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A B S T R A C T   

Heart failure is a life-threatening cardiovascular disease and characterized by cardiac hypertrophy, inflammation 
and fibrosis. The traditional Chinese medicine formula Qiangxinyin (QXY) is effective for the treatment of heart 
failure while the underlying mechanism is not clear. This study aims to identify the active ingredients of QXY and 
explore its mechanisms protecting against cardiac hypertrophy. We found that QXY significantly protected 
against isoproterenol (ISO)-induced cardiac hypertrophy and dysfunction in zebrafish. Eight compounds, 
including benzoylmesaconine (BMA), atractylenolide I (ATL I), icariin (ICA), quercitrin (QUE), psoralen (PRN), 
kaempferol (KMP), ferulic acid (FA) and protocatechuic acid (PCA) were identified from QXY. PRN, KMP and 
icaritin (ICT), an active pharmaceutical ingredient of ICA, prevented ISO-induced cardiac hypertrophy and 
dysfunction in zebrafish. In H9c2 cardiomyocyte treated with ISO, QXY significantly blocked the calcium influx, 
reduced intracellular lipid peroxidative product MDA, stimulated ATP production and increased mitochondrial 
membrane potential. QXY also inhibited ISO-induced cardiomyocyte hypertrophy and cytoskeleton reorgani
zation. Mechanistically, QXY enhanced the phosphorylation of Smad family member 2 (SMAD2) and myosin 
phosphatase target subunit-1 (MYPT1), and suppressed the phosphorylation of myosin light chain (MLC). In 
conclusion, PRN, KMP and ICA are the main active ingredients of QXY that protect against ISO-induced cardiac 
hypertrophy and dysfunction largely via the blockage of calcium influx and inhibition of mitochondrial 
dysfunction as well as cytoskeleton reorganization.   

Introduction 

Cardiovascular disease is the leading cause of death in the ageing 
population (Sutton et al., 2023). Heart failure is one of the 
life-threatening cardiovascular diseases and affects more than 64 million 

people worldwide (Savarese et al., 2023). Although various medica
tions, for example angiotensin converting enzyme (ACE) inhibitors, 
angiotensin receptor/neprilysin inhibitors (ARNIs), beta-blockers, 
mineralocorticoid receptor antagonists (MRAs) and sodium–glucose 
co-transporter 2 (SGLT2) inhibitors, are commercially available 
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(Bauersachs, 2021), their efficacy is limited by off-target side effects, 
such as hypotension or bradycardia (Rosano et al., 2021). Understand
ing the pathological process of heart failure will facilitate effective drug 
development. 

Traditional Chinese medicine has been used for the treatment of 
cardiovascular disease for thousands of years (Jia et al., 2020; Wang 
et al., 2017). The Qiangxinyin (QXY, 強心飲) formula, which consists of 
nine Chinese Materia Medica (Table 1), is derivate from Zhen Wu 
Decoction (真武湯) recorded in the Zhang Zhongjing’s (張仲景) doctoral 
experience manuscript titled “Shanghan Lun” (傷寒論) in ancient China 
Han dynasty. QXY effectively improves the clinical symptom and car
diac function in patients with chronic heart failure (Yan Shiyun, 2004). 
In a rodent model of heart failure induced by doxorubicin, QXY ame
liorates cardiac function and inhibits cardiomyocyte apoptosis by sup
pressing oxidative stress (Hu Jinping, 2023; Yan Hua, 2011). However, 
the active ingredients and underlying mechanisms of QXY are not fully 
understood. 

Cardiac hypertrophy, inflammation and fibrosis are the key funda
mental and antecedent pathological features of heart failure (McLellan 
et al., 2020). Zebrafish, a transparent vertebrate model sharing high 
genetic similarity with human, provides an alternative approach for 
mimicking cardiac dysfunction and hypertrophy (Kossack et al., 2017). 
The transgenic zebrafish line Tg (cmlc2: GFP) with specific green fluo
rescence protein (GFP) expression in cardiomyocyte has been 
well-established for cardiac function evaluation under fluorescence 
microscopy (Cheng et al., 2022; Ling et al., 2022; Wang et al., 2016), 
especially for the discovery of the cardioprotective ingredients from 
complex system like traditional Chinese medicine. 

In the present research, we aim to explore the chemical profile of 
QXY using ultra high performance liquid chromatography – mass 
spectrometry (UHPLC-MS) technology and employ the zebrafish model 
as well as rat cardiomyocyte H9c2 to identify the active constitutes and 
the action mechanisms of QXY. 

Materials and methods 

Chemicals and reagents 

Dimethyl sulfoxide (DMSO), thiazolyl blue tetrazolium (MTT), MS- 
222, isoproterenol (ISO), nifedipine (NIF) and propranolol (PRO) were 
purchased from Sigma-Aldrich (St. Louis, MO, USA). Benzoylmesaco
nine (BMA), atractylenolide I (ATL I), icariin (ICA), quercitrin (QUE), 
psoralen (PRN), kaempferol (KMP), ferulic acid (FA), protocatechuic 
acid (PCA), icaritin (ICT) and quercetin (QCT) were bought from 

Chengdu MUST Bio-technology (Chengdu, China). Enhanced mito
chondrial membrane potential assay kit with JC-1, lipid peroxidation 
(MDA) kit, Actin-Tracker Red-Rhodamine and ATP detection kit were 
purchased from Beyotime Biotechnology (Shanghai, China). TriPure 
isolation reagent, RNeasy Mini Kit, cDNA Synthesis System for RT-PCR 
kit and SYBGREEN PCR Master Mix were brought from Roche (Basel, 
Switzerland). Fura-2 and DAPI were purchased from Thermo Fisher 
Scientific (Waltham, MA, USA). GAPDH (Cat No.5174S), Phosphor- 
Smad2 (Ser465/467)/ Smad3 (Ser423/425) (Cat No.8828S), Smad2 
(Cat No.5339S), Phosphor-myosin phosphatase target subunit-1 (T853) 
(P-MYPT1, Cat No.4563S), myosin phosphatase target subunit-1 
(MYPT1, Cat No.2634S), RhoA (Cat No.2117S), RhoA/Rho-kinase 1 
(ROCK1, Cat No.4035S), Phosphor-Myosin Light Chain 2 (S19) (P-MLC, 
Cat No.3671S), Myosin Light Chain 2 (MLC, Cat No.3672S), Vimentin 
(Cat No.5741S), α-Smooth Muscle Actin (α-SMA, Cat No.19245S) and 
Anti-rabbit IgG (HRP-linked Antibody, Cat No.7074) were bought from 
Cell Signaling Technology (Danvers, Massachusetts, USA). 

Preparation of QXY extract 

Qiangxinyin formula (QXY) consists of nine Chinese Materia Medica, 
and their Chinese names, Pharmacopeia names, species with Latin 
names and dosages were listed in Table 1 according to the 2020 edition 
of the Chinese Pharmacopeia (Committee, 2020). The QXY was extrac
ted by water for two times. Firstly, a total of 105 g QXY was boiled in 
1050 ml distill water with reflux extraction, which was refer to the ratio 
of quality (g): volume (ml) = 1 : 10. The supernatant water extract was 
collected by filtration with filter paper (Whatman, Grade 598, Particle 
retention size 8–10 µm). Secondly, the QXY was boiled in 840 ml distill 
water with reflux extraction, which was refer to the ratio of quality (g) : 
volume (ml) = 1 : 8. The supernatant water extract was also collected by 
filtration and combined with the first water extract. Then, the QXY 
water extract was concentrated in a vacuum rotary evaporator 
(XD-2000A, Shanghai Xian De Experimental Instrument, Shanghai, 
China) with the condition of 50 ℃, − 0.1 Mpa and 120 rpm, and followed 
by nitrogen blowing in a blowing concentrator (NAI-DCY-24Y, Shanghai 
Na Ai Precision Instrument, Shanghai, China) under 50 ℃ and until the 
weight not loss. Finally, we got 14.468 g QXY extract with the yield of 
13.7779 % and it was kept in − 80℃ for further use. QXY extract was 
dissolved in DMSO to form a 100 mg/ml stock solution for the following 
experiments in both cell and zebrafish models. 

Table 1 
The constituents and proposed control standards of QXY formula.  

No. Chinese 
name 

Pharmacopeia name Species with Latin 
names 

Amount 
(g) 

Control standard 

Name CAS No. Compound 
CID 

Molecular 
formula 

Molecular 
weight 

1 附子 ACONITI LATERALIS 
RADIX PRAEPARATA 

Aconitum carmichaelii 
Debx. 

9 Benzoylmesaconine 63238–67–5 24832659 C31H43NO10 589.70 

2 白術 ATRACTYLODIS 
MACROCEPHALAE 
RHIZOMA 

Atractylodes 
macrocephala Koidz. 

12 Atractylenolide I 73069–13–3 5321018 C15H18O2 230.30 

3 淫羊藿 EPIMEDII FOLIUM Epimedium brevicornu 
Maxim. 

15 Icariin 489–32–7 5318997 C33H40O15 676.70 

4 豬苓 POLYPORUS Polyporus umbellatus 
(Pers.) Fries 

12 Quercitrin 522–12–3 5280459 C21H20O11 448.40 

5 補骨脂 PSORALEAE FRUCTUS Psoralea corylifolia L. 15 Psoralen 66–97–7 6199 C11H6O3 186.16 
6 白芍 PAEONIAE RADIX ALBA Paeonia lactiflora Pall. 9 Kaempferol 520–18–3 5280863 C15H10O6 286.24 
7 川芎 CHUANXIONG RHIZOMA Ligusticum chuanxiong 

Hort. 
12 Ferulic acid 1135–24–6 445858 C10H10O4 194.18 

8 茯苓 PORIA Poria cocos (Schw.) 
Wolf 

12 Protocatechuic acid 99–50–3 72 C7H6O4 154.12 

9 鹿角 CERVI CORNU Cervus elaphus 
Linnaeus, Cervus 
Nippon Temminck 

9 – – – – –  
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Qualitive and quantitative analysis of constituents in QXY extract by 
UHPLC-MS technology 

The QXY extract was preciously weighted two samples 0.245 g 
(Sample 1) and 0.251 g (Sample 2), and they were dissolved in 5 ml 
methanol and followed by supersonic extraction (250 W, 40 kHz, RT) for 
30 min respectively. Then the extractions were centrifuged at 1200 rpm 
for 10 min and the supernatants were filtered by a 0.22 µm filter 
membrane for further analysis. The control standards listed in Table 1 
were also prepared according to the above procedure and got the stock 
solution (10 µg/ml), and the mix standards sample was finally prepared 
with the concentration equal to 1 µg/ml of each compound. All the 
samples were measured and analyszed by the Thermo Scientific Q 
Exactive system which occupied with a Dionex Ultimate 3000 UHPLC 
system, an ACQUITY UPLC HSS T3 chromatographic column (2.1 
mm×100 mm, 1.8 µm, Waters, USA) and a quadrupole/electrostatic 
field orbitrap high resolution mass spectrometry (MS) detector accord
ing to our previous study (Zhou et al., 2019a). The chromatographic 
analysis condition followed by gradient elution using aqueous 0.1 % 
formic acid (I) and acetonitrile (II) (0~12 min, 5 %–95 % II; 12~14 min, 
95 % II; 14.01 min, 5 % II; 14.01~16 min, 5 % II) accompanied with the 
flow velocity of 0.3 ml/min, column temperature of 45℃ and injection 
volume of 3 µl. The parameters of MS detector were as follows: Iron 
source, HESI; Positive and negative detection model, with spray voltage 
of +3.5 KV and − 2.8 KV respectively; Auxiliary gas volume flow rate, 13 
l/min; Sheath gas flow, 80 l/min; Capillary temperature, 320℃; Auxil
iary gas heating temperature, 350℃; Collision energy, 30 eV; Detection 
model, full MS with resolution of 70,000, mass scan range of m/z 
80~1200. The external label one point method was used for the quan
tification of constitutes in QXY extract with average in sample 1 and 2. 

Zebrafish maintenance and embryos collection 

Wild type zebrafish and cardiomyocyte specifically expressed green 
fluorescence protein (GFP) zebrafish line Tg (cmlc2: GFP) were kindly 
provided by Prof. Simon Lee from The University of Macau and main
tained as described in the fourth edition of The Zebrafish Book: A guide 
for the laboratory use of zebrafish Danio (Brachydanio) rerio by Monte 
Westerfield, Institute of Neuroscience, University of Oregon according 
to our previous studies (Zhao et al., 2021; Zhou et al., 2020a). Briefly, 
zebrafish was fed twice a day with fresh brine shrimp under a 14-h/10-h 
light-dark cycle in a 28.5℃ water-cycling system with a standard con
dition (pH 7.0~8.0, conductivity 500~800 µS/cm). The zebrafish em
bryos were collected by 2 females mating with 1 male within 1 h. 
Embryos were raised in E3 medium (5 mM NaCl, 0.17 mM KCl, 0.33 mM 
CaCl2, 0.33 mM MgSO4) and cultured in a petri dish at 28.5 ◦C. The 
zebrafish embryos were anaesthetized by MS-222 or ice water before 
sacrifice. And all the experimental protocols were in accordance with 
the ethical guidelines of Care and Use of Laboratory Animals and 
approved by Longhua Hospital – Animal Ethics Committee of Shanghai 
University of Traditional Chinese Medicine. 

Toxicity analysis of QXY extract and its constituents in zebrafish 

One day post-fertilization (dpf) wild type zebrafish embryos were 
distributed in 12-well plastic culture plates with 10 embryos/well. The 
zebrafish embryos were treated with various concentrations of QXY 

extract (3, 10, 30, 100, 300 and 1000 µg/ml) or its constitutes (3, 10, 30, 
100 and 300 µM) including BMA, ATL I, ICA, QUE, PRN, KMP, FA and 
PCA for 5 days, and the survival rate of each group was recorded every 
day. The non-toxic concentrations of these compounds were applied in 
the following studies. 

Zebrafish cardiac hypertrophy and function evaluation 

Twenty-four hour post-fertilization (hpf) Tg(cmlc2: GFP) zebrafish 
embryos were distributed in 12-well plastic culture plates with 10 em
bryos/well. The zebrafish embryos were treated with ISO (1 mM), with 
or without various concentrations of QXY extract (100, 200 and 600 µg/ 
ml) or its constitutes including BMA (30, 100 and 300 µM), ATL I (1, 3 
and 10 µM), ICA (10, 30 and 100 µM), QUE (30, 100 and 300 µM), PRN 
(1, 3 and 10 µM), KMP (30, 100 and 300 µM), FA (30, 100 and 300 µM), 
PCA (10, 30, 100 and 300 µM), ICT (10, 30 and 100 µM) and QCT (30, 
100 and 300 µM), for 48 hrs. Then the systolic and diastolic morphology 
of ventricle were observed and recorded under an inverted fluorescence 
microscope (Ti-U, Nikon, Japan). The volume of ventricle was calcu
lated using the formula for a prolate spheroid: V = 4

3×π×a
2×(b

2)
2. The 

area of ventricle was calculated using the formula for an oval: S = π×a
2×

b
2. In the formula, the longitudinal axis was represented by a while the 
lateral axis was represented by b. The heart rate, cardiac output, stroke 
volume, ejection fraction (EF), fractional shortening (FS), ventricular 
end-diastolic area (SVED), ventricular end-systolic area (SVES), SVED - SVES 
(ΔS), ventricular end-diastolic volume (VVED) and ventricular end- 
systolic volume (VVES) were calculated (Wang et al., 2016) by a NIS 
Elements BR analysis software (Nikon, Japan). 

mRNA expression level detection by real-time PCR 

Twenty-four hpf wild type zebrafish embryos treated with ISO (1 
mM), with or without QXY extract (600 µg/ml), for 48 h. The mRNA 
expression of C-type natriuretic peptide (cnp), creatine kinase MB (ckmb) 
and cardiac troponin T 2 (ctnt2) were detected by real-time PCR ac
cording to our previous studies (Zhao et al., 2021; Zhou et al., 2023). 
Briefly, the total RNA was extracted by RNeasy Mini Kit (Roche) and its 
concentration was quantified by OD260nm using multiple functional 
microplate reader occupied with NanoQuant microplate (M200, Tecan). 
Then the mRNA was reverse-transcripted by cDNA Synthesis System for 
RT-PCR kit (Roche), and the mRNA expression level of interested gene 
was detected with SYBGREEN PCR Master Mix (Roche) based on a light 
cycle 96 real-time PCR system (Roche). The specific primers of inter
ested genes were listed in Table 2, and gapdh was served as the internal 
control. Finally, the expression levels of these genes were measured by 
2− ΔΔCt relative quantification method and presented as folds of the 
control group. 

Transcriptome analysis by RNA-seq 

Twenty-four hpf wild type zebrafish embryos were distributed in 6- 
well plastic plate with 50 fishes in each well. Zebrafish embryos were 
treated with or without QXY extract (600 µg/ml) for 48 h with 3 repli
cates in each group, then the total RNA of each sample was extracted by 
trizol reagent and followed by RNA-seq according to our previous 
studies (Zhou et al., 2020a). Briefly, the RNA concentration was quan
tified by Qubit® 2.0 Flurometer (Life Technologies, CA, USA), and the 

Table 2 
Specific primers of zebrafish genes used in real-time PCR.  

Accession number Gene name Forward primer Reverse primer 

NM_152,893.1 ctnt2 5′-CAGTGACCATCAGAAAACGTC-3′ 5′-TTTCAACAGTGGTCAGCTCC-3′ 
NM_001109940.1 cnp 5′-AGCCGGATCTAAGAAAGGCG-3′ 5′-ATCCCGCTCATGGTCCCTAT-3′ 
XM_005157593.1 ckmb 5′-CGTGACTGGTCTGACGGTAG-3′ 5′-TCCTCGTTCACCCACACAAG-3′ 
NM_213,094.2 gapdh 5′-GCTTGGCTCCTCTGGCTAAA-3′ 5′-GTCTTCTGTGTGGCGGTGTA-3′  
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quality of the RNA was measured by the 2100 RNA Nano 6000 Assay Kit 
(Agilent Technologies, CA, USA). Construction of the sequencing library 
and RNA sequencing were performed by TIANGEN (Beijing, China) 
using the Illumina HiSeqTM4000 Platform. The differentially expressed 
genes (DEGs) were identified by DESeq2 with the criteria of false dis
covery rate (FDR) < 0.05 and fold change (FC) > 0.64. The DEGs were 
visualized by volcano plot and the Gene Ontology (GO) enrichment 

analysis was used for the classification of the DEGs in terms of the mo
lecular function (MF), cellular component (CC) and biological process 
(BP). 

Calcium (Ca2+) imaging 

The rat cardiomyocyte H9c2 was purchased from ATCC (CRL-1446). 

Fig. 1. The protective effect of QXY on the ISO-induced cardiac hypertrophy, dysfunction and injury in zebrafish. (A) Experimental flow and the demon
stration of cardiac imaging and calculation of ventricular volume in transgenic zebrafish Tg (cmlc2: GFP) embryos. (B) The survival curve of 24 h post-fertilization 
(hpf) zebrafish embryos treated with various concentrations (100, 300, 600 and 1000 µg/ml) of QXY extract for 5 days. (C) The pictures demonstrated the end- 
diastolic and systolic images of ventricle in various treatment groups. (D) Twenty-four hpf zebrafish embryos were treated with ISO (1 mM), with or without 
various concentrations (100, 200 and 600 µg/ml) of QXY extract, for 48 h, then the cardiac morphology was observed by an inverted fluorescence microscope as well 
as the calculation of heart rate, cardiac output, stroke volume, ejection fraction (EF), fractional shortening (FS), ventricular end-diastolic area (SVED), ventricular end- 
systolic area (SVES), SVED - SVES (ΔS), ventricular end-diastolic volume (VVED) and ventricular end-systolic volume (VVES). Co-treatment of the beta-blocker pro
pranolol (PRO, 10 µM) with ISO (1 mM) served as the positive control. (E) Twenty-four hpf zebrafish embryos were treated with ISO (1 mM), with or without QXY 
extract (600 µg/ml), for 48 h, then the mRNA expression levels of C-type natriuretic peptide (cnp), creatine kinase MB (ckmb) and cardiac troponin T 2 (ctnt2) were 
measured by real-time PCR, and the results were presented as folds of the control group. All the data were presented as mean ± SEM. #p < 0.05 and ###p < 0.001 vs 
control (Ctrl) group; *p < 0.05, **p < 0.01 and ***p < 0.001 vs ISO-treated group. 
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The cells were cultured in DMEM supplemental with 10 % FBS and 1 % 
PS in 37 ℃ incubator with 5 % CO2 in atmosphere. The cells were seeded 
in 20 mm glass bottom cell culture dish (Biosharp) with the density of 1 
× 105 cell/dish and cultured for 24 h, then followed by calcium probe 
loading, drug treatment and intracellular Ca2+ imaging. Firstly, the cells 
were staining with Ca2+ indicator Fura-2 (1 µM) for 20 min in Tyrode’s 
solution (137 mM NaCl, 5.4 mM KCl, 1.0 mM MgCl2, 10 mM HEPES, 10 
mM Glucose and 1.8 mM CaCl2), then wash with Tyrode’s solution three 

times. Secondly, the cells were treated with QXY (20 µg/ml) or NIF (2 
µM) which served as the positive control for 15 min according to our 
experimental design. Finally, the intracellular Ca2+ change was stimu
lated by ISO (1 µM) and real-time recorded by elimination of 340 nm/ 
380 nm under fluorescence microscope (Nikon Ti-E, Japan) that occu
pied with Shutter light source and CMOS camera according to our pre
vious study (Zhou et al., 2019b). The intracellular Ca2+ change was 
presented as the real-time fluorescence intensity (F1) to the fluorescence 
intensity before stimulation (F0). 

Mitochondrial membrane potential and cytoskeleton staining 

The H9c2 cells were seeded in 24-well cell culture plate with a 
density of 3 × 104 cell/well and cultured for 24 h. The cells were treated 
with ISO (100 µM), with or without various concentration of QXY (3 µg/ 
ml and 5 µg/ml), for 24 h. For mitochondrial membrane potential 
staining, the cells were stained with JC-1 for 20 min at 37 ºC. The cells 
were photographed with the filters of GFP and Cy3 for green monomeric 
JC-1 and red aggregated JC-1 respectively using inverted fluorescence 
microscopy (Ti-U, Nikon, Japan). The mitochondrial membrane poten
tial change was calculated by the fluorescence intensity ratio of Green/ 
Red. For the cytoskeleton staining, the cells were fixed by 4 % PFA for 30 
min at room temperature, then followed by staining with Actin-Tracker 
Red-Rhodamine for 30 min. The cells were counter stained with DAPI 
before image by inverted fluorescence microscopy (Ti-U, Nikon, Japan) 
using the filters of Cy3 and UV respectively. The intracellular cytoskel
eton amount was calculated by the area of red cytoskeleton normalized 
with cell number. 

Fig. 2. The qualitative and quantitive analysis of the main contents of QXY extract by UHPLC-MS. (A-B) The total iron current in both positive and negative 
models and single iron monitor of mix standards including benzoylmesaconine, atractylenolide I, icariin, quercitrin, psoralen, kaempferol, ferulic acid and proto
catechuic acid. (C-D) The total iron current in both positive and negative models and selected iron monitoring (SIM) of QXY extract. Red arrows indicated the 
standards or compounds in QXY extract. Retention times: Benzoylmesaconine, 5.93 min; Atractylenolide I, 11.46 min; Icariin, 6.56 min; Quercitrin, 5.36 min; 
Psoralen, 7.47 min; Kaempferol, 7.30 min; Ferulic acid, 5.26 min; Protocatechuic acid, 3.13 min. 

Table 3 
The content determination of components in QXY extract by UHPLC-MS.  

No. Compound name Content in 
Sample 1 (µg/ 
g) 

Content in 
Sample 2 (µg/ 
g) 

Average 
Content 
(Mean ± S. 
D.) 

1 Benzoylmesaconine 
(BMA) 

119.86 129.02 124.44 ±
6.48 

2 Atractylenolide I (ATL 
I) 

0.38 0.47 0.42 ± 0.06 

3 Icariin (ICA) 987.85 1086.05 1036.95 ±
69.44 

4 Quercitrin (QUE) 77.58 78.70 78.14 ±
0.79 

5 Psoralen (PRN) 988.65 979.96 984.30 ±
6.14 

6 Kaempferol (KMP) 3.03 3.32 3.18 ± 0.21 
7 Ferulic acid (FA) 400.53 431.27 415.90 ±

21.74 
8 Protocatechuic acid 

(PCA) 
39.31 40.41 39.86 ±

0.78  
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Intracellular lipid peroxidation (MDA) and ATP assays 

The H9c2 cells were seeded in 6-well cell culture plate with a density 
of 1.6 × 105 cell/well and cultured for 24 h. The cells were treated with 
ISO (100 µM), with or without QXY (5 µg/ml), for 24 h. Then, the cells 
were collected and followed by intracellular MDA and ATP detection 
according to manufactures. The protein concentration was measured by 
BCA assay. The results were normalized by protein concentration and 
presented as folds of the control group. 

Western blotting 

The H9c2 cells were seeded in 6-well cell culture plate with a density 
of 1.6 × 105 cell/well and cultured for 24 h. The cells were treated with 
ISO (100 µM), with or without QXY (5 µg/ml), for 24 h. The western 
blotting procedure was following with our previous studies (Zhang et al., 

2022; Zhou et al., 2023). Briefly, the cells were collected and lysis by 
RIPA buffer, and followed by protein concentration measurement using 
BCA kit. Twenty microgram protein of each sample was applied for 
denaturation and separation using SDS-PAGE gel electrophoresis. The 
proteins were transferred to PVDF membrane (0.45 µm), and the 
membrane was blocked in 5 % non-fat milk for 2 h at room temperature. 
Then the membrane was incubated with primary antibody (1:1000) 
overnight at 4◦C and followed by the incubation with HRP-linked sec
ondary antibody for 2 h at room temperature. Finally, the protein bands 
were visualized by the addition of ECL reagent and imaged by an im
aging system (GE AM600, Fairfield, CT, USA). The integrated density of 
each protein band was analyzed by Image J software with normalization 
to internal control GAPDH. 

Fig. 3. The chemical structures of QXY ingredients and their toxicity profiles in zebrafish. (A) The chemical structures of QXY ingredients. (B) The survival 
curve of 24 hpf zebrafish embryos treated with indicated concentrations of benzoylmesaconine (BMA), atractylenolide I (ATL I), icariin (ICA), quercitrin (QUE), 
psoralen (PRN), kaempferol (KMP), ferulic acid (FA) and protocatechuic acid (PCA) for 5 days. #p < 0.05, ##p < 0.01 and ###p < 0.001 vs control (Ctrl) group. 
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Statistical analysis 

Each experiment has been repeated at least three times indepen
dently. Data were presented as mean ± SEM. All the data were analyzed 
and graphed by Prism GraphPad software (version 8.0). Student’s t-test 
and One-way ANOVA were used to evaluate the significant difference 
between two groups, and p < 0.05 was considered significantly. 

Results 

QXY ameliorated ISO-induced cardiac hypertrophy, dysfunction and 
injury in zebrafish 

Transgenic zebrafish Tg (cmlc2: GFP) embryos with heart-specific 

expression of GFP were employed to establish isoproterenol (ISO)- 
induced cardiac hypertrophy (Kossack et al., 2017). Heart rate, cardiac 
output, stroke volume, ejection fraction (EF), fractional shortening (FS), 
ventricular end-diastolic area (SVED), ventricular end-systolic area 
(SVES), SVED - SVES (ΔS), ventricular end-diastolic volume (VVED) and 
ventricular end-systolic volume (VVES) were selected as the key evalu
ation criteria of cardiac function (Fig. 1A). QXY within the concentration 
of 300 µg/ml did not significantly cause zebrafish death (Fig. 1B). ISO (1 
mM) dramatically increased cardiac output, stroke volume, EF, SVED, 
SVES, ΔS, VVED and VVES than the control group although the heart rate 
and FS were not significantly change. Co-treatment with various con
centrations of QXY extract (100, 200 and 600 µg/ml) significantly 
decreased the cardiac output, stroke volume, EF, SVED, SVES, ΔS, VVED 
and VVES in a concentration-dependent manner (Fig. 1C and D). 

Fig. 4. The protective effect of psoralen (PRN) on ISO-induced cardiac hypertrophy and dysfunction in zebrafish. (A) The pictures demonstrated the end- 
diastolic and systolic image of ventricle in various treatment groups. (B) Twenty-four hpf zebrafish Tg(cmlc2: GFP) embryos were treated with ISO (1 mM), with 
or without various concentrations (1, 3 and 10 µM) of PRN, for 48 h, then the cardiac morphology was observed by an inverted fluorescence microscope as well as the 
calculation of heart rate, cardiac output, stroke volume, EF, FS, SVED, SVES, ΔS, VVED and VVES. All the data were presented as mean ± SEM. #p < 0.05 and ###p <
0.001 vs control (Ctrl) group; *p < 0.05, **p < 0.01 and ***p < 0.001 vs ISO-treated group. n = 4–6. 
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Propranolol (PRO), which is a beta-blocker and widely used for treat
ment of heart failure, served as the positive control. Consistently, ISO 
treatment significantly elevated the mRNA expression levels of cardiac 
injury markers including C-type natriuretic peptide (cnp), creatine ki
nase MB (ckmb) and cardiac troponin T 2 (ctnt2), while co-treatment 
with QXY (600 µg/ml) significantly reduced the expression of these 
genes (Fig. 1E). These results indicated that QXY extract effectively 
prevented ISO-induced cardiac hypertrophy, dysfunction and injury. 

Identification and quantification of the main contents of QXY by UHPLC- 
MS 

The QXY formula contains nine Chinese Materia Medica listed in 
Table 1. UHPLC-MS was applied to analyze the major constitutes in QXY 
extract. The total iron current and selected iron monitoring (SIM) were 
performed for quantification and identification (Fig. 2A and B). Eight 
compounds, including benzoylmesaconine (BMA), atractylenolide I 
(ATL I), icariin (ICA), quercitrin (QUE), psoralen (PRN), kaempferol 
(KMP), ferulic acid (FA) and protocatechuic acid (PCA) were identified 
in QXY extract (Fig. 2C and D). Their amounts were 124.44 ± 6.48 µg/g, 
0.42 ± 0.06 µg/g, 1036.95 ± 69.44 µg/g, 78.14 ± 0.79 µg/g, 984.30 ±

6.14 µg/g, 3.18 ± 0.21 µg/g, 415.90 ± 21.74 µg/g and 39.86 ± 0.78 µg/ 
g, respectively (Fig. 3A and Table 3). The top three ingredients of QXY 
extract were ICA, PRN and FA (Table 3). Toxicity analyses in zebrafish 
revealed that the maximum non-toxic concentrations of BMA, ATL I, 
ICA, QUE, PRN, KMP, FA and PCA were 300 µM, 10 µM, 300 µM, 300 
µM, 30 µM, 100 µM, 300 µM and 300 µM, respectively (Fig. 3B). Thus, 
non-toxic concentrations of these compounds were used to test their 
protective activities against ISO-induced cardiac hypertrophy in 
zebrafish. 

Identification of the main active ingredients of QXY protecting against ISO- 
caused cardiac hypertrophy and dysfunction in zebrafish 

In vivo, the glycosides ICA and QUE were hydrolyzed to form agly
cons icaritin (ICT) and quercitin (QCT) respectively (Bi et al., 2022; Dai 
et al., 2021). Next, the cardiac protective functions of all eight com
pounds plus ICT and QCT, were examined using ISO-treated zebrafish 
model (Figs. 4–6, and S1-S7). The results demonstrated that PRN and 
KMP significantly decreased the cardiac output, stroke volume, EF, SVED, 
SVES, ΔS, VVED and VVES on ISO-induced cardiac hypertrophy in zebra
fish (Figs, 4 and 5). Interestingly, although ICA did not affect 

Fig. 5. The protective effect of kaempferol (KMP) on ISO-induced cardiac hypertrophy and dysfunction in zebrafish. (A) The pictures demonstrated the end- 
diastolic and systolic image of ventricle in various treatment groups. (B) Twenty-four hpf zebrafish Tg(cmlc2: GFP) embryos were treated with ISO (1 mM), with or 
without various concentrations (30, 100 and 300 µM) of KMP, for 48 h, then the cardiac morphology was observed by an inverted fluorescence microscope as well as 
the calculation of heart rate, cardiac output, stroke volume, EF, FS, SVED, SVES, ΔS, VVED and VVES. All the data were presented as mean ± SEM. #p < 0.05, ##p <
0.01 and ###p < 0.001 vs control (Ctrl) group; *p < 0.05, **p < 0.01 and ***p < 0.001 vs ISO-treated group. n = 4–6. 
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ISO-induced cardiac hypertrophy (Figure S1), its catabolite ICT signif
icantly reduced ISO-induced elevation of cardiac output, stroke volume, 
EF, ΔS and VVES in zebrafish with low toxicity (Fig. 6). Taken together, 
PRN, KMP and ICA might be the active constitutes of QXY extract pre
venting cardiac injury. 

QXY inhibited calcium influx and mitochondrial dysfunction in H9c2 
cardiomyocyte 

To determine the potential pharmacological targets of QXY, we 
performed transcriptomic analysis by RNA-seq technology in zebrafish. 
Approximately 91.80 % sequences matched with annotated genes in the 

Genome assembly GRCz11 (Submitted GenBank assembly 
GCA_000002035.4) and 25,619 genes were detected in total. Eighty- 
nine differentially expressed genes (DEGs) were identified between the 
QXY-treated and control groups in which 43 genes were upregulated and 
46 genes downregulated by QXY treatment. These DEGs were visualized 
by volcano plot and further analysis by GO enrichment (Fig. 7A). The 
results indicated that QXY might target the Ca2+-related signaling and 
proteins. Thus, the effect of QXY on the intracellular Ca2+ influx was 
analyzed in H9c2 cardiomyocyte. 

ISO specifically actives beta-andrenegic receptor and triggers Ca2+

influx through L-type calcium channel (Zhou et al., 2009). Consistently, 
we found that ISO triggered the calcium influx in H9c2 cells whereas 

Fig. 6. The protective effect of icaritin (ICT) on ISO-induced cardiac hypertrophy and dysfunction in zebrafish. (A) The demonstration of ICA catalyzed to ICT 
by hydrolysis of the glucose groups. (B) The survival curve of 24 hpf zebrafish WT embryos treated with various concentrations (10, 30, 100, 300 and 1000 µM) of ICT 
for 5 days. (C) The pictures demonstrated the end-diastolic and systolic image of ventricle in various treatment groups. (D) Twenty-four hpf zebrafish Tg(cmlc2: GFP) 
embryos were treated with ISO (1 mM), with or without various concentrations (10, 30 and 100 µM) of ICT, for 48 h, then the cardiac morphology were observed by 
an inverted fluorescence microscope as well as the calculation of heart rate, cardiac output, stroke volume, EF, FS, SVED, SVES, ΔS, VVED and VVES. All the data were 
presented as mean ± SEM. #p < 0.05, ##p < 0.01 and ###p < 0.001 vs control (Ctrl) group; *p < 0.05 and **p < 0.01 vs ISO-treated group. n = 4–6. 
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pre-treatment with QXY (5 µg/ml) significantly inhibited the 
ISO-induced intracellular Ca2+ elevation (Fig. 7B). The L-type calcium 
channel blocker nifedipine (NIF) was served as the positive control. 
Calcium influx and overload impact mitochondrial function and oxida
tive stress in cardiomyocyte (Dridi et al., 2023). ISO disrupted the 
mitochondrial membrane potential, which was prevented by 
co-treatment with QXY (Fig. 7C and D). QXY (5 µg/ml) significantly 
decreased intracellular MDA contents (Fig. 7E) and protected against the 
reduction of intracellular ATP in ISO-treated cardiomyocytes (Fig. 7F). 
These results suggested that QXY inhibited calcium influx and mito
chondrial dysfunction. 

QXY suppressed ISO-induced hypertrophy and cytoskeleton reorganization 

Cardiac hypertrophy is characterized by cell hypertrophy and cyto
skeleton reorganization in cardiomyocyte (Kooij et al., 2016). The re
sults showed that ISO treatment significantly increased the cytoskeleton 
area and protein concentration in H9c2 cardiomyocytes, which were 
prevented by co-treatment with QXY (5 µg/ml) (Fig. 8A). The Smad 
family member 2 (SMAD2) and RhoA/Rho-kinase (ROCK) signaling 
pathways are involved in cellular process of cell hypertrophy and 
cytoskeleton reorganization (Amano et al., 2010; Duran et al., 2018). 
Co-treatment of QXY with ISO significantly increased the phosphoryla
tion of SMAD2 when compared with ISO-treated group (Fig. 8B). The 
cardiac fibrosis markers, α-SMA and vimentin (Ding et al., 2020), were 
not significantly changed in all groups (Fig. 8B). Moreover, co-treatment 
of QXY with ISO increased the phosphorylation of myosin phosphatase 
subunit 1 (MYPT1) while decreased the phosphorylation of myosin light 
chain (MLC) (Fig. 8C). However, QXY did not affect the reduction of 
ROCK1 by ISO and the amount of RhoA (Fig. 8C). These results revealed 
that QXY significantly inhibited the cardiomyocyte hypertrophy and 
cytoskeleton reorganization at least partly by regulation of SMAD2 and 
ROCK signaling pathways. 

Discussion 

Heart failure is a severe outcome of cardiovascular disease and 
characterized by cardiac hypertrophy. Traditional Chinese medicine, 
such as QXY formula, provides an alternative medication for heart 
failure based on its thousands of years’ clinical application. In the this 
study, we explored the underlying mechanisms of QXY formula as well 
as its active ingredients. 

Zebrafish has emerged as an attractive model for the study of car
diovascular disease due to its advantages including genetic similarity 
with human, lower cost, transparent embryos and short experimental 
period (Kossack et al., 2017). In this study, we employed the transgenic 
zebrafish embryos with specific expression of GFP in cardiomyocyte. 
The β-adrenergic receptor activator ISO-induced cardiac hypertrophy 
model was applied (Kossack et al., 2017) (Fig. 1A). We found that QXY 
has low toxicity on zebrafish embryo within the concentration range ≤
600 µg/ml (Fig. 1B), and significantly blocked ISO -induced cardiac 
dysfunction and injury in zebrafish (Fig. 1C, D and E). QXY exerts 
cardiac protective activity in a concentration-dependent manner. 

The well-known feature of traditional Chinese medicine is the com
plex ingredients. Thus, we analyzed the chemical profile of QXY using 

UHPLC-MS (Fig. 2). The main constitutes were BMA, ATL I, ICA, QUE, 
PRN, KMP, FA and PCA (Fig. 2 and Table 3), in which ICA, PRN and FA 
represent the top three ingredients. The quantification of the ingredient 
of QXY is beneficial as a quality control for further drug development. In 
order to clarify the active constitutes of QXY, we evaluated the toxicity 
of these eight constitutes in zebrafish embryos (Fig. 3B) and screened 
their anti-cardiac hypertrophy effects using ISO-induced cardiac hy
pertrophy zebrafish model. ICT and QCT, which were the hydrolysis 
metabolite of ICA and QUE respectively, were also included (Figs. 4–6 
and S1–S7). We found that PRN, KMP and ICT, significantly protected 
against ISO-induced cardiac hypertrophy and dysfunction (Figs. 4–6). 
PRN is one of the active constitutes of Chinese Materia Medica PSOR
ALEAE FRUCTUS, which is the dry matured fruit of Psoralea corylifolia L. 
(Committee, 2020), with potent hepatotoxicity (Guo et al., 2021). We 
reported its cardiac protective effect against ISO-induced cardiac hy
pertrophy for the first time. Further study is needed for the treatment 
window of PRN for cardiac hypertrophy as well as its molecular 
structure-toxicity relationship. KMP belongs to flavonoid and widely 
exists in multiple Chinese Materia Medica, including PAEONIAE RADIX 
ALBA, with various pharmacological activities such as anti-cancer 
(Imran et al., 2019), anti-diabetes (Yang et al., 2022), anti-microbial 
(Periferakis et al., 2022) and anti-neurodegenerative disease (Dong 
et al., 2023). The anti-cardiac hypertrophy activity of KMP might result 
from its anti-oxidative (Chagas et al., 2022) and anti-inflammation 
(Alam et al., 2020) effects according to previous studies (Dabeek and 
Marra, 2019). ICT is the hydrolysis product of ICA, which is the main 
active component of Chinese Materia Medica EPIMEDII FOLIUM 
(Committee, 2020). Interestingly, ICT presented significant anti-cardiac 
hypertrophy effect while ICA not presented this activity (Fig. S1) 
although they are structural similarity. The metabolic process of com
pound is complex in zebrafish although the metabolic pathway is similar 
with mammalian (Li et al., 2011). Taken together, these results suggest 
that PRN, KMP and ICA are the main active ingredients of QXY pre
venting cardiac hypertrophy, which can be used for the bioactive 
markers of QXY in its further drug development. 

Pan-omics analysis including transcriptome, metabolome and pro
teome are useful tools for mechanistic study of traditional Chinese 
medicine treating disease (Zhou et al., 2019a; 2020b; 2020c). Regarding 
the underlying mechanisms of QXY protecting against cardiac hyper
trophy, we profiled the transcriptome of QXY treatment in zebrafish and 
found that the DEGs were enriched in item of calcium binding (Fig. 7A). 
Consistently, QXY dramatically blocked the calcium influx that stimu
lated by ISO, and the calcium influx blockage effect of QXY was strong 
than L-type calcium channel inhibitor NIF (Fig. 7B). The intracellular 
calcium overload, which is caused by calcium influx, attributes to car
diomyocyte injury by disruption of mitochondria function, leading to 
the intracellular ROS accumulation, lipid peroxidation and ATP reduc
tion (Fu et al., 2023; Li et al., 2024). In this study, we also found that ISO 
impaired the mitochondrial membrane potential, lipid peroxidation 
(MDA) and ATP production, while these pathological changes were 
almost abolished by QXY (Fig. 7C-F). These results suggest that the 
blockage of calcium influx and preventing calcium overload might play 
vital roles in QXY protecting against cardiac hypertrophy. 

Moreover, the increased intracellular calcium affects cardiomyocyte 
contractile machinery and cytoskeleton reorganization (Sequeira et al., 

Fig. 7. The protective effect of QXY on ISO-induced calcium influx and mitochondrial dysfunction in H9c2 cells. (A) The transcriptome profile of the 
regulation of gene expression and its GO enrichment of differentially expressed genes (DEGs) between QXY-treated and control groups. Red rectangle presented that 
DEGs were enriched with the item of calcium binding. (B) The intracellular calcium imaging of H9c2 cells, which were pre-treated with QXY (20 µg/ml) or nifedipine 
(NIF, 2 µM) for 15 min, challenged with ISO (1 µM). The L-type calcium channel blocker NIF served as the positive control. The intracellular Ca2+ change was 
presented as the real-time fluorescence intensity (F1) to the fluorescence intensity before stimulation (F0), which indicated by the color change in the real-time 
imaging. (C-D) The H9c2 cells were treated with ISO (100 µM), with or without QXY (3 µg/ml, 5 µg/ml), for 24 h. The mitochondrial membrane potential were 
detected by JC-1 staining and calculated by the fluorescence intensity ratio of Green (monomeric JC-1) / Red (aggregated JC-1). (E-F) The H9c2 cells were treated 
with ISO (100 µM), with or without QXY (5 µg/ml), for 24 h. Then the cells were harvested and followed by intracellular MDA and ATP assays according to the 
manufactures. All the data were presented as mean ± SEM. #p < 0.05, ##p < 0.01 and ###p < 0.001 vs control (Ctrl) group; *p < 0.05 and **p < 0.01 vs ISO- 
treated group. n = 4–6. 
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Fig. 8. The protective effect and mechanism of QXY on ISO-induced cytoskeleton reorganization and hypertrophy in H9c2 cells. (A) The H9c2 cells were 
treated with ISO (100 µM), with or without QXY (3 µg/ml, 5 µg/ml), for 24 h. The intracellular cytoskeleton and nuclei were stained with Actin-Tracker Red- 
Rhodamine and DAPI, respectively. The protein concentration of cells was measured by BCA analysis. (B-C) The H9c2 cells were treated with ISO (100 µM), with or 
without QXY (5 µg/ml), for 24 h. The protein expression levels of phosphor-SMAD2/3, SMAD2, α-SMA, Vimentin, RhoA, ROCK1, phosphor-MYPT1, MYPT1, 
phosphor-MLC, and MLC were detected by western blotting. GAPDH served as the internal control. All the data were presented as mean ± SEM. #p < 0.05, ##p <
0.01 and ###p < 0.001 vs control (Ctrl) group; *p < 0.05 and **p < 0.01 vs ISO-treated group. n = 4–6. 
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2014). QXY inhibited the ISO-induced cytoskeleton reorganization and 
hypertrophy in cardiomyocyte (Fig. 8A). Previous studies indicated that 
ISO led to the cardiac fibrosis and hypertrophy via the activation of 
SMAD2 in rat (Meshram et al., 2022). But, we found that the ISO 
inhibited the activation of SMAD2 and not affected the fibrosis markers 
including α-SMA and vimentin (Fig. 8B). The reason might be the acute 
treatment of high concentration of ISO that mainly affected the cell 
viability in this study since the SMAD2 signaling is also important for 
cell growth (Thien et al., 2015; Zhang et al., 2021). Although QXY 
increased the phosphorylation of SMAD2, the fibrosis markers α-SMA 
and vimentin were also not significant changed (Fig. 8B). In addition, 
ISO increased the phosphorylation of MLC, which are the indicator of 
ROCK signaling activation and cytoskeleton reorganization (Huang 
et al., 2018; Zhou et al., 2018), and QXY dramatically inhibited MLC 
phosphorylation (Fig. 8C). QXY also suppressed the ISO-induced the 
phosphorylation of MYPT1 regardless of RhoA and ROCK1 (Fig. 8C). 
These results revealed that QXY was likely to inhibit ISO-induced ROCK 
activation signaling. The inhibition of ROCK signaling has been proved 
with great therapeutic potential in cardiovascular disease including 
cardiac hypertrophy and heart failure (Hartmann et al., 2015; Surma 
et al., 2011). Taken together, QXY might inhibit the calcium overload 
and its associated mitochondrial dysfunction as well as ROCK-related 
cytoskeleton reorganization in the treatment of cardiac hypertrophy 
(Fig. 9). However, these regulations are just partially though attenuation 
of RhoA/ROCK/MYPT1/MLC signaling cascade. In the current study, 
the pharmacokinetic study has not been included, which is vital for the 
elucidating the active ingredients of QXY as well as the underlying 
mechanism. If the pharmacokinetic and pharmacodynamic study of 
QXY, such as ADME (absorbance, distribution, metabolism and elimi
nation), has been completed in mice or rat, the drug-containing serum 
can be employed for the mechanistic study in cardiomyocyte. Although 
the anti-cardiac hypertrophy effect of QXY and its underlying mecha
nism has been partially elucidated in zebrafish and cardiomyocyte, the 
verification in mice or rat should be conducted in the future. 

Conclusion 

PRN, KMP and ICT are the main active ingredients of QXY protecting 
against cardiac hypertrophy. The underlying mechanism of QXY pre
venting cardiac hypertrophy is involved in the blockage of calcium 
influx, and subsequent inhibition of mitochondrial dysfunction and 

cytoskeleton reorganization. Our findings provide evidence for the 
clinical usage of QXY for the treatment of heart failure and are beneficial 
for the quality control and further drug development of QXY. 
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