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QiShenYiQi dripping pills (QSYQ), a traditional Chinese medicine, are commonly used to

treat coronary heart disease, and QSYQ was recently approved as a complementary

treatment for ischemic heart failure in China. However, only few studies reported on

whether QSYQ exerts a protective effect on heart failure induced by pressure overload.

In this study, we explored the role of QSYQ in a mouse model of heart failure induced

by transverse aortic constriction (TAC). Twenty-eight C57BL/6J mice were divided into

four groups: Sham + NS group, Sham + QSYQ group, TAC + NS group, and TAC +

QSYQ group. QSYQ dissolved in normal saline (NS) was administered intragastrically

(3.5mg/100 g/day) in the Sham + QSYQ and TAC + QSYQ groups. In the Sham + NS

and TAC+NS groups, NSwas provided every day intragastrically. Eight weeks after TAC,

echocardiography, and cardiac catheterization were performed to evaluate the cardiac

function, and immunofluorescent staining with anti-actinin2 antibody was performed to

determine the structure of the myocardial fibers. Moreover, TUNEL staining and Masson

trichrome staining were employed to assess the effects of QSYQ on cardiac apoptosis

and cardiac fibrosis. Western blots and real-time polymerase chain reaction (PCR) were

used to measure the expression levels of vascular endothelial growth factor (VEGF) in

the heart, and immunohistochemical staining with anti-CD31 antibody was performed

to explore the role of QSYQ in cardiac angiogenesis. Results showed that TAC-induced

cardiac dysfunction and disrupted structure of myocardial fibers significantly improved

after QSYQ treatment. Moreover, QSYQ treatment also significantly improved cardiac

apoptosis and cardiac fibrosis in TAC-induced heart failure, which was accompanied

by an increase in VEGF expression levels and maintenance of microvessel density in the

heart. In conclusion, QSYQ exerts a protective effect on TAC-induced heart failure, which

could be attributed to enhanced cardiac angiogenesis, which is closely related to QSYQ.

Thus, QSYQ may be a promising traditional Chinese medicine for the treatment of heart

failure induced by pressure overload such as hypertension.

Keywords: traditional Chinese medicine, QiShenYiQi dripping pills, heart failure, cardiac remodeling, apoptosis,

fibrosis, angiogenesis
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INTRODUCTION

QiShenYiQi dripping pills (QSYQ) is a compound Chinese
medicine, which is composed of six herbs including 2 star
herbs: Astragalus membranaceus (Fisch.) Bunge (“huang-qi” in
Chinese) and Salvia Miltiorrhiza Bunge (“danshen” in Chinese),
and 4 adjunctive herbs: Lonicera japonica Thunb., Scrophularia
aestivalis Griseb., Aconitum fischeri Rchb., and Glycyrrhiza
uralensis Fisch (Wang et al., 2017). QSYQ is approved by the
China State Food and Drug Administration in 2003 for the
treatment of coronary heart disease and angina pectoris (Wang
et al., 2011). Recently, QSYQ was used as a complementary
treatment for ischemic heart failure in China (Hou et al., 2013;
Wang et al., 2013). However, only few studies that explore the
potential effect of QSYQ on pressure overload-induced heart
failure have been conducted. Although some studies reported
that QSYQ could attenuate pressure overload-induced cardiac
hypertrophy and myocardial fibrosis (Li et al., 2012; Chen et al.,
2015; Lv et al., 2015), studies using variousmethodologies to draw
a more convincing conclusion on the potential effect of QSYQ on
pressure overload-induced heart failure remain essential.

Heart failure is the ultimate result of a large number of
cardiovascular diseases, which are a leading causes of morbidity
and mortality worldwide (Shah and Mann, 2011). It is regarded
as a progressive and irreversible process characterized by cardiac
pump failure and cardiac remodeling (Hou and Kang, 2012).
Pathological cardiac remodeling, resulting from cardiac pressure,
volume overload, or ischemic injury, is considered the most
crucial mechanism for the development of heart failure (Ho et al.,
2010; Ahmad et al., 2012) and is a progressive and irreversible
process characterized by cardiac hypertrophy, cardiac apoptosis,
and cardiac fibrosis (Cohn et al., 2000). Therefore, preventing or
reversing pathological cardiac remodeling is an effective way to
prevent heart failure (Kirkpatrick and St John Sutton, 2012).

Angiogenesis plays a critical protective role in pressure-
overload heart failure by preventing cardiac remodeling
(Shiojima et al., 2005; Oka et al., 2014). Myocardial angiogenesis
is regulated by secreted angiogenic growth factors, including
VEGFs, fibroblast growth factors (Kardami et al., 2007),
angiopoietin-1and-2 (Dallabrida et al., 2008), platelet-derived
growth factors (Andrae et al., 2008), and transforming growth
factors (Dobaczewski et al., 2011). Among them, VEGFs are one
of prime regulators of myocardial angiogenesis. Overexpression
of VEGF improves heart failure by maintaining myocardial
capillary density while downregulation of VEGF results in
impaired capillary density and exacerbated heart failure
(Shiojima et al., 2005; Oka et al., 2014; Yin et al., 2016).

Studies conducted to explore the effect of QSYQ on cardiac
angiogenesis have been increasing. Results revealed that QSYQ
could preserve microvascular function in patients undergoing
elective percutaneous coronary intervention (He et al., 2017),
improve coronary microcirculation in diabetic rats (Jin et al.,
2010), and promote angiogenesis after myocardial infarction in
rats (Zhang et al., 2010). All these studies suggested that QSYQ
may exert a beneficial effect on cardiac angiogenesis. Hence,
we hypothesized that QSYQ could prevent cardiac remodeling
and thus improve cardiac dysfunction by ameliorating cardiac

microvessel impairment in pressure overload-induced heart
failure. Our study aimed to investigate the effects of QSYQ
on heart failure induced by pressure overload and explore the
underlying mechanism.

MATERIALS AND METHODS

Animals
Male C57BL/6 mice (8–10 weeks old, 20–25 g) were purchased
from the Experimental Animal Center of Wuhan University
(Wuhan, China). All these mice were raised in the animal
center of Wuhan University of Science and Technology (Wuhan,
China). After 1 week of adaptation period, the mice were
randomly divided into four groups (n ≥ 6 per group): Sham +

NS group, Sham + QSYQ group, TAC + NS group, and TAC +

QSYQ group. Pressure overload was induced through transverse
aortic constriction (TAC), as described previously (Takimoto
et al., 2005). The mice were anesthetized and subjected to sham
surgery or TAC with a 27-gauge blunted needle for 8 weeks.
QSYQ (Tianjin Tasly Pharmaceutical Co., Ltd., Tianjin, China)
dissolved in normal saline (NS) was administered intragastrically
(3.5 mg/100 g/day) in the Sham + QSYQ and TAC + QSYQ
groups. In the Sham + NS and TAC + NS groups, NS was
provided every day intragastrically. All animal experimental
protocols were approved by the Animal Care and Use Committee
of Wuhan University of Science and Technology and were
in accordance with the NIH Guide for the Care and Use of
Laboratory Animals. For echocardiographic analysis, mice were
anesthetized initially with 2% isoflurane, and then at 1% during
the examination. Heart catheterization was performed under
intraperitoneal pentobarbital anesthesia (30 mg/kg body weight).
Then, all animals were sacrificed under deep anesthesia with
excessive inhalation of isoflurane, and cardiac tissue samples
were snap-frozen in liquid nitrogen for Western blots or real-
time PCR or were fixed with 4% neutral formalin for paraffin
embedding, and subsequent analysis were performed in a blind
fashion. Additionally, in order to prevent personal, laboratory,
and environmental exposure to potentially biohazards or harmful
materials, all experimental protocols were in accordance with the
guidance from the 5th edition of the Biosafety in Microbiological
and Biomedical Laboratories and World Health Organization’s
Laboratory Biosecurity Guidance.

Echocardiography
The mice were tied after anesthesia administration, and a
pet razor was used to remove their chest hairs. Subsequently,
echocardiographic analysis was performed using a high-
resolution imaging system with a 30-MHz high-frequency
scan head (VisualSonics Vevo1100, VisualSonics Inc., Toronto,
Canada) at 8 weeks after TAC, as described previously (Wu
et al., 2010). M-mode images of parasternal short axis at the
tip of the papillary muscle level were recorded. Left ventricular
internal dimension in diastole (LVIDd), left ventricular internal
dimension in systole (LVIDs), left ventricular end-diastolic
volume (LVEDV), left ventricular end-systolic volume (LVESV),
ejection fraction (EF), and fractional shortening (FS) were
recorded.
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Hemodynamics
Hemodynamic analysis was performed with the Millar pressure-
volume system (AInstruments, New SouthWales, Australia). The
protocols were described previously (Yang et al., 2015). Briefly,
the animals were tied after anesthesia administration. The right
common carotid artery was separated, with the proximal artery
clamped and the distal artery pulled with a suture. Subsequently,
an incision of a suitable size was made and the catheter was
inserted into the artery. Finally, the clamp was loosened and the
catheter was pushed toward the left ventricular cavity. Maximal
slope of systolic pressure increment (Max dP/dt) and theminimal
slope of diastolic pressure decrement (Min dP/dt) were recorded
for at least 15min.

Enzyme-Linked Immunosorbent Assay
(ELISA) Analysis
After hemodynamic measurement, a blood sample was collected
from the right carotid artery. Serum levels of VEGF was
measured by the corresponding ELISA Kits (R&D System,
Minneapolis, MN, USA), according to manufacturer’s
instruction. Absorbances were read at 450 nm (Microplate
Reader Model 550, Bio-Rad, Hercules, CA, USA). All samples
were assayed in triplicate.

Immunohistochemical Staining
After the mice were sacrificed, the hearts were separated,
fixed with 4% neutral formalin, dehydrated, and prepared in
paraffin sections. To evaluate cardiac fibrosis, Masson staining
kit (Jiancheng Bioengineering Institute, Nanjing, China) was
employed according to the manufacturer’s instructions. For
CD31 staining, sections were incubated with anti-CD31 antibody
(1:100; ABclonal Biotech., MA), and a 0.3% hydrogen peroxide
solution was used to block the endogenous peroxidase activity.
Following application of an appropriate biotinylated secondary
antibody, sections were developed with DAB substrates, and
the number of vessels was determined with Image-Pro Plus 6.
For TUNEL staining, TACS TdT in situ Apoptosis Detection
Kit—DAB (R&D Systems, Minneapolis, MN) was employed.
Tissue sections were visualized under light microscope (Nikon,
Tokyo, Japan). For immunofluorescent staining, tissue sections
were incubated with anti-actinin2 antibody (1:100; GeneTex,
Inc.) overnight and with a secondary antibody for 90min. DAPI
solution was subsequently added for 5min to stain the nuclei.
Subsequently, sections were imaged under a Nikon DXM1200
fluorescence microscope with Nikon InfinityOptical System
(Nikon, Tokyo, Japan).

The level of fibrosis were quantified in 5 microscopic fields
chosen randomly at ×100 magnification under the microscope.
Image analysis software (Image-Pro Plus 6.0) was used to
calculate the ratio of myocardial collagen fiber area to all area and
the average value was taken. Quantitative assessment of capillary
density were identified by CD31 staining. Five microscopic
fields were chosen randomly at ×400 magnification under the
microscope. Image analysis software (Image-Pro Plus 6.0) was
used to calculate the ratio of CD31 positive cell to all area,
and the average value was taken. Similar to CD31 staining,
quantitative assessment of cardiac apoptosis were quantified in 5

microscopic fields chosen randomly at×400magnification under
themicroscope. Image analysis software (Image-Pro Plus 6.0) was
used to calculate the ratio of TUNEL positive cell to all area, and
the average value was taken.

Western Blot Analysis
Western blot analysis was performed as described previously
(Wang et al., 2003). In brief, cardiac lysates were homogenized
in an radio immunoprecipitation assay (RIPA) buffer with
protease and phosphatase inhibitors cocktail (Roche). Total
protein lysates were separated using SDS/PAGE, transferred
overnight to a PVDF membrane, and immunoblotted. The
membranes were soaked in a blocking buffer (5% BSA) for 1 h
at room temperature and then incubated overnight at 4◦C with
primary antibodies. VEGF, Akt, serin473-phospho-Akt (p-Akt),
endothelial NO synthase (eNOS), and serin1177-phospho-
eNOS (p-eNOS) protein levels were performed using specific
primary antibodies as belows: rabbit anti-VEGF (1:1000 dilution;
abcam); rabbit anti-Akt (1:1000 dilution; Cell signaling); rabbit
anti-p-Akt (1:2000 dilution; Cell signaling); rabbit anti-eNOS,
(1:1500 dilution; Affinity); rabbit anti-p-eNOS, (1:1000 dilution;
Affinity). After washing in TBST, membranes were incubated
with the appropriate horseradish peroxidase-conjugated
secondary antibodies at room temperature for 1 h. The protein
signal detection was performed using the SuperSignal ECL
system (ThermoScientific, Waltham, Massachusetts) and bands
were analyzed by ImageJ software. Band intensity was normalized
to that of glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
The p-Akt to t-Akt ratio and p-eNOS to t-eNOS ratio indicated,
respectively, the levels of Akt and eNOS phosphorylation in the
heart.

Quantitative Real-Time RT-PCR (qRT-PCR)
Total RNAs were extracted from myocardial tissue samples
with the Trizol reagent (Invitrogen, Carlsbad, CA) and reverse
transcribed to cDNA using the reverse translation PCR kit
(Thermo Fisher Scientific, Waltham, MA). Thereafter, the cDNA
was used as a template, and specific primers as well as SYBR
Green (Thermo Fisher Scientific, Waltham, MA) were used to
detect the expression of the targets on a 7900HT Real-Time PCR
System (Applied Biosystems, Foster City, CA). Reactions were
performed in triplicate, the level of mRNA was normalized to
that of GAPDH, and analysis was performed using the 2-11Ct
method.

The PCR primers used were as follows: VEGF forward, 5′-TC
GTCCAACTTCTGGGCTCTT-3′; and reverse, 5′-CCCCTCTCC
TCTTCCTTCTCT-3′; GAPDH forward, 5′ -ATGGGTGTGAAC
CACGAGA-3′; and reverse, 5′- CAGGGATGATGTTCTGGGC
A-3′.

Statistical Analysis
All data were presented as mean ± standard error of the mean
(SEM). Data were analyzed with SPSS (version 19.0; SPSS,
Chicago, USA). Two-way analysis of variance was performed to
compare multiple groups followed by Student-Newman-Keuls
post hoc test. P < 0.05 was considered statistically significant.
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RESULTS

QSYQ Protects Against TAC-Induced
Cardiac Dysfunction in Mice
To assess the cardiac function and chamber size in the mice,
we used M-mode echocardiography in the Sham + NS, Sham
+ QSYQ, TAC + NS, and TAC + QSYQ groups 8 weeks
after TAC. Figure 1A, which shows the representative M-mode
echocardiography in the four groups 8 weeks after TAC,
demonstrates that heart failure with LV dilatation existed in TAC
mice and that QSYQ prevented the development of LV dilatation
in TAC mice. Specifically, as shown in Figures 1B,D, EF and
FS in the TAC + NS group significantly decreased compared
with that in the Sham + NS group, which was accompanied
by increased LVIDd and LVIDs (see Supplementary Material
online, Table S1), as well as increased LVEDV, LVESV, and
lung wet/dry weight ratio, thereby suggesting heart failure in
the TAC + NS group. After treatment with QSYQ, EF, and FS
significantly recovered, and LVIDd and LVIDs, as well as LVEDV,

LVESV, and lung wet/dry weight ratio, also improved in the
TAC+ NS group.

To further evaluate the hemodynamics in the mice, Max
dP/dt and Min dP/dt, which reflect LV systolic function and
diastolic function, respectively, were determined with Millar
cardiac catheter system. Figure 1C shows that compared with
those in the Sham + NS group, Max dP/dt, and Min dP/dt in
the TAC + NS group were significantly reduced, whereas in the
TAC + QSYQ group, Max dP/dt, and Min dP/dt significantly
improved (see Supplementary Material online, Table S2).

No significant difference in heart rate among the four
groups was observed. Echocardiographic and hemodynamic
examinations indicated that QSYQ markedly improved cardiac
dysfunction in TAC mice.

QSYQ Improves Loss of Organization of
Myocardial Fibers in TAC Mice
To further investigate the effect of QSYQ on the structure of
myocardial tissues in TAC mice, immunofluorescent staining

FIGURE 1 | QSYQ improved cardiac function and hemodynamics of heart failure in TAC mice. (A) Representative M-mode echocardiography in the Sham + NS,

Sham + QSYQ, TAC + NS, and TAC + QSYQ groups at 8 weeks after TAC, showing evidence of heart failure with LV dilatation in TAC mice; QSYQ prevented the

development of cardiac failure in TAC mice. (B) Echocardiographic analysis of mice 8 weeks after TAC. (C) Hemodynamic analysis was performed with Millar cardiac

catheter system in the four groups. (D) The lung wet/dry weight ratio. LVAWd, left ventricular anterior wall thickness in diastole; LVAWs, left ventricular anterior wall

thickness in systole; LVPWd, left ventricular posterior wall thickness in diastole; LVPWs, left ventricular anterior wall thickness in systole; LVIDd, left ventricular internal

dimension in diastole; LVIDs, left ventricular internal dimension in systole; EF, ejection fraction; FS, fractional shortening; LVEDV, left ventricular end-diastolic volume;

LVESV, left ventricular end-systolic volume; Max dP/dt, maximal slope of systolic pressure increment; Min dP/dt, minimal slope of diastolic pressure decrement. Data

shown are means ± SEM (n = 6–7 per group). *P < 0.05 vs. Sham + NS group; #P < 0.05 vs. TAC + NS group.
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FIGURE 2 | QSYQ improved loss of organization of myocardial fibers in TAC mice. Representative photographs of sections of left ventricles stained with anti-actinin2

antibody with a secondary antibody conjugated to Cy3. Sections were obtained from the Sham + NS, Sham + QSYQ, TAC + NS, and TAC + QSYQ groups 8 weeks

after TAC. The Sham + NS group showed ordered myocardial fibers. By contrast, hearts from TAC mice showed disrupted myocardial fibers. QSYQ prevented loss of

organization of myocardial fibers in TAC mice.

with anti-actinin2 antibody was performed to show the
organization of the myocardial fibers. Figure 2 shows that the
organization of the myocardial fibers in the Sham + NS group
was ordered. By contrast, the TAC+NS group showed disrupted
myocardial fibers. Myocardial fiber disruption in the TAC +

QSYQ significantly improved compared with that in the TAC +

NS group.

QSYQ Attenuates Cardiac Fibrosis in TAC
Mice
Cardiac fibrosis, including myocardial interstitial fibrosis and
perivascular fibrosis, is a vital indicator for the assessment of
cardiac remodeling. To investigate whether QSYQ exerts effects
on cardiac fibrosis, Masson trichrome staining in myocardial
tissue was performed. Figures 3A,B shows that in the Sham +

NS group, extremely few blue fibers exist, suggesting insignificant
myocardial interstitial fibrosis, whereas the blue fiber in the
TAC + NS group was significantly increased and distributed
irregularly, suggesting that myocardial interstitial fibrosis was
evident. After treatment with QSYQ, the blue fiber significantly
decreased. Similarly, Figures 3C,D shows that no significant
perivascular collagen deposition was observed in the Sham +

NS group, whereas perivascular collagen deposition significantly
increased in the TAC + NS group. Moreover, perivascular
collagen deposition significantly decreased after treatment with
QSYQ.

Besides, we investigated the effect of QSYQ on the regulation
of MMP-1 and TIMP-1. Figures 3E–H showed that the protein
expression of MMP-1 and TIMP-1 in heart was increased in TAC
+ NS group compared with sham + NS group, but the ratio of
MMP-1/TIMP-1 was decreased. However, the QSYQ produced
a significant decrease in the protein expression of MMP-1 and
TIMP-1 in TAC mice and a significant increase in the ratio of
MMP-1/TIMP-1. These results indicated that QSYQ can improve
cardiac fiborsis in TAC mice by regulating the expression of
MMP-1 and TIMP-1.

QSYQ Reduces Cardiac Apoptosis in TAC
Mice
To evaluate the effect of QSYQ on cardiac apoptosis, TUNEL
staining in heart sections was performed. Extremely few TUNEL-
positive cells were observed in the Sham + NS group, whereas
in the TAC + NS group, TUNEL-positive cells significantly
increased, suggesting apparent cardiac apoptosis; however, a
statistically significant decrease in TUNEL-positive cells was
found after QSYQ treatment (Figures 4A,B). In addition,
Western blot analysis was performed to evaluate the protein
expression levels of Bax and Bcl-2. As shown in Figures 4C–E,
the TAC + NS group had higher protein expression levels
of Bax and lower protein expression levels of Bcl-2, which
suggested elevated cardiac apoptosis. Conversely, compared with
the TAC + NS group, the TAC + QSYQ group had remarkably
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FIGURE 3 | QSYQ attenuated cardiac fibrosis in TAC mice. (A) Representative photographs of sections of left ventricles with Masson trichrome staining in the Sham +

NS, Sham + QSYQ, TAC + NS, and TAC + QSYQ groups 8 weeks after TAC. Blue staining indicates interstitial fibrosis. (B) Quantitative analysis of interstitial fibrosis

in the four groups. (C) Representative photographs of sections of left ventricles with Masson trichrome staining in the four groups. Blue staining indicates perivascular

fibrosis. (D) Quantitative analysis of perivascular fibrosis in the four groups. (E) Representative immunoblots for MMP-1 and TIMP-1 in the heart. (F–H) Quantitation of

protein levels of MMP-1 and TIMP-1 in the heart. *P < 0.05 vs. Sham + NS group; #P < 0.05 vs. TAC + NS group; data shown are means ± SEM (n = 6 per group).

FIGURE 4 | QSYQ reduced cardiac apoptosis in TAC mice. (A) Representative photographs of staining in heart sections. (B) Quantitative analysis of TUNEL staining

in heart sections (*P < 0.05 vs. Sham + NS group; #P < 0.05 vs. TAC + NS group); data shown are means ± SEM (n = 6 per group). (C) Representative

immunoblots for Bax and Bcl-2 in the heart. (D–E) Quantitation of protein levels of Bax and Bcl-2 in the heart. (F) Representative immunoblots for cleaved-caspase 3

and cleaved-PARP1 in the heart. (G–H) Quantitation of protein levels of cleaved-caspase 3 and cleaved-PARP1 in the heart. (*P < 0.05 vs. Sham + NS group;
#P < 0.05 vs. TAC + NS group); data shown are means ± SEM (n = 3 per group).

decreased Bax expression levels and increased Bcl-2 expression
levels, which suggested decreased cardiac apoptosis. Also, the
other apoptosis-related protein expression levels of cleaved-
caspase 3 and cleaved-PARP1 were examined. In line with the
results of Bax, similar results were observed (Figures 4F–H). In
addition, our results observed that no significant difference was
found in the protein expression levels of p53 and FasL between
sham + NS group and TAC + NS group and QSYQ has no

significant effect on the protein expression levels of p53 and Fas
ligand (FasL) in TAC mice (see Supplementary Material online,
Figure S1).

QSYQ Alleviates Cardiac Microvessel
Impairment in TAC Mice
To explore the role of QSYQ in cardiac angiogenesis,
immunohistochemical staining with anti-CD31 antibody
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was performed. As shown in Figures 5A,B, the expression of
CD31, which is an indicator of tissue microvessel density, in the
heart was significantly decreased in the TAC + NS group. In the
TAC + QSYQ group, the CD31 expression level was remarkably
elevated, suggesting that treatment with QSYQ reversed the
reduction in microvessel density induced by TAC.

Western blots showed that the protein expression levels of
VEGF in the TAC + NS group was significantly decreased
compared with those in the Sham + NS group; treatment with
QSYQ significantly increased VEGF expression levels in TAC
mice (Figures 5C,D). Moreover, we found that VEGF mRNA
expression level in the TAC + NS group was significantly
decreased compared with that in the TAC + QSYQ group,
whereas the VEGF mRNA expression level in the TAC + QSYQ
group was significantly elevated, suggesting that treatment with
QSYQ reversed the reduction in microvessel density induced by
TAC (Figure 5I) (see Supplementary Material online, Figure S3).
Similar results were determined in serum by ELISA (Figure 5J).

Interestingly, as shown in Figures 5E–H, we also found
that a significant reduction of Akt activation and eNOS
phosphorylation in TAC + NS group was observed compared
with those in sham + NS group, which was reflected by the
ratio of phospho-Akt/total-Akt (p-Akt/t-Akt) and phospho-
eNOS/total-eNOS (p-eNOS/t-eNOS), respectively. Surprisingly,
after treatment with QSYQ, the Akt activation and eNOS
phosphorylation was significantly increased in TAC + NS
group.

These results indicated that cardiac VEGF/Akt/eNOS pathway
in the TAC + NS group was strongly suppressed compared with
those in the Sham+ NS group and the QSYQ was able to induce
the activation of cardiac VEGF/Akt/eNOS pathway. In addition,
our results observed that no significant difference was found
in the expression of microRNA-223-3p (mir-223-3p) between
sham + NS group and TAC + NS group and QSYQ has no
significant effect on the expression of mir-223-3p in TAC mice
(see Supplementary Material online, Figure S2).

FIGURE 5 | QSYQ alleviated cardiac microvessel impairment in TAC mice. (A) Representative photographs of sections of left ventricles with immunohistochemical

staining with anti-CD31 antibody (scale bar, 100µm). (B) Quantitation of CD31 expression level in the heart (*P < 0.05 vs. Sham + NS group; #P < 0.05 vs. TAC +

NS group); data shown are means ± SEM (n ≥ 4 per group). (C) Representative immunoblots for VEGF in the heart. (D) Quantitative analysis of cardiac expression of

VEGF measured by western blot. (E) Representative immunoblots for t-Akt (total-Akt) and p-Akt (phospho-Akt) in the heart. (F) Quantitative analysis of cardiac

expression of t-Akt and p-Akt measured by western blot. (G) Representative immunoblots for t-eNOS (total-eNOS) and p-eNOS (phospho-eNOS) in the heart.

(H) Quantitative analysis of cardiac expression of t-eNOS and p-eNOS measured by western blot. (I) Quantitation of VEGF expression level in the heart measured by

real-time PCR. (J) Quantitation of VEGF expression level in plasma measured by elisa. The p-Akt to t-Akt ratio and p-eNOS to t-eNOS ratio indicated, respectively, the

levels of Akt and eNOS phosphorylation in the heart. *P < 0.05 vs. Sham + NS group; #P < 0.05 vs. TAC + NS group; data shown are means ± SEM (n = 3 per

group).
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DISCUSSION

The aim of this study was to evaluate the potential effects of
QSYQ on TAC-induced heart failure in mice. Our results showed
that treatment with QSYQ could protect against TAC-induced
cardiac dysfunction and disrupted myocardial fiber structure.
Moreover, treatment with QSYQ significantly improved cardiac
apoptosis and cardiac fibrosis in TAC-induced heart failure, and
we also observed that QSYQ could increase the expression levels
of VEGF and promote cardiac angiogenesis.

To assess cardiac function, echocardiographic and
hemodynamic examinations were performed, and
immunofluorescent staining with anti-actinin2 antibody
was employed to determine the organization of the
myocardial fibers. Previous studies showed that QSYQ
improves cardiac function in a rat model of myocardial
ischemia induced by left anterior descending coronary artery
ligation (JianXin et al., 2016). Additionally, QSYQ was also
reported to effectively attenuate pressure overload-induced
disorders in cardiac function in a rat model of heart failure
(Chen et al., 2015). QSYQ was also found to ameliorate
doxorubicin-induced myocardial structure damage and
cardiac dysfunction in rats (Tang et al., 2013). Consistent
with these reports, our study demonstrated that QSYQ could
improve TAC-induced disorders in cardiac structure and
function.

Furthermore, cardiac apoptosis and cardiac fibrosis were
examined to evaluate cardiac remodeling in TAC-induced heart
failure. Previous studies showed that after treatment with QSYQ,
cardiac fibrosis in left ventricle hypertrophy induced by pressure
overload through ascending aortic stenosis was attenuated (Li
et al., 2012). Moreover, QSYQ protected against left ventricular
remodeling induced by left anterior descending coronary artery
ligation by attenuating the AngII–NADPH oxidase pathway
(Li et al., 2014) or downregulating the RAAS pathway (Wang
et al., 2015b). Additionally, QSYQ could effectively improve the
cardiac function in adriamycin-induced cardiomyopathy, and
the probable mechanism of action could be the inhibition of
myocardial cell apoptosis (Tong et al., 2013). In our study, we
found that QSYQ could remarkably reduce cardiac apoptosis
in TAC mice. A previous study reported QSYQ was able to
suppress cardiac cox-p53-FasL mediated apoptosis pathway in
heart failuremodel induced by ligation of left anterior descending
coronary artery (Wang et al., 2015a). However, our results
observed that no significant difference was found in the protein
expression levels of p53 and FasL between sham + NS group
and TAC + NS group and QSYQ has no significant effect on
the protein expression levels of p53 and FasL in TAC mice.
This discrepancy may result from the difference of heart failure
model. In addition, we also observed that QSYQ could not
only ameliorate myocardial interstitial fibrosis but also improve
perivascular fibrosis in TAC mice, which is also reported by
only few studies. Previous studies showed that QSYQ can adjust
the myocardial collagen metabolism in the abdominal aorta
coarctation rat by regulating the expression of MMP-1 and
TIMP-1 (Lv et al., 2015), which was also observed in our
study.

Given that angiogenesis plays a vital role in the
pathophysiology of heart failure (Semenza, 2014; Oka
et al., 2016), we also investigated whether QSYQ could
affect cardiac angiogenesis in TAC-induced heart failure. No
compelling evidence from previous studies on whether QSYQ
has any influence on cardiac angiogenesis in heart failure
exists. Nevertheless, a previous study reported that QSYQ
accelerates angiogenesis after myocardial infarction in rats
(Zhang et al., 2010). In our study, we found that treatment
with QSYQ significantly attenuates cardiac apoptosis and
cardiac fibrosis in TAC-induced heart failure, which was
accompanied by an upregulation of VEGF expression levels
and maintenance of microvessel density in the heart. This
in turn revealed that the potential mechanism of QSYQ in
preventing cardiac remodeling may be closely related to
improved cardiac angiogenesis. Meanwhile, we also found
that a significant reduction of Akt activation and eNOS
phosphorylation in TAC + NS group was observed compared
with those in sham + NS group, which was reflected by the
ratio of phospho-Akt/total-Akt (p-Akt/t-Akt) and phospho-
eNOS/total-eNOS (p-eNOS/t-eNOS), respectively. Surprisingly,
after treatment with QSYQ, the Akt activation and eNOS
phosphorylation was significantly increased in TAC + NS
group.

These results indicated that cardiac VEGF/Akt/eNOS pathway
in the TAC + NS group was strongly suppressed compared with
those in the Sham + NS group and the QSYQ was able to
induce the activation of cardiac VEGF/Akt/eNOS pathway. This
revealed that the potential mechanism of QSYQ in improving
cardiac angiogenesis may be closely related to the activation
of cardiac VEGF/Akt/eNOS pathway. Previous studies reported
mir-223-3p has the most significant upregulation in ischemic
cardiac microvascular endothelial cells (CMECs) compared with
normal CMECs (Dai et al., 2014) and QSYQ promote ischemic
cardiac angiogenesis by downregulating mir-223-3p expression
in rats ischemic CMECs derived from rats myocardial infarction
model (Dai et al., 2016). However, our results observed that no
significant difference was found in the expression of mir-223-3p
between sham + NS group and TAC + NS group and QSYQ
has no significant effect on the expression of mir-223-3p in TAC
mice. This discrepancy may result from the difference of model.

Our study comprehensively investigated the effects
of QSYQ on TAC-induced heart failure. Moreover, our
study simultaneously investigated the associated potential
mechanism. However, evidence on the association between the
cardioprotective effects of QSYQ on TAC-induced heart failure
and cardiac angiogenesis, as well as evidence on the association
between the proangiogenic effects of QSYQ on TAC-induced
heart failure and cardiac VEGF/Akt/eNOS pathway, is extremely
weak. Studies with more rigorous methodologies are warranted
to draw a more convincing conclusion, and repeatable research
findings are essential to make the conclusion solid.

In conclusion, our study suggested that QSYQ exerts a
cardioprotective effect on heart failure induced by pressure
overload, and the potential mechanism may be closely associated
with the improvement in impaired cardiac angiogenesis by
QSYQ.
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