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INTRODUCTION 
 

Myocardial ischemia and resultant heart failure are 

common symptoms of various cardiovascular diseases 

(CVDs), which are the leading cause of death 

worldwide. It is reported that hyperlipidemia patients 

have worse prognosis after acute myocardial ischemia 

(AMI). A study aimed to assess 5-year outcomes after 

AMI in a large multicenter cohort of patients showed 

that, in hypercholesterolemia patients, the risk of  

long-term mortality and cardiovascular events is twice 

as high than the control patients [1]. However, the 

underlying mechanism remained unclear. 

 

The ability of adult human heart to generate new cardio 

myocytes and vascular endothelial cells is limited, thus 

failing heart could be repaired by bone marrow (BM)-

derived stem/progenitor cell-based cardiac regeneration 

after AMI [2–4]. Endothelial progenitor cells (EPCs) play 

vital roles in revascularization and tissue repairs [5]. In 

adult animals, EPCs are generally stored in BM, and in a 

resting state under physiological conditions. Only a small 
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ABSTRACT 
 

This study aims to explore the role of hyperlipidemia in the mobilization of bone marrow (BM) endothelial 
progenitor cells (EPCs) induced by acute myocardial ischemia (AMI). To establish the hyperlipidemia 
complicated with AMI (HL-AMI) model, SD rats were intragastrically administered the high-fat emulsion for 
4 weeks. Then their left anterior descending arteries were ligated. Rats in each group were randomly 
subdivided into seven subgroups. During 1st ~ 7th day following AMI modeling, rats in 1st ~ 7th subgroups were 
selected to be phlebotomized from their celiac artery after being anesthetized by pentobarbitone in turn. The 
quantity of circulating EPCs (CEPCs) was detected by flow cytometry, the expression of VEGF, eNOS, NO, MMP-9 
in myocardial tissue was analyzed by western blot, and their plasma level was assayed by ELISA. Dynamic 
curves were plotted using these data. Within 7 days following AMI, compared with the AMI rats, in the HL-AMI 
rats, the myocardial infarct size, the plasma activity of CK, CK-MB, and the collagen deposition all remained at 
the higher levels; meanwhile, these rats showed more significant decreases in the count of CEPCs, the plasma 
level of VEGF etc., and their expression in myocardial tissue (P < 0.05 or P < 0.01). Our study showed that 
hyperlipidemia may attenuate the mobilization of BM EPCs induced by AMI via VEGF/eNOS/NO/MMP-9 signal 
pathway, which might partly account for hyperlipidemia hampering the repairs of AMI-induced cardiac injury. 
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fraction of these cells develops into the circulating 

endothelial progenitor cells (CEPCs). To repair injured 

tissues, BM EPCs must be mobilized to the peripheral 

blood, and then home in the damaged site [6–8]. AMI is 

the most well-known acute pathological stimulus for the 

mobilization of BM EPCs [6, 9], which depends on the 

activation of matrix metalloproteinase 9 (MMP-9) and 

endothelial nitric oxide synthase (eNOS) with various 

mobilizing factors, including vascular endothelial growth 

factor (VEGF) and nitric oxide (NO) [8, 10]. 

 

It has been shown that hyperlipidemia may lead to 

CVDs via impairing the quantity and the function of 

EPCs, including attenuated the adhesion, the migration, 

and the tube formation of this kind of cells, and 

accelerated its senescence [11, 12]. But available 

research data cannot answer the following questions, 

whether hyperlipidemia could inhibit the mobilization 

of EPCs induced by AMI or not, and whether this 

negative regulation could partly account for the cardiac 

injury deteriorated by hyperlipidemia following AMI. 

The present study is designed to figure out the answers. 

 

MATERIALS AND METHODS 
 

Reagents 

 

Phycoerythrin (PE)-conjugated anti-CD34 monoclonal 

antibody was obtained from Santa Cruz Co., USA  

(sc-7324). Mouse anti-rat GAPDH monoclonal antibody, 

FITC-labeled anti-vWF antibody, rabbit anti-rat MMP-9 

monoclonal antibody, and HRP-labeled goat anti-mouse 

polyclonal IgG were purchased from Abcam, UK 

(ab9484, ab8822, ab76003, ab6789). Red blood cell 

lysate was obtained from BD Co., USA (349202). 

Enzyme-linked immunosorbent assay (ELISA) kits for 

detecting the plasma level of MMP-9, NO, eNOS and 

VEGF were purchased from Beijing Sizhengbai 

Technology Co., China (CRE0026, CRE0110, CHE0115, 

CRE0010). The high-density lipoprotein cholesterol 

(HDL-C), low-density lipoprotein cholesterol (LDL-C), 

total triglyceride (TG), total cholesterol (TC) ELISA kits, 

and 2,3,5-triphenyltetrazolium chloride (TTC) were 

purchased from Nanjing Jiancheng Co., China (A112-1-1, 

A112-1-1, A112-1-1, A111-1-1, D025-1-3). Masson’s 

trichrome stain kit was purchased from Beijing Solarbio 

Science & Technology Co., China (G1340). Total protein 

extraction kit was bought from Applygen Technologies, 

China. Propylthiouracil and bile acid sodium were 

purchased from Sigma-Aldrich, USA (191813, T0750). 

Enhanced chemiluminescence reagent was purchased 

from Millipore Co., USA (WBKLS0500). Cholesterol 

was obtained from LifeSpan BioScience Co., USA 

(RS0423B4013J). RIPA lysis solution was purchased 

from Beyotime Institute of Biotechnology, China 

(P0013B). All other reagents were ultrapure grade. 

High fat emulsion preparation 

 

High fat emulsion (HFE) was prepared according to the 

literature with some modifications [13]. Cholesterol 

80 g, sodium deoxycholate 16 g, and methylthiouracil 

8 g were added in sequence to melted lard 160 g in a 

2000 mL beaker and thoroughly mixed. Tween-80 

160 mL was added to the mixture. In the meantime, 

propylene glycol 160 mL and distilled water 240 mL 

were added to another 500 mL beaker, and mixed at 

60°C on an electric oven. Subsequently, the two 

components were mixed to prepare the HFE, which was 

stored at 4°C. 

 

Animals 

 

Experiments were conducted on male SD rats (SPF, 

150–160 g) obtained from the Lukang Animal 

Experimental Center (SCXK (LU) 20170001, Shandong 

Province, China). All animal experiments were 

performed in accordance with the Regulation of Animal 

Care Management of the Ministry of Public Health, 

People’s Republic of China (document No. 55, 2001), 

and were approved by the Ethics Committee of 

Shandong University of Traditional Chinese Medicine 

(approval number: DWSY201610227). We made every 

effort to minimize the distress and number of animals 

used. 

 

Experimental procedure 

 

Our experimental design is shown in Table 1. In our 

research group, the success rate for getting 

hyperlipidemia complicated with AMI (HL-AMI) rat 

model was 80.2%. So, to make sure that the number of 

rats in each group met the statistical analysis 

requirements at the end of the experiment, 280 rats were 

enrolled at the beginning. At the end, 56 rats per group, 

8 rats per subgroup were reserved. 

 

After adapting to the environment for one week, the  

280 rats were randomly divided into the following four 

groups, with 70 rats per group, the control group (Ctrl), 

the hyperlipidemia group (HL), the AMI group (AMI), 

and the HL-AMI group. The HL and HL-AMI groups 

were intragastrically administered the HFE (10 mL/kg/day) 

once a day for 4 weeks, during which, the Ctrl and AMI 

groups were administered saline solution (NS). Based 

on their blood lipid levels, the rats failing to meet the 

hyperlipidemia criteria were weeded out. 

 

Then, the AMI and the HL-AMI groups underwent 

coronary artery ligating operation. The Ctrl, the HL 
groups were subjected to the same surgical procedure, 

except for the coronary artery ligation. Rats met the 

criterion of AMI model were entered into the next step. 
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Table 1. Experimental procedure +: rats were sacrificed and phlebotomized, and FCM was performed to quantify the 
number of CEPCs in their peripheral blood. 

Day/groups 
(number) 

Ctrl 
(n = 56) 

AMI 
(n = 56) 

HL 
(n = 56) 

HL-AMI 
 (n = 56) 

Day 1–13 NS administration HFE administration 

Day 14 Collected blood from their inner canthus and measured their plasma lipid level etc. 

Day 14–20 NS administration HFE administration 

Day 21 Collected blood from their inner canthus and measured their plasma lipid level 

Day 22–28 NS administration HFE administration 

Day 29 Sham operation Coronary artery ligation Sham operation Coronary artery ligation 

Day 30–36 

Time points at which the CEPCs content and the plasma level of VEGF etc., were evaluated  
in each subgroup rats 

Subgroup Day 30 Day 31 Day 32 Day 33 Day 34 Day 35 Day 36 

1 +       

2  +      

3   +     

4    +    

5     +   

6      +  

7       + 
 

At the beginning of this study, 280 rats were enrolled to experiment. The success rate for getting hyperlipidemia model, AMI 
model was 91.4%, 87.8% respectively, the total success rates for getting HL-AMI model was 80.2%. So, at the end of 
experiment, 56 rats per group, 8 rats per subgroup were reserved. 

 

According to the previous method [8], in order to 

investigate the mobilization of EPC, rats in each 

group were randomly subdivided into seven 

subgroups, with 10 rats per subgroup. At serial time 

points after the HL-AMI models (on day 1–7 

following AMI modeling, or day 30–36 after HFE 

administration), rats in subgroups 1–7 were 

anaesthetized with pentobarbital and phlebotomized 

from their celiac artery in turn. CEPCs in whole fresh 

blood samples from each rat were quantified by flow 

cytometry (FCM). To show the change in the content 

of CEPCs during the 7 days, dynamic curves were 

plotted using the FCM data. 

 

Hyperlipidemia animal model 

 

To induce the hyperlipidemia model, rats were 

intragastrically administered the HFE (10 mL/kg/day) 

once a day for 4 weeks. On day 14 and 21 following 

HFE administration, rats were anaesthetized with ether. 

Venous blood was collected from their inner canthus, 

and the plasma levels of TC, TG, HDL-C, and LDL-C 

were measured by ELISA. Rats with severe 

hyperlipidemia, defined as TC ≥ 3.0 mmol/L, TG ≥ 2.5 

mmol/L, LDL ≥ 1.50 mmol/L, and HDL ≤ 0.50 

mmol/L, were classified as the hyperlipidemia model. 

The plasma lipids data collected on day 21 showed that, 

the success rate for getting hyperlipidemia model 

achieved 91.4%.  

AMI model 

 

The rat AMI model was prepared as previously reported 

[8]. As shown in the image below (Figure 1), the rat was 

anaesthetized with an intraperitoneal injection of 2% 

pentobarbitone 0.2 ml/100 g, and fixed on the operating 

table for the surgical procedures. An intubation cannula 

connecting with a volume-controlled ventilator was 

plugged in trachea from its mouth. Three electrodes were 

subcutaneously placed into the three limbs of the rat, and 

connected to a multi-channel recorder by which the 

electrocardiogram was recorded. After the fur was 

disinfected with 75% alcohol, the left chest was opened 

between the 3–4 intercostal space. The left anterior 

descending artery (LAD) was ligated by a 6–0 silk suture  

2 mm below the tip of the left atrial appendage. Successful 

ligation was verified by the color change of hearts and the 

ST segment elevation in the echocardiography. The heart 

was repositioned to the chest. After the blood and fluid 

were absorbed with sterilized absorbent cotton, the chest 

cavity was squeezed closely. The muscles and skin were 

sutured layer-by-layer gradually. The skin at the suture 

area was disinfected with iodophor. The endotracheal 

intubation, three electrodes, and the string mentioned 

above were removed. The rat was placed on the right side 

on a temperature control board, and was put into a 

disinfection cage after it was awake. After surgery, each 

rat was intramuscularly injected with penicillin 100,000 

units per day for one week. 
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The critical period is 24 hours after surgery, during which 

few rats may die. Animals that pass this period generally 

survive for a long time. In our study, the success rate for 

getting AMI model achieved 87.8% (112 out of 128). 

 

Myocardial ischemic area analysis 

 

The myocardial ischemic size was measured according 

to Sang’s method [14]. After phlebotomized from their 

celiac artery, the heart of the rats was taken out 

immediately. From the apex to the base, it was cut into 

0.1 cm slices, which were placed in 1% TTC solution 

(prepared with PBS) for 10 minutes at 37°C. Then, 

slices were placed in 4% formalin solution for 30 

minutes. Normal myocardium is stained red, the 

infarcted one is not stained, and displayed a pale 

color. At the end, these slices were quantitatively 

analyzed by pathological image analysis system. 

 

Myocardial fibrosis analysis 

 

To characterize collagen fibers in myocardial tissue in 

the 7th subgroup rats of each group, their formalin-fixed 

and paraffin-embedded myocardial tissue sections were 

stained using a masson’s trichrome stain kit; by which 

collagen is stained blue, nucleus is dyed black; 

cytoplasma and muscle fibers are red. The process of 

operation follows the protocol described in the kit 

instructions. 

Flow cytometry analysis of EPCs 

 

EPCs are cells positive for endothelial markers, such 

as VEGF receptor 2 (VEGFR2), and hematopoietic 

stem cell markers, such as CD34 [5, 15]. We used 

immunofluorescent staining for CD34 and the 

VEGFR2 to identify mononuclear cells (MMNs) 

positively in blood as CEPCs. We incubated whole 

fresh blood samples anticoagulated with EDTA.2Na 

with PE-conjugated anti-CD34 antibody and FITC-

conjugated anti-VEGFR2 antibody to identify the 

CD34+/VEGFR2+ cells among the MNCs. We 

dissolved the red blood cell lysate in distilled water 

and applied it to the cells at a final concentration of 

10% (v/v). 

 

To count the EPCs per milliliter of blood, two-color 

cytometry analysis of the samples was performed on a 

cytometer equipped with a four-color option (BD FACS 

Jazz). EPCs were detected by gate analysis excluding 

events with different origins, such as non-specific 

staining events and non-hematopoietic circulating cells. 

The data were collected from 100,000 cells for each 

sample and analyzed with BD FACS software. 

 

Western blot analysis 

 

Hearts were removed for protein extraction after rats 

were phlebotomized from their celiac artery. The left 

 

 
 

Figure 1. AMI model preparation. (A) After anaesthetized with an intraperitoneal injection of 2% pentobarbitone (0.2 ml/100 g), the rat 

was placed on a temperature control board for the surgical procedures. An intubation cannula connecting with a volume-controlled 
ventilator was plugged in trachea from its mouth. Three electrodes were subcutaneously placed into the three limbs of rat, and connected 
to a multi-channel recorder by which the electrocardiogram was recorded. (B) The fur at the left chest was shaved and the skin disinfected 
with 75% alcohol. (C, D) The echocardiography of rat before and after the coronary ligation; the ST segment elevation could be observed. 
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ventricular tissue sample was taken under ligature at  

2 mm and stored at −80°C before use. Total protein was 

extracted according to the manufacturer’s instructions 

of the total protein extraction kit. The concentration of 

protein was determined by the BCA protein assay kit. 

 

The protein was separated by 10% SDS-PAGE and 

transferred to nitrocellulose membranes. The membranes 

were blocked by 5% skim milk powder diluted in PBS 

with 0.05% tween (PBST; pH 7.6), and were incubated 

overnight on a rocking platform at 4°C with antibodies 

against MMP-9 (1:2000), eNOS, VEGF and GAPDH 

(1:5000). Then, the membranes were washed with 50 mM 

PBST, and incubated with the secondary antibodies for 1 h 

at room temperature, and then washed thoroughly. The 

proteins on the membrane were visualized by enhanced 

chemiluminescence solution. The membranes were 

exposed with an imaging system (Western Blot Workflow 

System, Bio RAD, USA) and the relative intensities of 

protein bands were analyzed by Image Lab (Bio RAD). 

 

ELISA assay 

 

According to the manufacturer’s instructions, the 

content or activity of MMP-9, NO, eNOS VEGF, CK, 

CK-MB in the plasma of rats were measured by ELISA. 

The whole fresh blood samples were centrifuged for 

15 min at 3000 rpm. The supernatant was stored at 4°C. 

Samples were tested at the same time after all the rats 

had been sacrificed and phlebotomized. The plasma 

levels of VEGF etc., are expressed as nanograms per 

milliliter, units per milliliter, nanomoles per milliliter, 

or millimoles per milliliter. 

 

Statistical analysis  

 

The continuous variables are presented as mean ± 

standard error of the mean (SEM). We used the 

category variables to estimate the statistical significance 

by one-way ANOVA and post hoc Bonferroni test using 

SPSS Statistics version 19.0 (IBM, USA). A P value of 

less than 0.05 was considered statistically significant. 

 

Availability of data and materials 

 

The datasets generated during and/or analyses during 

the current study are available from the corresponding 

author on reasonable request. 

 

RESULTS 
 

Change in the content of blood lipid in each group 

during 7 days after AMI 
 

The plasma concentration of TG, TC, LDL-C and HDL 

in each subgroup of rats was shown in Figure 2. Within 

 

 
 

Figure 2. Change in the plasma content of TG, TC, LDL-C and HDL in each group rats during 7 days after AMI. (A–D) The plasma 

concentration of TG (A), TC (B), LDL-C. (C) and HDL-C (D) in rats of the Ctrl, HL, AMI, and HL-AMI group respectively. *, **, P < 0.05 or P < 0.01, 
compared with the AMI group. Each data point represents the average of eight rats in one group, and vertical lines indicate the SEM.  
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7 days following AMI operation, in the Ctrl and the 

AMI group, the blood content of above four kinds of 

lipid all fluctuated at the normal level, and there were 

no significant differences between the two groups 

(Figure 2A–2D, P < 0.01). 

 

During the same phase, in the HL and HL-AMI groups, 

the plasma concentration of TG, TC, LDL remained at 

the abnormal higher levels, while the content of HDL-C 

fluctuated at the aberrant lower line. Due to the 

cessation of HFE administration, their blood levels 

tended to decrease. The changes pattern of the plasma 

content of TG and TC were similar in these two groups, 

which decreased gradually day by day (Figure 2A, 2B, 

2D, P < 0.01). However, in the HL-AMI group, the 

plasma concentration of LDL-C displayed the more 

complicated changes model. This value upregulated 

rapidly, reached its peak on day 3, then decreased 

gradually (Figure 2C, P < 0.01). 

 

Hyperlipidemia hindered the repairmen of cardiac 

injury induced by AMI 

 

To evaluate the cardiac injury, on the 4th day after the 

LAD ligation (or in the 4th subgroup of each group), the 

myocardial ischemic area was verified by TTC staining; 

and the serum activity of myocardial enzyme was 

detected by ELISA kits. Moreover, to assess the 

deposition of collagen on the 7th day following AMI, 

the myocardial tissue sections of the 7th subgroup rats 

were performed masson staining. 
 

As shown in Figure 3, the viable tissue was stained red and 

the infarct area was pale and unstained (Figure 3A–3D). 

 

 
 

Figure 3. Myocardial ischemic area in the 4th subgroup rats of each group. (A–D) (represents the Ctrl, HL, AMI, and HL-AMI group, 

respectively), Photos of myocardial sections stained by TTC, viable tissue was stained red and infarct area was pale and unstained; (E) 
Diagram of the myocardial infarction rate of the four groups. MI infarct size was expressed as the percentage of the infarct area relative to 
the whole myocardium. **, ##, P < 0.01, compared with the AMI, the Ctrl group, respectively. Data are expressed as mean ± SD (n = 8 animals 
in each group), and vertical lines indicate the SEM. 



www.aging-us.com 7883 AGING 

In the HL-AMI group, the infarct size was significantly 

higher than that size in the AMI group (37.68 ± 4.4% vs. 

25.81 ± 3.01%, Figure 3E, P < 0.01). 

 

The serum activity of myocardial enzyme is a sensitive 

index of myocardial damage. As shown in Figure 4, on 

the 4th day after AMI, among the four groups, the blood 

activity of CK, CK-MB in the HL-AMI group remained 

at the highest level, which was significantly higher than 

that activity in the AMI group, the second highest one 

(Figure 4, P < 0.01). 

 

On the 7th day after AMI, the collagen deposition of 

myocardial tissue in each group was showed in  

Figure 5. The fibrotic area was stained blue in the 

images. Compared to the AMI group, there was more 

severe myocardial damage in the HL-AMI group 

(Figure 5). 

 

 
 

Figure 4. The plasma activity of CK, CK-MB in the 4th subgroup rats of each group. According to the manufacture’s instruction, 
the CK, CK-MB plasma activity were analyzed by ELISA. **, ##, P < 0.01, compared with the AMI and the Ctrl group respectively. Each data 
represents the average of eight rats in one group, and vertical lines indicate the SEM. 

 

 
 

Figure 5. The collagen deposition of myocardial tissue in each group rats on the 7th day after AMI. To characterize myocardial 

tissue damage, the formalin-fixed and paraffin-embedded myocardial tissue sections were stained using a masson’s trichrome stain kit; by 
which collagen is stained blue, nucleus is dyed black; cytoplasma and muscle fibers is red. Stained sections were observed under optical 
microscopy, and were photographed by digital camera. (A–D) Photos of myocardial sections stained by masson G in rats of the Ctrl, HL, 
AMI, and HL-AMI group, respectively (×100). 
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Our data showed that, after AMI, the severity of 

myocardial injury might correlate with the level of 

blood lipids, hyperlipidemia may aggravate AMI-

induced cardiac injury, and impede its repair. 

 

Hyperlipidemia attenuated the mobilization of EPCs 

stimulated by AMI 

 

As shown in Figure 5, in the Ctrl and HL group, there is 

no significant change that could be observed in the 

count of CEPCs per mL during 7 days following AMI. 

The values were in the range 960–1330. In the AMI 

group, that count increased rapidly, reached its peak 

value (4353 ± 284/mL) on the 2nd day, and remained at 

this level to the 6th day, then decreased slowly. In the 

HL-AMI group, this number increased gradually, 

reached its maximum on the 5th day (3000 ± 374/mL), 

then began to decrease. However, the overall level and 

the maximum of CEPCs count were significantly lower 

than the AMI group (Figure 6, P < 0.05 or P < 0.01). 

 

The fluorescence intensity scatter diagrams of CEPCs in 

the 4th subgroup were shown in Figure 2. Dots in the P2-

Q2 quadrant represent EPCs or CD34+/VEGFR2+ cells. 

This figure showed that, on the 4th day after AMI, the 

count of CEPCs in the HL-AMI group was significantly 

lower than the AMI group (Figure 7A–7D). 

 

Hyperlipidemia reduced the plasma levels of  

MMP-9, NO, eNOS, and VEGF in HL-AMI rats 

 

Within 7 days after the AMI operation, change in the 

plasma level of MMP-9, NO, eNOS and VEGF in four 

groups was shown in Figure 6. In the Ctrl and the HL 

groups, the plasma content and activity of these four 

cytokines fluctuated around a baseline level with no 

significant changes. Between the HL-AMI and AMI 

group, there was a similar variation trend that could be 

observed in this plasma content, which increased 

rapidly, reached the peak value, and then decreased 

gradually. However, compared with the AMI group, in 

the HL-AMI group, both the peak value and the whole 

level of above four cytokines plasma concentration all 

always remained at the lower level (Figure 8A–8D, 

P < 0.05 or P < 0.01). 

 

Hyperlipidemia down-regulated the expression of 

VEGF, eNOS and MMP-9 in myocardial tissue of 

the HL-AMI rats 

 

The VEGF, eNOS, and MMP-9 expression in the 

myocardial tissue within 7 days after the AMI operation 

was determined by western blotting (Figure 9). 

 

In the Ctrl and the HL group rats, the expression of 

these proteins remained at a baseline level. Moreover, 

there were no significant differences between the two 

groups (Figure 9A1–9C2, P < 0.01). 

 

In the AMI and HL-AMI groups, the change pattern in 

the expression of VEGF in myocardial tissue were 

similar. This expression increased significantly, reached 

its maximum on day 4, and then decreased quickly. 

However, the expression of this growth factor was 

lower in the HL-AMI group (Figure 9A1, 9A2, 

P < 0.01). 

 

 
 

Figure 6. Change in the number of CEPCs in each group rats during 7 days after AMI. **, P < 0.01, compared with the AMI group; 
##, P < 0.01, compared with the HL group. Each data point is the average of the group of eight rats, and vertical lines indicate the SEM. 
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In the AMI group, the expression of eNOS was 

upregulated rapidly, reached its maximum on day 4, and 

then decreased gradually. In the HL-AMI group, that 

expression increased slowly, reached its maximum on 

day 2, and then began to decrease. However, the 

expression was lower (Figure 9B1, 9B2, P < 0.05 or 

P < 0.01). 
 

In the AMI group, the changing trend in the expression 

of MMP-9 were more complicated. It was upregulated 

rapidly, reached its first peak value on day 2 and began 

to decrease, then reached another higher peak on day 5. 

In the HL-AMI group, the expression of this enzyme 

increased slowly and reached its maximum on day 5. 

The maximum and the overall expression remained 

significantly lower (Figure 9C1, 9C2, P < 0.05 or 

P < 0.01). 

In summary, our results showed that, during 7 days after 

AMI, compared with the AMI rats, in the HL-AMI rats, 

the myocardial infarct size, the plasma activity of 

myocardial enzyme, and the degree of myocardial 

fibrosis all remained at the higher levels; meanwhile, 

the quantity of CEPCs, the expression and the plasma 

levels of VEGF, eNOS, NO, MMP-9 in myocardial 

tissue all decreased more significantly. 
 

DISCUSSION 
 

For various CVDs, hyperlipidemia is not only one of the 

main risk factors, but also related to the worse 

prognosis. It is reported that hyperlipidemia may lead to 

CVDs through attenuating the adhesion, migration, and 

tube formation of EPCs, and accelerated its senescence 

[11, 12]. In this study, we first found that, after the same 

 

 
 

Figure 7. Fluorescence intensity scatter diagrams of CEPCs in the 4th subgroup rats. (A–D) represents the Ctrl, HL, AMI, and HL-
AMI group, respectively. Cells in gate P2-Q2 (PE+/FITC+ or CD34+/VEGFR2+) are CEPCs. 
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Figure 8. Change in the plasma levels of MMP-9, NO, eNOS, and VEGF in each group rats during 7 days after AMI. The Plasma 
content or activity of VEGF (A), eNOS (B), NO (C), and MMP-9 (D) in the Ctrl, HL, AMI, and HL-AMI group. *, **, P < 0.05 or P < 0.01, 
respectively, compared with the AMI group; #, ##, P < 0.05 or P < 0.01, respectively, compared with the HL group. Each data point represents 
the average of eight rats in this group, and vertical lines indicate the SEM. 

 

 

 
 

Figure 9. VEGF, eNOS, and MMP-9 expression in the myocardium of each group rats during 7 days after AMI. Western blot 

analysis of VEGF (A1), eNOS (B1), and MMP-9 (C1) protein expression in the myocardial tissue of the Ctrl, HL, AMI, and HL-AMI groups. 
GAPDH was used as the internal reference protein. (A2), (B2), and (C2) show the quantitative analysis of VEGF, eNOS, and MMP-9 
respectively. *, **, P < 0.05 or P < 0.01, respectively, compared with the AMI group; #, ##, P < 0.05 or P < 0.01, respectively, compared with 
the HL group. Each data point represents the average of the group of eight rats, and vertical lines indicate the SEM. 
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AMI modeling operation, compared with the normal 

rats, in the hyperlipidemia rats, the quantity of CEPCs 

increased more slowly, the peak value came later, the 

overall level and the maximum count of this cells all 

remained at the significantly lower level. Our results 

directly demonstrated that hyperlipidemia significantly 

reduced the mobilization of BM EPCs induced by AMI. 
 

Our data also showed that, compared with the normal 

rats, in the hyperlipidemia rats, the MI size, the plasma 

activity of myocardial enzyme, and the myocardial 

fibrosis all remained at the higher level after AMI. This 

result indicated that hyperlipidemia significantly 

hindered the repair of cardiac injury induced by AMI. In 

view of the important role of EPCs in cardiac damage 

repair following AMI, the down-regulation of EPCs 

mobilization might be partly responsible for the worse 

myocardial injury repair in the hyperlipidemia animals. 
 

After AMI, ischemic myocardial tissue releases a 

number of substances, including MMP-9, NO, eNOS, 

and VEGF, which play crucial roles in mobilizing BM 

EPCs [8, 10]. MMP-9 transforms the stem cell factor 

receptor (Kit) from the membrane-bound state into  

the soluble state, which converts BM EPCs from the 

quiescent state to the proliferative state, and allows 

them to migrate to peripheral blood [16–18]. MMP-9 is 

activated by VEGF via the VEGF/eNOS/NO/MMP-9 

signal pathway [8, 19–21]. Banerjee S reported that, in 

familial hyperlipidemia acute coronary syndrome 

patients that had been treated with intensive lipid-

lowering therapy for 90 days, accompanied by the 

significant decline in their plasma lipids, there was a 

robust mobilization of EPCs colony-forming unit from 

baseline [22]. Lin LY found that, in patients with 

hypercholesterolemia and type 2 diabetes, after were 

treated by lipid-lowering drug, the counts of CEPCs, the 

expression and phosphorylation of eNOS in these cells 

were all increased, moreover, the plasma level of VEGF 

in these patients was also up-regulated [23]. Their 

results indirectly indicated that hyperlipidemia might 

impair the mobilization of EPCs, and might 

downregulate the expression of VEGF and eNOS. Our 

results directly attested that hyperlipidemia significantly 

inhibited the expression and the secretion of the  

MMP-9, NO, eNOS, and VEGF in myocardial tissue, 

which may account for that hyperlipidemia prevents 

EPCs mobilization stimulated by AMI. 

 

In previous studies, we characterized the kinetics 

pattern of CEPCs count, the daily changing mode on the 

plasma level of VEGF etc., in normal animals within  

7 days following AMI [8]. These changing curves in 
hyperlipidemia animal were further graphed in the 

present study. In our study, rats in each treatment group 

were further subdivided into 7 subgroups by the date 

following modeling. At serial time points after AMI, the 

serial subgroups of rats were phlebotomized from their 

celiac artery in turn, they suffered no hemorrhagic 

injury before sacrifice except the coronary artery 

ligation itself. Our ingenious method could maximally 

exclude other interferences to provide an objective 

reflection for the mobilization of BM EPCs stimulated 

by AMI. 
 

Our results provide new insights into the relationship 

among the hyperlipidemia, the mobilization of EPCs, 

and the repair of heart damage induced by AMI; this 

relationship may partly account for that hyperlipidemia 

patients have worse prognosis after AMI. In our 

following studies, the molecular mechanism underlying 

the potential interaction of hyperlipidemia and EPCs 

during AMI. 

 

Abbreviations 
 

EPCs: Endothelial progenitor cells; AMI: Acute 

myocardial ischemia; HL: Hyperlipidemia; HL-AMI: 

Hyperlipidemia complicated with acute myocardial 

ischemia; VEGF: Vascular endothelial growth factor; 

eNOS: Endothelial nitric oxide syntheses; NO: Nitric 

oxide; MMP-9: Matrix metalloproteinase 9; CVDs: 

Cardiovascular diseases; HDL-C: High-density 

lipoprotein cholesterol; LDL-C: Low-density lipoprotein 

cholesterol; TG: Total triglyceride; TC: Total 

cholesterol; HFE: High-fat emulsion; FCM: Flow 

cytometry analysis; Kit: Stem cell factor receptor. 

 

AUTHOR CONTRIBUTIONS 
 

Qitao Zhao was responsible for the conception and 

design of this study, and the collection, analysis and 

interpretation of data, drafting or revision of the 

manuscript. Jidong Zhou performed making animal 

models and their evaluation, including HL, AMI, and 

the HL-AMI rat model. Hang Li was in charge of flow 

cytometry analysis of EPCs. Liying Xun finished the 

ELISA assay, and Lei Wang performed the western blot 

analysis. All authors read and approved the final 

manuscript. 

 

ACKNOWLEDGMENTS 
 

We are grateful for the support by the Level III key 

laboratory of State Administration of Traditional 

Chinese Medicine, the Cytobiology Laboratory of 

Shandong University of Traditional Chinese Medicine. 

 

CONFLICTS OF INTEREST 
 

The authors declare no conflicts of interest related to 

this study. 



www.aging-us.com 7888 AGING 

ETHICAL STATEMENT 
 

Experiments were conducted on male SD rats (SPF, 

150–160 g) obtained from the Lukang Animal 

Experimental Center (SCXK (LU) 20170001, Shandong 

Province, China). All animal experiments were 

performed in accordance with the Regulation of Animal 

Care Management of the Ministry of Public Health, 

People’s Republic of China (document No. 55, 2001), 

and were approved by the Ethics Committee of 

Shandong University of Traditional Chinese Medicine 

(approval number: DWSY201610227). 

 

FUNDING 
 

This work was supported by the National Natural 

Science Foundation of China (81173164) and the 

Natural Science Foundation of Shandong Province 

(ZR2021LZY042). 

 

REFERENCES 
 
1. Danchin N, Farnier M, Zeller M, Puymirat E, Cottin Y, 

Belle L, Lemesle G, Cayla G, Ohlmann P, Jacquemin  
L, Perret T, Angoulvant D, Albert F, et al, and  
FAST-MI investigators. Long-term outcomes after 
acute myocardial infarction in patients with familial 
hypercholesterolemia: The French registry of Acute 
ST-elevation and non-ST-elevation Myocardial 
Infarction program. J Clin Lipidol. 2020; 14:352–60.e6. 
https://doi.org/10.1016/j.jacl.2020.03.008 
PMID:32527469 

2. Mardanpour P, Nayernia K, Khodayari S, Khodayari H, 
Molcanyi M, Hescheler J. Application of Stem Cell 
Technologies to Regenerate Injured Myocardium and 
Improve Cardiac Function. Cell Physiol Biochem. 
2019; 53:101–20. 
https://doi.org/10.33594/000000124 
PMID:31215778 

3. Demetz G, Oostendorp RAJ, Boxberg AM, Sitz W, 
Farrell E, Steppich B, Steinsiek AL, Rudelius M, Ott I. 
Overexpression of Insulin-Like Growth Factor-2 in 
Expanded Endothelial Progenitor Cells Improves Left 
Ventricular Function in Experimental Myocardial 
Infarction. J Vasc Res. 2017; 54:321–8. 
https://doi.org/10.1159/000479872 
PMID:28950284 

4. Matta A, Nader V, Galinier M, Roncalli J. 
Transplantation of CD34+ cells for myocardial 
ischemia. World J Transplant. 2021; 11:138–46. 
https://doi.org/10.5500/wjt.v11.i5.138 
PMID:34046316 

5. Asahara T, Takahashi T, Masuda H, Kalka C, Chen D, 
Iwaguro H, Inai Y, Silver M, Isner JM. VEGF 

contributes to postnatal neovascularization by 
mobilizing bone marrow-derived endothelial 
progenitor cells. EMBO J. 1999; 18:3964–72. 
https://doi.org/10.1093/emboj/18.14.3964 
PMID:10406801 

 6. Peters EB. Endothelial Progenitor Cells for the 
Vascularization of Engineered Tissues. Tissue Eng Part 
B Rev. 2018; 24:1–24. 
https://doi.org/10.1089/ten.TEB.2017.0127 
PMID:28548628 

 7. Regueiro A, Cuadrado-Godia E, Bueno-Betí C, Diaz-
Ricart M, Oliveras A, Novella S, Gené GG, Jung C, 
Subirana I, Ortiz-Pérez JT, Roqué M, Freixa X, Núñez J, 
et al. Mobilization of endothelial progenitor cells in 
acute cardiovascular events in the PROCELL study: 
time-course after acute myocardial infarction and 
stroke. J Mol Cell Cardiol. 2015; 80:146–55. 
https://doi.org/10.1016/j.yjmcc.2015.01.005 
PMID:25619946 

 8. Fu N, Li H, Sun J, Xun L, Gao D, Zhao Q. Trichosanthes 
pericarpium Aqueous Extract Enhances the 
Mobilization of Endothelial Progenitor Cells and Up-
regulates the Expression of VEGF, eNOS, NO, and 
MMP-9 in Acute Myocardial Ischemic Rats. Front 
Physiol. 2018; 8:1132. 
https://doi.org/10.3389/fphys.2017.01132 
PMID:29387016 

 9. Samman Tahhan A, Hammadah M, Raad M, 
Almuwaqqat Z, Alkhoder A, Sandesara PB, Mohamed-
Kelli H, Hayek SS, Kim JH, O'Neal WT, Topel ML, Grant 
AJ, Sabbak N, et al. Progenitor Cells and Clinical 
Outcomes in Patients With Acute Coronary 
Syndromes. Circ Res. 2018; 122:1565–75. 
https://doi.org/10.1161/CIRCRESAHA.118.312821 
PMID:29514830 

10. Iwakura A, Shastry S, Luedemann C, Hamada H, 
Kawamoto A, Kishore R, Zhu Y, Qin G, Silver M, Thorne 
T, Eaton L, Masuda H, Asahara T, Losordo DW. 
Estradiol enhances recovery after myocardial 
infarction by augmenting incorporation of bone 
marrow-derived endothelial progenitor cells into sites 
of ischemia-induced neovascularization via endothelial 
nitric oxide synthase-mediated activation of matrix 
metalloproteinase-9. Circulation. 2006; 113:1605–14. 
https://doi.org/10.1161/CIRCULATIONAHA.105.553925 
PMID:16534014 

11. Li TB, Zhang JJ, Liu B, Luo XJ, Ma QL, Peng J. 
Dysfunction of endothelial progenitor cells in 
hyperlipidemic rats involves the increase of NADPH 
oxidase derived reactive oxygen species production. 
Can J Physiol Pharmacol. 2017; 95:474–80. 
https://doi.org/10.1139/cjpp-2016-0142 
PMID:28177697 

https://doi.org/10.1016/j.jacl.2020.03.008
https://pubmed.ncbi.nlm.nih.gov/32527469
https://doi.org/10.33594/000000124
https://pubmed.ncbi.nlm.nih.gov/31215778
https://doi.org/10.1159/000479872
https://pubmed.ncbi.nlm.nih.gov/28950284
https://doi.org/10.5500/wjt.v11.i5.138
https://pubmed.ncbi.nlm.nih.gov/34046316
https://doi.org/10.1093/emboj/18.14.3964
https://pubmed.ncbi.nlm.nih.gov/10406801
https://doi.org/10.1089/ten.TEB.2017.0127
https://pubmed.ncbi.nlm.nih.gov/28548628
https://doi.org/10.1016/j.yjmcc.2015.01.005
https://pubmed.ncbi.nlm.nih.gov/25619946
https://doi.org/10.3389/fphys.2017.01132
https://pubmed.ncbi.nlm.nih.gov/29387016
https://doi.org/10.1161/CIRCRESAHA.118.312821
https://pubmed.ncbi.nlm.nih.gov/29514830
https://doi.org/10.1161/CIRCULATIONAHA.105.553925
https://pubmed.ncbi.nlm.nih.gov/16534014
https://doi.org/10.1139/cjpp-2016-0142
https://pubmed.ncbi.nlm.nih.gov/28177697


www.aging-us.com 7889 AGING 

12. Liang J, Ke X, Yang R, Wang X, Du Z, Hu C. Notch 
pathway activation mediated the senescence of 
endothelial progenitor cells in hypercholesterolemic 
mice. J Bioenerg Biomembr. 2020; 52:431–40. 
https://doi.org/10.1007/s10863-020-09853-5 
PMID:32940860 

13. Zhen Y, Nini F, Huiwen X, Qitao Z. Study of the 
dynamic regulation by trichosanthes peel of oxidative 
stress in rats with hyperlipidemia and myocardial 
ischemia. Journal of Liaoning University of Traditional 
Chinese Medicine. 2018; 20:120–4. 

14. Sang X, Li X, Liu X, Sun D, Yang Y, Zhao Q. Effective 
components of Gualou-Xiebai-Banxia decoction in 
intervention of myocardial ischemia. Drug Evaluation 
Research. 2022; 45:442–8.  

15. Peichev M, Naiyer AJ, Pereira D, Zhu Z, Lane WJ, 
Williams M, Oz MC, Hicklin DJ, Witte L, Moore MA, 
Rafii S. Expression of VEGFR-2 and AC133 by 
circulating human CD34(+) cells identifies a 
population of functional endothelial precursors. 
Blood. 2000; 95:952–8. 
PMID:10648408 

16. Huang PH, Chen YH, Wang CH, Chen JS, Tsai HY, Lin 
FY, Lo WY, Wu TC, Sata M, Chen JW, Lin SJ. Matrix 
metalloproteinase-9 is essential for ischemia-induced 
neovascularization by modulating bone marrow-
derived endothelial progenitor cells. Arterioscler 
Thromb Vasc Biol. 2009; 29:1179–84. 
https://doi.org/10.1161/ATVBAHA.109.189175 
PMID:19461050 

17. Pelus LM, Fukuda S. Peripheral blood stem cell 
mobilization: the CXCR2 ligand GRObeta rapidly 
mobilizes hematopoietic stem cells with enhanced 
engraftment properties. Exp Hematol. 2006; 
34:1010–20. 
https://doi.org/10.1016/j.exphem.2006.04.004 
PMID:16863907 

18. Schroeter MR, Stein S, Heida NM, Leifheit-Nestler M, 
Cheng IF, Gogiraju R, Christiansen H, Maier LS, Shah 
AM, Hasenfuss G, Konstantinides S, Schäfer K. Leptin 
promotes the mobilization of vascular progenitor cells 
and neovascularization by NOX2-mediated activation 
of MMP9. Cardiovasc Res. 2012; 93:170–80. 
https://doi.org/10.1093/cvr/cvr275 
PMID:22065732 

19. Aicher A, Heeschen C, Mildner-Rihm C, Urbich C, 
Ihling C, Technau-Ihling K, Zeiher AM, Dimmeler S. 
Essential role of endothelial nitric oxide synthase for 
mobilization of stem and progenitor cells. Nat Med. 
2003; 9:1370–6. 
https://doi.org/10.1038/nm948 
PMID:14556003 

20. Wang JS, Liu X, Xue ZY, Alderman L, Tilan JU, Adenika 
R, Epstein SE, Burnett MS. Effects of aging on time 
course of neovascularization-related gene expression 
following acute hindlimb ischemia in mice. Chin Med J 
(Engl). 2011; 124:1075–81. 
PMID:21542971 

21. Tam JC, Ko CH, Lau KM, To MH, Kwok HF, Chan YW, Siu 
WS, Etienne-Selloum N, Lau CP, Chan WY, Leung PC, 
Fung KP, Schini-Kerth VB, Lau CB. A Chinese 2-herb 
formula (NF3) promotes hindlimb ischemia-induced 
neovascularization and wound healing of diabetic rats. 
J Diabetes Complications. 2014; 28:436–47. 
https://doi.org/10.1016/j.jdiacomp.2014.03.004 
PMID:24731763 

22. Banerjee S, Luo P, Reda DJ, Latif F, Hastings JL, 
Armstrong EJ, Bagai J, Abu-Fadel M, Baskar A, Kamath P, 
Lippe D, Wei Y, Scrymgeour A, et al. Plaque Regression 
and Endothelial Progenitor Cell Mobilization With 
Intensive Lipid Elimination Regimen (PREMIER). Circ 
Cardiovasc Interv. 2020; 13:e008933. 
https://doi.org/10.1161/CIRCINTERVENTIONS.119.00
8933 
PMID:32791950 

23. Lin LY, Huang CC, Chen JS, Wu TC, Leu HB, Huang PH, 
Chang TT, Lin SJ, Chen JW. Effects of pitavastatin 
versus atorvastatin on the peripheral endothelial 
progenitor cells and vascular endothelial growth 
factor in high-risk patients: a pilot prospective, 
double-blind, randomized study. Cardiovasc Diabetol. 
2014; 13:111. 
https://doi.org/10.1186/s12933-014-0111-1 
PMID:25027585 

 

https://doi.org/10.1007/s10863-020-09853-5
https://pubmed.ncbi.nlm.nih.gov/32940860
https://pubmed.ncbi.nlm.nih.gov/10648408
https://doi.org/10.1161/ATVBAHA.109.189175
https://pubmed.ncbi.nlm.nih.gov/19461050
https://doi.org/10.1016/j.exphem.2006.04.004
https://pubmed.ncbi.nlm.nih.gov/16863907
https://doi.org/10.1093/cvr/cvr275
https://pubmed.ncbi.nlm.nih.gov/22065732
https://doi.org/10.1038/nm948
https://pubmed.ncbi.nlm.nih.gov/14556003
https://pubmed.ncbi.nlm.nih.gov/21542971
https://doi.org/10.1016/j.jdiacomp.2014.03.004
https://pubmed.ncbi.nlm.nih.gov/24731763
https://doi.org/10.1161/CIRCINTERVENTIONS.119.008933
https://doi.org/10.1161/CIRCINTERVENTIONS.119.008933
https://pubmed.ncbi.nlm.nih.gov/32791950
https://doi.org/10.1186/s12933-014-0111-1
https://pubmed.ncbi.nlm.nih.gov/25027585

