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Abstract: Objective: To assess the effect of dI-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 Vlll-related antigen and microvascular density determination were performed. The protein and mRNA
expression of hypoxia-inducible factor 1« (HIF-1a) 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-1a in myocardial tissue. The mRNA and protein expression of VEGFA
and HIF-a in the H-NBP group were the highest. Conclusion: NBP treatment promotes VEGF and HIF-1a 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.

Keywords: DI-3-n-butylphthalide, chronic myocardial ischemia, angiogenesis, hypoxia-inducible factor 1-a, vascu-
lar endothelial growth factor

Introduction search focus is the therapeutic induction of
angiogenesis in the ischemic myocardium.
Coronary heart disease (CHD), which is the

most common type of heart disease worldwide, Among the signaling pathways involved in

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-

angiogenesis processes, hypoxia-inducible fa-
ctor-la (HIF-1a)/vascular endothelial growth
factor (VEGF) is one of the most important [2].
HIF-1a 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]. DI-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
Vlll-related antigen were obtained from Wan-
leibio Technology Inc. (Shenyang City, China)
and Abcam (Massachusetts, USA), respective-
ly. Antibodies against HIF-1a 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.
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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 Vlli-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 VllI-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 Vlll-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 H,0, 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
VIIl staining in five random high-power fields
(x400) 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-1a and VEGFA
protein expression

Western blot was used to measure the levels of
HIF-1a 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 4000x g for
10 min, and the supernatants were transferred
to another tube for testing. Equivalent amounts
of protein (40 pg/lane) were resolved electro-
phoretically and transferred onto polyvinyli-
dene difluoride membranes. The membranes
were incubated with diluted (1:2000) primary
antibodies against HIF-1a, VEGF, or 3-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 Hif1la and Vegfa mRNA
expression

TRIzol (BioTeke, Beijing, China) was used to iso-
late total RNA, and cDNA was synthesized from
2 ug total RNA using Superscript Il 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 pL, including 2 uL reverse-transcription
product, 5 pmol of each primer, 10 pL 2x
SYBR Green mix (Solarbio), and 0.4 uL diluted
(1:2000) reference dye (Solarbio). The primers
used to detect Hifla 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 B-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-
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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 B-actin internal control and calcu-
lated the Hifla and Vegfa expression levels
using the 22T 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 Vlll-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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E

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.

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 (%) 73.811+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, dI-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.

A O B . R AT F e e %
» = We O FETRN
i . « A1 [ .
~ - .y - 5 B Y.
- - . ' 1y
\ \ - . LD
» 'y \ - " ¥ b
- . - 8 . 4 wyd
3 - o tw Vg L T
s < : .
—t <« AR T \ CEROH
s 5 - - N . Vg L
() 2 > p 3 - T Nar g ragady®
» P | . it - N e T L, i s
-~ \ 3 1 » - i I . Y . - by
b ; \ \& R e R 2 .
. 3 v AR . aa 2
¢ ¥ | 5 PR »
- i A S0 pam '_\ = h g . ‘:'\, ‘_1, 50 ym o
‘ 4 w . . N =
C — D “- = r KT X 5 T E Y
l. o - LSS e, . » - $
-~ - F 4 -
e e s S A
e x b e / <
3 e = - (5 b < \ - gy 7
- s ) e . o
g ~ ~ - S
J" . i N \,“ - e < ~
PN R . \
. % R | v 52 - oy, ™
f X » o= " - - e
a f B e | oy . B Y s |
] - ) ;‘Ja e . .
. . St » / d/ o
s r . - . :n 1 . .
- “a e . X 2 c \"k ~ . X
oy S, 7 . . \ s - ~ By
- > 50 um . v \ S50pm = ¥ - - 50 pm
- - N —— o > 4 - v —

Figure 2. The effect of NBP on factor Vlll-related antigen expression in capillary endothelial cells of rats with CMI.
Immunohistochemical staining in the control group (A), model group (B), LNBP group (C), M-NBP group (D), and H-
NBP group (E). All images are 400x in magnification.
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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, dI-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.
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Figure 3. The effect of NBP on HIF-1a and VEGFA expression in rat ischemic myocardium. Photographs show rep-
resentative western blots by group for HIF-1a and VEGFA. Graphs show the gray levels of bands. Quantitative data
were normalized to B-actin. A. Protein bands for HIF-1a by western blot. B. Protein expression of HIF-1a. 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.

HIF-1a and VEGFA protein expression levels in
the ischemic myocardium

HIF-1a 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-1a 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
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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).

Hifla and Vegfa mRNA expression levels in the
ischemic myocardium

Hiflx 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 Hifla 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 Hif1la and Vegfa were detected in
the H-NBP group after high dose of NBP admin-
istration (Figure 4A, 4B).

Am J Transl Res 2022;14(7):4719-4727
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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.

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-1a 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
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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 Vlll-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 Vlll-related antigens by im-
munohistochemistry can be used to determine
the origin of endothelial cells [18]. Furthermore,
anti-factor VIl 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-

Am J Transl Res 2022;14(7):4719-4727



DI-3-n-butylphthalide and angiogenesis in chronic myocardial ischemia

scription of several genes that lead to angio-
genesis and metabolic adaptation. There are
many molecular pathways involved in angiogen-
esis, and the HIF-1a/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-1a and HIF-1B. Modulation HIF-1a 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-1a 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-1a/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-
1a/VEGF pathway. Although the potential me-
chanism requires further investigation, we be-
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lieve that our results may broaden the clinical
application of NBP to include early myocardial
ischemia.

In our study, VEGF and HIF-1a 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 mMRNA 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 Hifla and
Vegfa were higher in the model group than
those in the control group, whereas no sig-
nificant differences were found in HIF-1a 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-1o/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-1a expression. The-
se observations require confirmation in future
studies.

Acknowledgements

This study was supported by the Natural
Science Foundation of Hebei Province, China
(H2020206283).

Disclosure of conflict of interest
None.

Address correspondence to: Yun-Fa Jiang, Second
Hospital of Hebei Medical University, Shijiazhuang
050000, Hebei, China. E-mail: jiangyunfal972@
163.com

References
[1]  Moroni F, Gertz Z and Azzalini L. Relief of isch-

emia in ischemic cardiomyopathy. Curr Cardiol
Rep 2021; 23: 80.

Am J Transl Res 2022;14(7):4719-4727


mailto:jiangyunfa1972@163.com
mailto:jiangyunfa1972@163.com

(2]

(3]

(4]

(5]

(6]

[7]

(8]

(9]

(10]

(11]

(12]

4726

DI-3-n-butylphthalide and angiogenesis in chronic myocardial ischemia

Liu YY, Li WJ, Ma XY, He JB, Lin Y and Lin DS.
Rivastigmine regulates the HIF-1a/VEGF sig-
naling pathway to induce angiogenesis and
improves the survival of random flaps in rats.
Front Pharmacol 2022; 12: 818907.

Fu YM, Li J, Wu S and Wang H. Electroacu-
puncture pretreatment promotes angiogene-
sis via hypoxia-inducible factor 1o and vascu-
lar endothelial growth factor in a rat model of
chronic myocardial ischemia. Acupunct Med
2021; 39: 367-375.

Shi WL, Xin QQ, Yuan R, Yuan YH, Cong WH and
Chen KJ. Neovascularization: the main mecha-
nism of MSCs in ischemic heart disease thera-
py. Front Cardiovasc Med 2021; 8: 633300.
Tian XC, He WL, Yang R and Liu YP. DI-3-n-
butylphthalide protects the heart against isch-
emic injury and H9c¢2 cardiomyoblasts against
oxidative stress: involvement of mitochondrial
function and biogenesis. J Biomed Sci 2017;
24: 38.

LiJM, LiY, Ogle M, Zhou X, Song MK, Yu SP and
Wei L. DL-3-n-butylphthalide prevents neuronal
cell death after focal cerebral ischemia in mice
via the JNK pathway. Brain Res 2010; 1359:
216-226.

Abdoulaye IA and Guo YJ. A review of recent
advances in neuroprotective potential of
3-N-butylphthalide and its derivatives. Biomed
Res Int 2016; 2016: 5012341.

Fan XM, Shen W, Wang LD and Zhang YL.
Efficacy and safety of DL-3-n-butylphthalide in
the treatment of poststroke cognitive impair-
ment: a systematic review and meta-analysis.
Front Pharmacol 2022; 12: 810297.

Wang YB, Hao GZ, Jiang YF, Zhi W, Wang Q and
Gu XH. Influence of dI-3-N-butylphthalide on
infarction size in rats with acute myocardial in-
farction. Int J Clin Exp Pathol 2020; 13: 1707-
1711.

Yin W, Zhang P, Huang JH, Zhang QY, Fan R, Li
J, Zhou JJ, Hu YZ, Guo HT, Zhang SM, Wang YM,
Kaye AD, Gu CH, Liu JC, Cheng L, Cui Q, Yi DH
and Pei JM. Stimulation of kappa-opioid recep-
tor reduces isoprenaline-induced cardiac hy-
pertrophy and fibrosis. Eur J Pharmacol 2009;
607: 135-42.

Fu SP, He SY, Xu B, Hu CJ, Lu SF, Shen WX,
Huang Y, Hong H, Li Q, Wang N, Liu XL, Liang F
and Zhu BM. Acupuncture promotes angiogen-
esis after myocardial ischemia through H3K9
acetylation regulation at VEGF gene. PLoS One
2014; 9: e94604.

Hu CH, Li ZM, DU ZM, Zhang AX, Yang DY and
Wu GF. Human umbilical cord-derived endo-
thelial progenitor cells promote growth cyto-
kines-mediated neorevascularization in rat
myocardial infarction. Chin Med J (Engl) 2009;
122: 548-555.

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

Vancheri F, Longo G, Vancheri S and Henein
M. Coronary microvascular dysfunction. J Clin
Med 2020; 9: 2880.

Xu WX, Yu HY, Li WH, Gao W, Guo LJ and Wang
GS. Plasma catestatin: a useful biomarker for
coronary collateral development with chronic
myocardial ischemia. PLoS One 2016; 11:
e0149062.

FeiY, Hou JH, Xuan W, Zhang CH and Meng XP.
The relationship of plasma miR-503 and coro-
nary collateral circulation in patients with coro-
nary artery disease. Life Sci 2018; 207: 145-
151.

Nwokocha C, Palacios J, Simirgiotis MJ,
Thomas J, Nwokocha M, Young L, Thompson R,
Cifuentes F, Paredes A and Delgoda R. Aque-
ous extract from leaf of Artocarpus altilis pro-
vides cardio-protection from isoproterenol in-
duced myocardial damage in rats: negative
chronotropic and inotropic effects. J Ethno-
pharmacol 2017; 203: 163-170.

Castro PR, Barbosa AS, Pereira JM, Ranfley H,
Felipetto M, Gongalves CAX, Paiva IR, Berg BB
and Barcelos LS. Cellular and molecular het-
erogeneity associated with vessel formation
processes. Biomed Res Int 2018; 2018:
6740408.

Del Ry S, Cabiati M, Martino A, Cavallini C,
Caselli C, Aquaro GD, Battolla B, Prescimone T,
Giannessi D, Mattii L and Lionetti V. High con-
centration of C-type natriuretic peptide pro-
motes VEGF-dependent vasculogenesis in the
remodeled region of infarcted swine heart with
preserved left ventricular ejection fraction. Int
J Cardiol 2013; 168: 2426-34.

Bou Khzam L, Son NH, Mullick AE, Abumrad
NA and Goldberg 1J. Endothelial cell CD36 defi-
ciency prevents normal angiogenesis and vas-
cular repair. Am J Transl Res 2020; 12: 7737-
7761.

Wang CG, Lou YT, Tong MJ, Zhang LL, Zhang ZJ,
Feng YZ, Li S, Xu HZ and Mao C. Author correc-
tion: asperosaponin VI promotes angiogenesis
and accelerates wound healing in rats via up-
regulating HIF-1a/VEGF signaling. Acta Phar-
macol Sin 2018; 39: 393-404.

Sun L. F-box and WD repeat domain-contain-
ing 7 (FBXW7) mediates the hypoxia inducible
factor-1a (HIF-1a)/vascular endothelial growth
factor (VEGF) signaling pathway to affect hy-
poxic-ischemic brain damage in neonatal rats.
Bioengineered 2022; 13: 560-572.

Xue JX, Zhu K, Cao P, Long CC, Deng YM, Liu
TS, Yin GP, Li X and Wang ZJ. Ischemic precon-
ditioning-induced protective effect for promot-
ing angiogenesis in renal ischemia-reperfusion
injury by regulating miR-376¢-3p/HIF-10/VEGF
axis in male rats. Life Sci 2022; 299: 120357.

Am J Transl Res 2022;14(7):4719-4727



(23]

[24]

[25]

[26]

4727

DI-3-n-butylphthalide and angiogenesis in chronic myocardial ischemia

Ullah K and Wu RX. Hypoxia-inducible factor
regulates endothelial metabolism in cardiovas-
cular disease. Front Physiol 2021; 12: 670653.
Zhong JC, Li XB, Lyu WY, Ye WC and Zhang DM.
Natural products as potent inhibitors of hypox-
ia-inducible factor-1a in cancer therapy. Chin J
Nat Med 2020; 18: 696-703.

Lee SK, Kim MJ, Son SH, Kim KR, Park KK and
Chung WY. Xanthorrhizol suppresses vascular
endothelial growth factor-induced angiogene-
sis by modulating Akt/eNOS signaling and the
NF-[formula: see text] B-dependent expression
of cell adhesion molecules. Am J Chin Med
2021; 49: 737-751.

Dabravolski SA, Khotina VA, Omelchenko AV,
Kalmykov VA and Orekhov AN. The role of the
VEGF family in atherosclerosis development
and its potential as treatment targets. Int J Mol
Sci 2022; 23: 931.

(27]

(28]

Zhou PT, Wang LP, Qu MJ, Shen H, Zheng HR,
Deng LD, Ma YY, Wang YY, Wang YT, Tang YH,
Tian HL, Zhang ZJ and Yang GY. DI-3-N-
butylphthalide promotes angiogenesis and up-
regulates sonic hedgehog expression after ce-
rebral ischemia in rats. CNS Neurosci Ther
2019; 25: 748-758.

Feng LY, Sharma A, Niu F, Huang, Lafuente JV,
Muresanu DF, Ozkizilcik A, Tian ZR and Shar-
ma HS. TiO2-nanowired delivery of dI-3-n-bu-
tylphthalide (DL-NBP) attenuates blood-brain
barrier disruption, brain edema formation, and
neuronal damages following concussive head
injury. Mol Neurobiol 2018; 55: 350-358.

Am J Transl Res 2022;14(7):4719-4727



