
Am J Transl Res 2022;14(7):4719-4727
www.ajtr.org /ISSN:1943-8141/AJTR0142835

Original Article
The effect and mechanism of  
dl-3-n-butylphthalide on angiogenesis  
in a rat model of chronic myocardial ischemia

Yan-Bo Wang1, Hu-Fang Yuan2, Wei Zhi1, Qing Wang1, Guo-Zhen Hao1, Yun-Fa Jiang1

1Second Hospital of Hebei Medical University, Shijiazhuang, Hebei, China; 2Fourth Hospital of Hebei Medical 
University, Shijiazhuang, Hebei, China

Received March 12, 2022; Accepted May 17, 2022; Epub July 15, 2022; Published July 30, 2022

Abstract: Objective: To assess the effect of dl-3-n-butylphthalide (NBP) on angiogenesis and its underlying mecha-
nism in a rat model of chronic myocardial ischemia (CMI). Methods: Forty Sprague-Dawley rats were randomly di-
vided into four groups: model, low-dose NBP (L-NBP), middle-dose NBP (M-NBP), or high-dose NBP (H-NBP) (n=10/
group). All groups received intraperitoneal injections of isoprinosine hydrochloride daily for 14 days. Additionally, the 
L-NBP, M-NBP, and H-NBP groups received NBP at 3, 6, and 12 mg per kg body weight, respectively, by intraperitone-
al injection. An additional 10 rats (control group) received 0.9% sodium chloride via intraperitoneal injection for 14 
consecutive days. Echocardiography was used for the measurement of heart function. Immunohistochemical stain-
ing for factor VIII-related antigen and microvascular density determination were performed. The protein and mRNA 
expression of hypoxia-inducible factor 1α (HIF-1α) and vascular endothelial growth factor (VEGF) in CMI areas were 
measured by western blot and RT-PCR, respectively. Results: Electrocardiograms showed that NBP improved car-
diac function by regulating left ventricular end-diastolic and end-systolic diameters, ejection fraction, and fractional 
shortening. Compared with the control and model groups, the L-NBP, M-NBP, and H-NBP groups showed increased 
mRNA and protein expression of VEGFA and HIF-1α in myocardial tissue. The mRNA and protein expression of VEGFA 
and HIF-α in the H-NBP group were the highest. Conclusion: NBP treatment promotes VEGF and HIF-1α protein ex-
pression during myocardial ischemia, which may represent useful biomarkers for coronary collateral establishment 
and offer potential targets for therapeutic induction of angiogenesis in patients with CMI.
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Introduction

Coronary heart disease (CHD), which is the 
most common type of heart disease worldwide, 
refers to heart disease caused by abnormality 
or stenosis of the coronary arteries that supply 
blood and oxygen to the myocardium. In pa- 
tients with CHD, the myocardium undergoes a 
process of chronic ischemia, resulting in heart 
failure [1]. Despite advances in pharmacologi-
cal and interventional treatments, the mortality 
rate remains high in patients with heart failure 
caused by CHD. Improving blood perfusion in 
the ischemic myocardium is the key to treating 
ischemic heart failure. Angiogenesis is activat-
ed after myocardial ischemia and hypoxia and 
may improve the patient’s clinical symptoms 
and cardiac function. Therefore, a current re- 

search focus is the therapeutic induction of 
angiogenesis in the ischemic myocardium.

Among the signaling pathways involved in 
angiogenesis processes, hypoxia-inducible fa- 
ctor-1α (HIF-1α)/vascular endothelial growth 
factor (VEGF) is one of the most important [2]. 
HIF-1α is a core angiogenesis activator and can 
activate the expression of VEGF, thereby initiat-
ing the angiogenesis process after ischemia 
[3]. VEGF is considered as an initiator of new 
capillary formation and promotes angiogenesis 
by regulating multiple processes [4]. Dl-3-N-
butylphthalide (NBP), which was independently 
developed in China, is a new drug extracted 
from celery seeds and used to treat acute isch-
emic stroke and poststroke cognitive impair-
ment. Its beneficial effects include increasing 
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serum VEGF levels and promoting cerebrovas-
cular collateral circulation [5-8]. A previous 
study found that NBP reduced the infarct size  
in rats with acute myocardial infarction [9]. 
However, whether NBP has a role in promot- 
ing myocardial angiogenesis remains uncer-
tain. The purpose of this study was to observe 
the angiogenesis effect of NBP, as well as to 
investigate its underlying mechanism, in a rat 
model of chronic myocardial ischemia (CMI).

Materials and methods

Animals

A total of 50 male Sprague-Dawley rats weigh-
ing 250±20 g (Wanleibio Co., Ltd.; Shenyang, 
China) were maintained under standard condi-
tions and fed a regular diet. The experimental 
protocols were approved by the Ethics Com- 
mittee of the Second Hospital of Hebei Medical 
University (No. 2018-P049).

Chemicals and reagents

NBP (butylphthalide sodium chloride injection, 
25 mg:100 ml) was obtained from Shijiazhuang 
Pharmaceutical Group Co., Ltd. (Shijiazhuang, 
China). Primary antibodies against VEGFA and 
VIII-related antigen were obtained from Wan- 
leibio Technology Inc. (Shenyang City, China) 
and Abcam (Massachusetts, USA), respective-
ly. Antibodies against HIF-1α and VEGF recep- 
tor were purchased from Wanleibio Technology 
Inc. (Shenyang City, China). All reagents were 
analytically pure.

Preparation of the CMI model

The rats were randomly divided into control, 
model, low-dose NBP (L-NBP), middle-dose 
NBP (M-NBP), or high-dose NBP (H-NBP) groups 
(n=10 rats/group). According to a method re- 
ported by Yin et al. [10], all groups were admin-
istered isoprinosine hydrochloride (2 mg per kg 
body weight per day) by intraperitoneal injec-
tion for 14 consecutive days, except the control 
group, which was injected with an equivalent 
volume of 0.9% sodium chloride injection. NBP 
was given to the rats in the L-NBP, M-NBP, and 
H-NBP groups at doses of 3, 6, and 12 mg per 
kg body weight, respectively, by intraperitoneal 
injection once per day for 14 consecutive days. 
A 0.9% sodium chloride injection with an equiv-
alent volume was injected into rats in the con-
trol and model groups.

Echocardiographic examination

Motion-mode echocardiography was performed 
on each study animal using a digital echogra- 
ph (Philips, USA). The settings of the echocar-
diography device were held constant. The val-
ues of left ventricular end-diastolic diameter 
(LVEDD) and left ventricular end-systolic diam-
eter (LVESD) were conventionally measured 
and compared among groups. Echocardiogra- 
phic variables, including left ventricular ejec-
tion fraction (LVEF) and fractional shortening 
(FS), were calculated for the evaluation of heart 
function.

Factor VIII-related antigen staining and micro-
vascular density determination

The rats were sacrificed after model establish-
ment and drug intervention. The myocardial tis-
sue was fixed with formaldehyde. After the par-
affin embedded section of myocardial tissue 
was completed, immunohistochemical staining 
of endothelial cells was performed with an anti-
factor VIII-related antigen antibody using the 
streptavidin-peroxidase conjugate method. Se- 
ctions were blocked with 20% normal goat 
serum for 30 min. After digestion in pronase for 
10 min, polyclonal rabbit antibody against rat 
factor VIII-related antigen was applied to the 
sections at a dilution of 1:600 for 90 min at 
room temperature. After washing in phospha- 
te-buffered saline (PBS; pH, 7.6), the sections 
were incubated with biotinylated goat anti-rab-
bit immunoglobulins (Thermo Fisher, USA) for 
30 min at room temperature. Slides were wa- 
shed in PBS buffer, and an avidin-biotin-peroxi-
dase complex (Solarbio, China) was applied to 
the sections according to the instructions of 
the manufacturer. The slides were then devel-
oped using diaminobenzidine (Solarbio, China) 
with H2O2 to produce a brown-colored reaction 
product and were counterstained with methyl 
green.

Microvessels were counted according to the 
modified method of Fu et al. [11]. A single ves-
sel was considered to be any dark brown–
stained endothelial cell or cell cluster that was 
clearly separated from adjacent capillaries, car-
diomyocytes, and other cardiac fibroblasts. The 
microvascular density of positive anti-factor  
VIII staining in five random high-power fields 
(×400) was counted by two blinded investiga-
tors. Additionally, the average microvascular 
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density of the five high-power fields was calcu-
lated for comparison [12].

Western blot detection for HIF-1α and VEGFA 
protein expression

Western blot was used to measure the levels of 
HIF-1α and VEGFA protein expression in the 
ischemic myocardium. Approximately 50 mg of 
left ventricular myocardial tissue was removed 
from the heart and placed on ice; afterward, 
the myocardial tissues were ground in a tissue 
homogenizer and lysates were collected. The 
lysates were then centrifuged at 4000× g for 
10 min, and the supernatants were transferred 
to another tube for testing. Equivalent amounts 
of protein (40 µg/lane) were resolved electro-
phoretically and transferred onto polyvinyli-
dene difluoride membranes. The membranes 
were incubated with diluted (1:1000) primary 
antibodies against HIF-1α, VEGF, or β-actin, as 
the internal control, at 4°C overnight. Then, the 
membranes were incubated with secondary 
antibodies (HRP-conjugated goat anti-rabbit 
IgG; both 1:5000, Wanleibio, Shenyang, China) 
for one hour at room temperature. Enhanced 
chemiluminescence was used for the visualiza-
tion of proteins.

RT-PCR detection for Hif1a and Vegfa mRNA 
expression

TRIzol (BioTeke, Beijing, China) was used to iso-
late total RNA, and cDNA was synthesized from 
2 µg total RNA using Superscript II reverse tran-
scriptase (Invitrogen). The SYBR Green RT-PCR 
kit (Biyuntian, Shanghai, China) was used to 
perform quantitative real-time polymerase ch- 
ain reaction (RT-PCR) in a total reaction volume 
of 20 µL, including 2 µL reverse-transcription 
product, 5 pmol of each primer, 10 µL 2×  
SYBR Green mix (Solarbio), and 0.4 µL diluted 
(1:1000) reference dye (Solarbio). The primers 
used to detect Hif1a expression were 5’- 
CTACTATGTCGCTTTCTTGG-3’ (forward) and 5’- 
GTTTCTGCTGCCTTGTATGG-3’ (reverse). The pri- 
mers used to detect Vegfa expression were 
5’-CGGACAGACAGACAGACACC-3’ (forward) and 
5’-AGCCCAGAAGTTGGACGAAA-3’ (reverse). As 
an internal control, we detected the expressi- 
on of β-actin mRNA using following primers: 
5’-GGAGATTACTGCCCTGGCTCCTAGC-3’ (forwa- 
rd) and 5’-GGCCGGACTCATCGTACTCCTGCTT-3’ 
(reverse).

The Applied Biosystems Prism model 7900HT 
sequence detection system was used to per-

form RT-PCR with the following settings: initial 
denaturation at 95°C for 5 min to ensure com-
plete denaturation of the DNA and activation of 
the Taq polymerase, followed by 45 cycles of 
denaturation at 95°C for 30 sec, annealing at 
60°C for 30 sec, and elongation at 72°C for  
30 sec. Fluorescence was detected after each 
cycle. All reactions were performed in triplicate. 
We normalized the relative expression levels to 
those of the β-actin internal control and calcu-
lated the Hif1a and Vegfa expression levels 
using the 2-ΔΔCT method.

Statistical analyses

All statistical analyses were performed using 
SPSS software (version 22.0, USA). Continuous 
variables are presented as means ± standard 
deviation. Multiple comparisons among groups 
were evaluated using one-way analysis of vari-
ance followed by two-sided Tukey’s test. A 
P-value <0.05 was considered statistically sig- 
nificant.

Results

Comparisons of echocardiographic parameters

The changes in echocardiographic parameters 
among groups are shown in Figure 1 and Table 
1. LVEDD and LVESD were significantly higher 
in the model group than those in the control 
group after 14 days of NBP treatment, whereas 
the levels of LVEF and FS were significantly 
lower. Additionally, heart function improved sig-
nificantly compared with rats in the model 
group after 14-day treatment with the different 
doses of NBP. The heart function parameters of 
the H-NBP group were similar to the control 
group.

Measurement of capillary density in ischemic 
myocardium

Immunohistochemical staining demonstrated 
that the expression of factor VIII-related anti-
gen in capillary endothelial cells (Figure 2; 
Table 2) was scattered within the sections from 
all five groups. Significantly higher numbers of 
endothelial cells and higher capillary density 
could be detected in all groups, except the con-
trol group. Furthermore, the highest number of 
endothelial cells and the highest capillary den-
sity was found in the H-NBP group, suggesting 
that high doses of NBP might promote the  
generation of capillary endothelial cells and 
increase capillary density in chronic ischemic 
myocardium.
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Table 1. Comparisons of echocardiographic parameters
Control group (n=10) Model group (n=10) NBP (n=10) NBP (n=10) NBP (n=10) P-value

LVEDD (mm) 3.91±0.64&,* 6.15±1.04# 4.95±0.48#,& 4.60±1.10&,* 4.43±0.26&,* <0.001
LVESD (mm) 2.62±0.71&,* 5.51±1.06# 3.50±0.24#,& 3.14±0.18&,* 2.88±0.74&,* <0.001
LVEF (%) 73.81±4.23&,* 42.44±3.95# 57.56±8.95#,& 60.29±10.78#,& 71.49±3.25&,* <0.001
FS (%) 34.49±2.44&,* 17.04±1.52# 26.24±5.16#,& 26.58±6.56#,& 32.41±5.52&,* <0.001
Note: FS, left ventricular fractional shortening; LVEDD, left ventricular end-diastolic diameter; LVEF, left ventricular ejection 
fraction; LVESD, left ventricular end-systolic diameter; NBP, dl-3-n-butylphthalide. #Compared with the control group, P<0.05. 
&Compared with the model group, P<0.05. *Compared with the L-NBP group, P<0.05.

Figure 1. Motion-mode echocardiography images of rats among the control group (A), model group (B), L-NBP group 
(C), M-NBP group (D), and H-NBP group (E). Compared with the model group, the L-NBP, M-NBP, and H-NBP groups 
showed significantly improved heart function. The H-NBP group recovered heart function to the level of the control 
group.

Figure 2. The effect of NBP on factor VIII-related antigen expression in capillary endothelial cells of rats with CMI. 
Immunohistochemical staining in the control group (A), model group (B), L-NBP group (C), M-NBP group (D), and H-
NBP group (E). All images are 400× in magnification.
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HIF-1α and VEGFA protein expression levels in 
the ischemic myocardium 

HIF-1α and VEGFA protein expression levels in 
the chronic ischemic myocardium in each gr- 
oup were measured by western blot (Figure 3). 
Compared with the control and model groups, 
increased levels of HIF-1α protein expression in 
myocardial tissue were detected in all NBP 
groups, with the H-NBP group having the high-
est expression level (Figure 3A, 3B). Addi- 
tionally, a similar trend in the VEGFA protein 
expression level was also found in each group. 
There was no significant difference in the level 
of VEGFA protein expression between the con-
trol and model groups. Compared with the con-
trol and model groups, increased VEGFA pro-
tein expression was found after 14-day NBP 

treatment in chronic ischemic myocardium. As 
NBP concentration increased, VEGFA protein 
expression also increased, with the highest 
level in the H-NBP group (Figure 3C, 3D).

Hif1a and Vegfa mRNA expression levels in the 
ischemic myocardium 

Hif1α and Vegfa mRNA expression levels were 
higher in the model group than those in the 
control group. Furthermore, compared with the 
control and model groups, the administration 
of different doses of NBP increased Hif1a and 
Vegfa mRNA expression in the ischemic myo-
cardium from the rat model of CMI. Similar to 
protein expression, the highest mRNA expres-
sion levels of Hif1a and Vegfa were detected in 
the H-NBP group after high dose of NBP admin-
istration (Figure 4A, 4B).

Table 2. Comparisons of the numbers of endothelial cells and capillary density among the groups
Control group (n=10) Model group (n=10) L-NBP (n=10) M-NBP (n=10) H-NBP (n=10) P-value

Endothelial cells 2.70±1.16 4.60±2.27# 6.10±1.79# 7.60±2.07#,& 10.10±2.03#,&,* <0.05
Capillary density 1.10±0.99 4.60±2.37# 3.70±2.31# 6.70±2.75#,* 11.40±3.98#,&,* <0.05
Note: NBP, dl-3-n-butylphthalide. #Compared with the control group, P<0.05. &Compared with the model group, P<0.05. *Com-
pared with the L-NBP group, P<0.05.

Figure 3. The effect of NBP on HIF-1α and VEGFA expression in rat ischemic myocardium. Photographs show rep-
resentative western blots by group for HIF-1α and VEGFA. Graphs show the gray levels of bands. Quantitative data 
were normalized to β-actin. A. Protein bands for HIF-1α by western blot. B. Protein expression of HIF-1α. C. Protein 
bands for VEGFA by western blot. D. Protein expression of VEGFA. Values are the means ± SD (n=10 per group). 
#Compared with the control group, P<0.05; *Compared with the L-NBP group, P<0.05.
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Discussion

Despite continuous progress in medication and 
interventional therapies in recent years, CHD is 
still one of the most important health proble- 
ms worldwide. Chronic myocardial ischemia in 
patients with CHD results from an imbalance of 
energy supply and demand and occurs when 
blood supply to the myocardium is reduced or 
the tissue demand for oxygen is increased [13]. 
Angiogenesis, which is the growth of new blood 
vessels, could help to establish collateral circu-
lation in ischemic tissues [3]. Promoting angio-
genesis through drug and non-drug treatments 
may be one of the most effective methods to 
restore the oxygen supply to ischemic tissue, 
thereby improving cardiac function. Mechanism 
for improving cardiac function by promoting 
angiogenesis is primarily due to the establish-
ment of coronary collateral circulation to im- 
prove the blood supply to the ischemic myocar-
dium [14, 15]. The aim of the present study was 
to observe the effect of NBP on angiogenesis 
and to investigate the mechanism in a rat 
model of CMI. We found that administration of 
different doses of NBP promoted angiogenesis 
in ischemic myocardial tissue by increasing 
expression of HIF-1α and VEGF. This result may 
help to promote further study of NBP in the field 
of angiogenesis in CHD and ischemic heart 
failure.

Myocardial ischemia induced by administration 
of isoproterenol is one of the classic models  
of myocardial ischemia. Isoproterenol causes a 
rapid increase in myocardial oxygen consump-
tion by increasing heart rate and myocardial 
contractility, which leads to cardiac overload 

and myocardial microcirculation disorders [16]. 
In our study, we used this method in a rat model 
of CMI. Echocardiographic parameters were 
measured, and LVEF and FS values were calcu-
lated. Our results indicated that heart function 
decreased after the establishment of the CMI 
model, and 14-day NBP treatment improved 
heart function in these rats.

In the study of angiogenesis, the number of 
microvessels is often used to directly reflect 
establishment of collateral circulation [17]. Fa- 
ctor VIII-related antigen, also known as human 
von Willebrand factor, is a multimeric cytoplas-
mic glycoprotein with a molecular weight of 270 
kD expressed by human endothelial cells and is 
also present in megakaryocytes and platelets. 
Staining for factor VIII-related antigens by im- 
munohistochemistry can be used to determine 
the origin of endothelial cells [18]. Furthermore, 
anti-factor VIII immunostaining may be used to 
confirm the prognostic significance of microves-
sel density. In this study, the number of endo-
thelial cells and capillary density significantly 
increased with increasing doses of NBP, indi-
cating that administration of high-concentra-
tion NBP promotes angiogenesis in the area of 
CMI. This result may be similar to the previously 
uncovered role of NBP in the treatment of cere-
bral ischemia [8], suggesting its usefulness for 
limiting infarct size, as well as improving heart 
function.

Angiogenesis is critical for a positive response 
to ischemia, and vascular endothelial cells 
increase in hypoxemia through contact with 
blood [19]. One of the body’s immediate 
responses to hypoxia is to activate the tran-

Figure 4. Hif1a and Vegfa mRNA expression levels in rat ischemic myocardium. Data are the means ± SD (n=10 per 
group). A. mRNA expression of Hif1a. B. mRNA expression of Vegfa. #Compared with the control (CO) group, P<0.05; 
*Compared with the L-NBP group, P<0.05.
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scription of several genes that lead to angio-
genesis and metabolic adaptation. There are 
many molecular pathways involved in angiogen-
esis, and the HIF-1α/VEGF pathway plays an 
important role [20-22]. The hypoxia-inducible 
factor (HIF) protein family is a central mediator 
of the transcriptional activation process [23]. 
HIF-1 is a pivotal transcription factor that is  
very important for VEGFA expression during 
angiogenesis [24] and includes two subunits, 
HIF-1α and HIF-1β. Modulation HIF-1α genera-
tion constitutes the rate limiting step of the 
hypoxic response. The VEGF family is very im- 
portant in regulating angiogenesis, which also 
contributes to the development of CHD [25, 
26]. There are many members in the VEGF fam-
ily, and VEGFA is essential for promoting angio-
genesis. Therefore, we used HIF-1α and VEGFA 
as markers of angiogenesis and analyzed the 
effect of different doses of NBP on their protein 
and mRNA levels during CMI, in order to explore 
the potential mechanism by which NBP pro-
motes angiogenesis.

In the last ten years, NBP has been widely used 
in clinical treatment of acute cerebral infarc-
tion. Previous studies have found that it could 
improve neurological function after cerebral is- 
chemia by promoting angiogenesis and collat-
eral blood circulation [5-7]. In studies of NBP 
used to treat acute ischemic stroke, NBP was 
found to increase VEGF expression through the 
regulation of multiple pathways, including up- 
regulating sonic hedgehog expression and en- 
hancing the expression of fibroblast growth fac-
tor (bFGF), thereby achieving its role in promot-
ing angiogenesis [27, 28]. In the current study, 
the results indicated that the administration of 
different doses of NBP could promote angio-
genesis in rats with CMI via the HIF-1α/VEGF 
pathway.

There are several novel observations in our 
study. We demonstrated that early NBP treat-
ment exerts beneficial effects on postischemic 
heart functional changes. Most importantly, we 
provided evidence of the potential pathway that 
contributes to the angiogenesis effect of NBP. 
This is the first demonstration that cardiopro-
tection by NBP occurs during an early stage of 
CMI and subsequent functional changes occur 
via promoting angiogenesis through the HIF-
1α/VEGF pathway. Although the potential me- 
chanism requires further investigation, we be- 

lieve that our results may broaden the clinical 
application of NBP to include early myocardial 
ischemia.

In our study, VEGF and HIF-1α protein levels 
were not changed in the model group, but 
mRNA levels were increased. The reason for 
this result may be the difference in sensitivity 
between western blot and RT-PCR. RT-PCR is a 
very sensitive method to detect mRNA levels. 
However, protein detection methods are prone 
to interference, and the sensitivity of the detec-
tion methods may vary. The linear relationship 
between mRNA and protein expression levels 
detected by RT-PCR and western blot, respec-
tively, is only approximately 0.4 to 0.5. This may 
be why mRNA expression levels of Hif1α and 
Vegfa were higher in the model group than 
those in the control group, whereas no sig- 
nificant differences were found in HIF-1α and 
VEGFA protein expression between the two gr- 
oups. This result may also be one of the main 
limitations of this study, and it suggests that we 
need to analyze the changes in expression of 
relevant parameters in the HIF-1α/VEGF path-
way using different or varied methods.

In conclusion, this study suggests that NBP 
treatment improves heart function and ventric-
ular remodeling in rats with CMI. NBP treat-
ment may represent an important protective 
mechanism that induces angiogenesis via 
changes in VEGF and HIF-1α expression. The- 
se observations require confirmation in future 
studies.
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