 
observed between GSC-L and Model groups in the concentrations of IMT (GSC-L vs. M: 59.02 ± 7.94 vs. 61.57 ± 6.14 μm). As shown in 
Fig. 2. A–B, the results suggest that GSC and Met can improve structural disorganization and mid-endothelial thickening of the aorta in 
aging mice. 

3.2. Effect of GSC on the vascular endothelial function 

Serum levels of NO and ET-1 reflect vascular endothelial function [35,36]. We therefore assessed the vascular endothelial function 
by detecting NO and ET-1 in the serum. The NO level in the Model group was significantly lower than that in the Control group; and 
higher in the GSC-M and GSC-H groups than that in the Model group (Fig. 3. A). In addition, ET-1 level in the Model group was 
significantly higher than that in the Control group; while being significantly lower in the GSC-L, GSC-M, GSC-H, and Met groups than 
that in the Model group (Fig. 3. B). The results suggested that GSC and Met improved vascular endothelial function to varying degrees, 
with GSC showing a more pronounced improvement than Met. 

3.3. Effect of GSC on oxidative stress 

We aimed to determine whether GSC could ameliorate oxidative stress in mice. The SOD activity and MDA contents in the serum 
showed that the SOD activity of the Model group was lower than that of the Control group, and the SOD activity of the GSC-L and GSC- 
H groups was higher than that of the Model group. However, the SOD activity of GSC-M and Met groups had no significant difference 
compared with the Model group (Fig. 4. A). MDA content in the Model group was higher than that in the Control group; while that in 
the GSC-L, GSC-M, GSC-H, and Met groups were significantly lower than that in the Model group (Fig. 4. B). These results suggest that 
GSC and Met can improve the level of oxidative stress in mice, and the improvement of GSC was better than that of Met. 

Fig. 2. Pathological changes of mouse aorta and comparison of IMT. (A) HE staining of aorta in each group. (B) Comparison of IMT in each group. 
N = 4–6, results are presented as mean ± SD, Model vs. Control, ***p < 0.001, GSC-L, GSC-M, GSC-H and Met vs. Model, ##p < 0.01, ###p < 0.001. 
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3.4. Effect of GSC on AGE, MMP-2, and p53 immunohistochemistry 

To further validate the effect of GSC on aortic aging, we compared aortic vascular aging protein, collagen elastic fiber damage, and 
AGE accumulation by immunohistochemical of aortic p53, MMP-2, and AGE in each group. Compared with the Control group, the 
average optical density values of AGE, MMP-2, and p53 in the Model group were significantly higher. In addition, the average optical 
densities of the GSC-L, GSC-M, and GSC-H groups were significantly lower than that of the Model group (Fig. 5. A–D). However, the 
average optical density of AGE and MMP-2 in the Met group was not significantly different from that of the Model group (Fig. 5. A–C). 
These results showed that GSC and Met improved the expression of vascular aging proteins, while GSC was superior to Met with respect 
to the amelioration of vascular sclerosis. 

3.5. Effects of GSC on the proliferation, adhesion, migration and secretion of EPCs 

Positive dual fluorescence staining of FITC-UEA-I and Dil-ac-LDL is a common method to identify EPCs [37]. We performed 
FITC-UEA-I and Dil-ac-LDL double fluorescence staining on cells after seven days of culture, which proved that the cells induced in this 
experiment were EPCs (Fig. 6. A). The proliferation function of EPCs was detected by CCK-8, and the 24-h proliferation rate of the 
Model group was significantly lower than that of the Control group. The proliferation rate of the GSC-L, GSC-M, and GSC-H groups was 
significantly higher than that of the Model group. However, the value-added rate of the Met group was not significantly different from 
that of the Model group (Fig. 6. B). Adhesion function test showed that the number of adherent cells in the Model group was 
significantly less than that in the Control group; the number of adherent cells in the GSC-M and GSC-H groups increased compared with 
the Model group. There was no significant difference in the number of adhesions between the GSC-L and Met groups compared with the 
Model group (Fig. 6. C–D). The transwell migration assay showed that the number of migrating cells in the Model group was 
significantly lower than that in the Control group, and the number of migrating cells in GSC-H was increased compared with the Model 
group. However, the number of migrating cells of GSC-L, GSC-M, and Met had no significant difference compared with the Model group 
(Fig. 6. E–F). We assessed the secretory function of cells by detecting NO, VEGF, and SDF-1 contents in the cell supernatant. NO, VEGF, 
and SDF-1 contents in the Model group were lower than those in the Control group; and higher in the GSC-H and Met groups than those 
in the Model group; however, the VEGF factor in GSC-L was not significantly higher than that in the Model group. SDF-1 content in 
GSC-M was not significantly different from that in the Model group, while NO and VEGF contents were higher than those in the Model 

Fig. 3. Comparison of serum NO and ET-1 contents in mice. (A) Comparison of NO contents. (B) Comparison of ET-1 contents. N = 6–8, results are 
presented as mean ± SD, Model vs. Control, *p < 0.05, GSC-L, GSC-M, GSC-H and Met vs. Model, #p < 0.05, ##p < 0.01, ###p < 0.001. 

Fig. 4. Comparison of serum SOD activity and MDA contents in mice. (A) Comparison of SOD activity. (B) Comparison of MDA contents. N = 6–8, 
results are presented as mean ± SD, Model vs. Control, *p < 0.05, GSC-L, GSC-M, GSC-H and Met vs. Model, #p < 0.05, ##p < 0.01. 
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group (Fig. 6. G–I). The findings indicated that GSC and Met had varying degrees of impact on the proliferation, adhesion, migration, 
and secretion of NO, VEGF, and SDF-1 of EPCs in vascular aging mice. 

3.6. Effects of GSC on SA-β-gal staining of EPCs 

We aimed to determine the senescence of EPCs in vascular aging mice and the effect of GSC intervention. SA-β-gal staining can 
evaluate the senescence of cells [38]. From the results, the number of blue-stained cells in the Model group was significantly more than 
that in the Control group. Moreover, the number of blue-stained cells of the GSC-L, GSC-M, GSC-H, and Met groups were significantly 
reduced compared with the Model group (Fig. 7. A–B). The results showed that GSC ameliorated the senescence of EPCs in vascular 
aging mice in vivo. 

3.7. Effect of GSC on the expression of p53, p21, and p16 proteins in the EPCs 

To explore the mechanism by which GSC ameliorates senescence in EPCs, we examined the protein expression of the cellular 
senescence-related pathways p53/p21 and p16. We found that the expressions of p53, p21, and p16 in the Model group were 
significantly higher than those in the Control group. The expressions of p53, p21, and p16 in GSC-M and GSC-H groups were 
significantly lower than those in the Model group, while p16 in GSC-L was significantly lower than that in the Model group, and the rest 
of the proteins had no statistical difference. However, the expression of p53 in the Met group was lower than that in the Model group, 
and there was no significant difference in other proteins (Fig. 8 A–D). These results suggest that GSC and Met may inhibit the 
senescence and functions of EPCs by reducing p53/p21 and p16 signaling. 

4. Discussion 

D-gal injection into the back of the neck in this study led to a successful construction of a vascular aging mouse model. Pathological 

Fig. 5. Expression of AGE, MMP-2 and P53 of aortic. (A) Representative images of immunohistochemical of AGE, MMP-2 and P53, scale bars 
represent 50 μm. (B) Protein expression of AGE, MMP-2 and P53 quantification analysis. N = 3–4, results are presented as mean ± SD, Model vs. 
Control, *p < 0.05, **p < 0.01, ***p<0.001, GSC-L, GSC-M, GSC-H and Met vs. Model, #p < 0.05, ##p < 0.01, ###p < 0.001. 
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changes of the aorta, IMT, vascular endothelial function damage, and the enhancement of senescence protein expression were all 
verified. Additionally, it was found that GSCs can delay vascular aging by regulating the aforementioned conditions; and can inhibit 
oxidative stress, MMP-2 and AGE protein expression, and partially alleviate vascular aging induced by D-gal in mice. Subsequently, we 
successfully extracted and cultured EPCs from vascular aging mice, and identified them by FITC-UEA-I and Dil-ac-LDL double fluo
rescent staining. It was observed that the proliferation, adhesion, migration, and secretion of EPCs in vascular aging mice decreased, 
accompanied by an increase in the aging markers of EPCs. Consequently, we believe that GSCs possess the ability to delay vascular 
senescence induced by D-gal by reinstating the functionality and senescence of EPCs. 

D-gal was first discovered by a Chinese research team that it can accelerate rodent aging by elevating MDA levels, diminishing SOD 
activity, and triggering oxidative stress [39]. As research progressed, the extended administration of D-gal was found to enhance AGE, 
advanced glycation end product receptor, aldose reductase, sorbitol dehydrogenase, telomere length shortening, telomerase activity, 
site amyloid senescence markers like precursor protein lyase 1, amyloid, senescence-related genes (p16, p21, p53, p19Arf, 
p21Cip1/Waf1), and SA-β-gal staining [18]. D-gal is frequently employed as an animal model for assessing the aging process of the 
heart, brain, kidney, liver, and genitals; however documented evidence of aortic vascular aging is lacking. Qiao Weili [40] created a 
model of aortic aging through the subcutaneous injection of D-gal into rats. Vascular aging is largely characterized by alterations in 
their structure and impaired endothelial function [41]. The thickening of the vessel wall in age-related structural remodeling is caused 
by changes in the intima and media, and an increase in IMT is evident in the aging process [34]. Endothelial dysfunction is significantly 
influenced by the disparity between vasodilation and contraction. The balance between expansion and vasoconstriction is mainly 
regulated by the synthesis and release of vasodilators (e.g., NO) and vasoconstrictors (e.g., ET-1) [35,36]. This study compared 
pathological changes of the aorta between the Control and Model groups, considering the thickness of IMT, the activity of SOD, the 
content of MDA, NO and ET-1, as well as the aortic AGE, p53 and MMP-2, as previously conducted. Results confirmed the effectiveness 
of this modeling. 

In this study, we investigated how GSC therapy could protect vascular senescence caused by D-gal injection. We selected metformin 
as the positive drug, considering prior research [42,43]. Following 11 weeks of modeling and intervention, the aorta structure of the 
Met group was more intact than that of the Model group, and IMT notably decreased, which could lead to a decrease in ET-1 and MDA 
in serum, as well as a decrease in p53 expression in blood vessels. All of these findings validate the impact of metformin on protecting 
blood vessels and enhancing the functionality of EPCs, aligning with documented research [44–48]. Simultaneously, we discovered 
that GSC had the ability to diminish the levels of NO and SOD activity in the serum of mice, along with the levels of AGE and MMP-2 in 
blood vessels, alongside the aforementioned indicators. The findings validated the ability of GSC to enhance oxidative stress, 
D-gal-induced vascular senescence, and the optimal protective impact of high-dose GSC on the aorta. 

The aging process necessitates the presence of endothelial cells to regulate arterial attributes, including vascular tone, vascular 
permeability, angiogenesis, and response to inflammation [49]. As vascular aging advances, mature endothelial cells eventually 

Fig. 6. Characterization and functions of mouse bone marrow-derived EPCs. (A) Characterization of EPCs. FITC-UEA-I and Dil-ac-LDL double 
fluorescent staining was positive, scale bars represent 50 μm. (B) Comparison of 24H proliferation function of EPCs. 24-hour proliferation rate in 
each group. N = 6. (C–D) Comparison of the adhesion function of EPCs. The images and number of adherent cells in each group within 3 h. N = 6, 
scale bars represent 50 μm. (E–F) Comparison of the transwell migration assay of EPCs. The number of cells migrated in each group. N = 6, scale 
bars represent 50 μm. (G–I) Comparison of Secretory Function of EPCs. The content of NO, VEGF and SDF-1 in the supernatant of cells in each group. 
N = 4–6. Results are presented as mean ± SD, Model vs. Control, *p < 0.05, **p < 0.01, GSC-L, GSC-M and GSC-H vs. Model, #p < 0.05, ##p < 0.01, 
###p < 0.001. 

Fig. 7. Comparison of SA-β-gal staining in EPCs. (A-B) The number of senescent EPCs in each group. N = 6, results are presented as mean ± SD, 
Model vs. Control, **p < 0.01, GSC-L, GSC-M, GSC-H and Met vs. Model, ##p < 0.01, scale bars represent 50 μm. 
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differentiate into endothelial cells with limited ability to proliferate, hindering their capacity to replace damaged endothelial cells 
[50]. Other cell types may be necessary for endothelial repair. Bone marrow is the source of EPCs, which are scarce in the bloodstream 
of adults, constituting approximately 0.01% of blood mononuclear cells [51]. The ability of EPCs to proliferate and differentiate into 
endothelial cells as seed cells is crucial for their involvement in angiogenesis and vascular function during adulthood [52]. Research 
has indicated that as people age, the amount of EPCs in both humans and animals diminishes, which could be linked to the aging 
process of EPCs [53]. Senescence in EPCs will result in dysfunctions like proliferation and migration [54]. This study revealed that 
bone marrow-derived EPCs from vascular senescent mice exhibited an increase in the senescence marker SA-β-gal, which was 
accompanied by a considerable decline in cell proliferation, migration, adhesion, and secretion. Consequently, we believe that 
improving the senescence of autologous EPCs is a significant factor in delaying vascular aging, which could be linked to the manner in 
which GSCs delay vascular aging. Subsequently, we conducted a comparative analysis of the EPCs’ proliferation, migration, adhesion, 
secretion function, and cell senescence markers in every group of mice. The findings indicated that GSC had a considerable impact on 
the biological performance of autologous EPCs and hindered cell aging. Furthermore, in line with the vascular findings, the optimal 
protective impact of elevated GSC doses on EPCs was also observed, verifying that the effectiveness of GSC on blood vessels and EPCs 
could be influenced by dosage. Activation of the p53/p21WAF1/CIP1 and p16INK4A/pRB tumor suppressor pathways plays a central role in 
regulating senescence [55]. To investigate potential ways in which GSC disrupt senescence in EPCs, we analyzed the proteins p53, p21, 
and p16. Consistent with other findings, GSC diminished the activation of the p53/p21 and p16 pathways. 

Despite this, this study has its limitations. At the outset, we solely employed three doses of GSC. Further trials of GSC should be 
conducted in the future to determine the most effective dosage. Moreover, further investigation is necessary to understand how GSC 
can delay vascular aging by enhancing the performance of EPCs. The link between animal trials and clinical results has yet to be 
determined, and further research, such as randomized controlled trials, is necessary to prove the efficacy of GSC in preventing vascular 
aging and senescence of EPCs. 

In conclusion, GSC can impede vascular senescence caused by D-gal injection by prolonging the senescence of EPCs and enhancing 
the proliferation, migration, adhesion, and secretion capabilities of senescent EPCs. The findings imply that GSC may be a viable 
medication for combating vascular aging and the senescence of autologous EPCs. Additionally, it provides potential therapeutic ap
proaches to combat aging by enhancing the functionality of its own stem cells, thus contributing to the alleviation of global aging. 

Fig. 8. Comparison of the expression of senescence proteins in EPCs. (A-D) Protein expression and quantification analysis of P53, P21 and P16. N =
3–5, results are presented as mean ± SD, Model vs. Control, *p < 0.05, **p < 0.01, GSC-L, GSC-M, GSC-H and Met vs. Model, #p < 0.05, ##p <
0.01.(The uncropped versions of Western blot images were shown in the Supplement file-2). 
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SOD superoxide dismutase 
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