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ABSTRACT This study aimed to observe the protective effect of momordicine I, a 
triterpenoid compound extracted from momordica charantia L., on isoproterenol 
(ISO)-induced hypertrophy in rat H9c2 cardiomyocytes and investigate its potential 
mechanism. Treatment with 10 μM ISO induced cardiomyocyte hypertrophy as evi-
denced by increased cell surface area and protein content as well as pronounced up-
regulation of fetal genes including atrial natriuretic peptide, β-myosin heavy chain, 
and α-skeletal actin; however, those responses were markedly attenuated by treat-
ment with 12.5 μg/ml momordicine I. Transcriptome experiment results showed that 
there were 381 and 447 differentially expressed genes expressed in comparisons of 
model/control and momordicine I intervention/model, respectively. GO enrichment 
analysis suggested that the anti-cardiomyocyte hypertrophic effect of momordicine 
I may be mainly associated with the regulation of metabolic processes. Based on 
our transcriptome experiment results as well as literature reports, we selected glyc-
erophospholipid metabolizing enzymes group VI phospholipase A2 (PLA2G6) and 
diacylglycerol kinase ζ (DGK-ζ) as targets to further explore the potential mechanism 
through which momordicine I inhibited ISO-induced cardiomyocyte hypertrophy. 
Our results demonstrated that momordicine I inhibited ISO-induced upregulations of 
mRNA levels and protein expressions of PLA2G6 and DGK-ζ. Collectively, momordi-
cine I alleviated ISO-induced cardiomyocyte hypertrophy, which may be related to its 
inhibition of the expression of glycerophospholipid metabolizing enzymes PLA2G6 
and DGK-ζ.

INTRODUCTION
Cardiac hypertrophy is a common pathological process in vari-

ous cardiovascular diseases including coronary heart disease and 
hypertension, which eventually develops into heart failure and 
threatens human health. Currently, medications commonly used 
to treat cardiovascular diseases in the clinical such as angiotensin 
I converting enzyme inhibitor, angiotensin II receptor blocker, 
and β-receptor blocker, etc. can not completely block or reverse 

the development of cardiac hypertrophy. Previous studies have 
shown that abnormal lipid metabolism is one of the most impor-
tant independent risk factors for cardiac hypertrophy and may 
affect the occurrence and development of cardiac hypertrophy 
[1]. When cardiac hypertrophy or diabetic heart disease occurred, 
the levels of some phospholipids and sphingolipids in the heart, 
for example, phosphatidylinositol, phosphatidylcholine and ce-
ramide, were distinctly altered [2-4]. Recent studies found that 
some enzymes involved in glycerophospholipid metabolism were 
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closely related to cardiac hypertrophy. A significant upregulation 
of CDP-diacylglycerol synthase 1 was observed in vasopressin-
induced rat H9c2 cardiomyocyte hypertrophy model [5]. Dia-
cylglycerol kinase ζ (DGK-ζ) was also upregulated in endothe-
lin-1 induced neonatal rat cardiomyocytes hypertrophy model, 
whereas overexpression of DGK-ζ blocked endothelin-1 induced 
activation of PKCε-ERK-AP1 pathway, resulting in suppression of 
cardiac hypertrophy [6].

Momordica charantia L. is a kind of medicinal and edible plant 
that belongs to the Cucurbitaceae family. Literatures have shown 
that momordica charantia L. has multiple pharmacological prop-
erties such as anti-diabetic, anti-tumor, anti-lipolysis, anti-in-
flammatory, anti-bacterial, anti-oxidant, anti-ulcer, hepatoprotec-
tive, immunomodulation and deworming activities, and contains 
numerous phytochemicals such as saponins, polysaccharides, 
triterpenes, proteins, flavonoids, steroids and vitamins [7]. It is 
reported that polysaccharides, peptides, saponins and triterpenes 
can regulate glucose and lipid metabolism, and are considered to 
be the important functional components of momordica charantia 
L. [8]. Wen et al. [9] showed that combination of polysaccharides 
from both fermented and non-fermented momordica charantia 
L. with lactobacillus plantarum NCU116 improved glycero-
phospholipids, glycosphingolipids, and amino acid metabolism, 
thereby relieving hypercholesterolemia and overweight in obese 
rats. Momordica charantia insulin receptor binding peptid-19 
(mcIRBP-19), one peptide from momordica charantia L. has been 
demonstrated to possess an insulin-like effect. A clinical study in-
dicated that mcIRBP-19-containing momordica charantia extract 
can still reduce fasting blood glucose and hemoglobin A1c when 
anti-diabetic drugs are ineffective [10]. In addition, some sapo-
nins and triterpenoids from momordica charantia L. have been 
reported to stimulate insulin secretion and relieve hyperglycemia 
[11], particularly triterpenoids could also improve liver steatosis 
[12].

Momordicine I (Fig. 1A), a cucurbitane-type triterpenoid com-
pound from stems, leaves and fruits of momordica charantia L., 
has been demonstrated to possess anti-tumor and anti-diabetic 

properties. A study reported that momordicine I can prevent the 
growth of head and neck tumors in mice by inhibiting c-Met 
and its downstream signaling [13]. Another study showed that 
momordicine I has inhibitory effects on high glucose-induced 
cell proliferation and collagen synthesis in rat cardiac fibroblasts, 
which may be related to nuclear factor erythroid 2-related fac-
tor 2-mediated inhibition of oxidative stress and transforming 
growth factor-beta 1 signaling [14]. However, it is unclear whether 
momordicine I exhibits anti-cardiac hypertrophy effects. In this 
study, we investigated the effect of momordicine I on isoproter-
enol (ISO)-induced cardiomyocyte hypertrophy. Furthermore, 
RNA sequencing, RT-PCR and Western blot were used to explore 
the possible molecular mechanism of momordicine I treatment 
for cardiac hypertrophy. The results of this study may provide an 
experimental basis for the application of momordicine I in the 
prevention and treatment of cardiovascular diseases.

METHODS

Reagents

Momordicine I was purchased from Shanghai Yuanye Bio-
Technology Co., Ltd., purity > 95% (Shanghai, China). ISO was 
supplied by National Institutes for Food and Drug Control (Bei-
jing, China). PrimeScript RT reagent Kit with gDNA Eraser (Per-
fect Real Time) and TB Green Premix Ex Taq II were obtained 
from Takara (Shiga, Japan). Anti-PLA2G6 (ab259950) and anti-
DGK-ζ (ab239081) antibodies were provided by Abcam (Cam-
bridge, UK). Anti-β-actin (sc-47778) was obtained from Santa 
Cruz Biotechnology Co., Ltd. (Dallas, TX, USA). 

Cell culture and treatment 

Rat H9c2 cardiomyocytes were provided by the Cell Resource 
Center, Peking Union Medical College (Beijing, China). Cells 
were maintained in Dulbecco’s modified Eagle’s medium (Solar-

Fig. 1. Effect of momordicine I on cardiomyocyte viability. (A) The chemical structural of momordicine I. (B) MTT assay showed the cardiomyocyte 
viability after treatment with different concentrations of momordicine I (i.e., 1.625, 3.125, 6.25, 12.5, 25.0 µg/ml) for 24 h. Data are shown as means ± 
SEM (n = 5). *p < 0.05 vs. control group.
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bio, Beijing, China) supplemented with 10% fetal bovine serum 
(Gemini, Calabasas, CA, USA), and cultured in a humidified 
incubator at 37°C with 5% CO2. Cells were seeded in 35-mm 
culture dishes at a density of 5 × 103 per well (for measurement of 
cell surface area) or 1 × 105 per well (for measurements of protein 
content, RT-PCR, RNA sequencing and Western blot). After an 
overnight culture, cells were pretreated with momordicine I for 1 
h followed by ISO treatment for 24 h. Based on previous study [15], 
10 μM ISO was used to induce cardiomyocyte hypertrophy.

Cell viability assay

Effect of momordicine I on cardiomyocytes viability was de-
termined by MTT assay. Cells were seeded in 96-well plates at a 
density of 1 × 104 per well, followed by treatment with different 
concentrations of momordicine I (1.625, 3.125, 6.25, 12.5, 25.0 
μg/ml) for 24 h. Afterwards, 50 μl MTT solution (1 mg/ml) was 
added to each well for 4 h. The medium was discarded and 150 μl 
dimethylsulfoxide was added to each well. The absorbance was 
measured with a microplate reader (Molecular Devices, San Jose, 
CA, USA) at 490 nm.

Measurement of cell surface area

The images of cardiomyocytes were visualized using MI52-
N inverted microscope (Guangzhou Mingmei Photoelectric 
Technology Co., Ltd., Guangzhou, China) equipped with MShot 
Image Analysis System at 100× magnification. The surface area 
of a minimum of 50 cells per treatment group was measured by 
ImageJ software and averaged to produce one N value.

Measurement of protein content 

Cells were separated by trypsin and counted, then washed 
three times with cold phosphate buffered saline. Cells were lysed 
with 0.5% Triton X-100 for 30 min at 4°C. The protein content of 

the lysate was determined with a BCA protein assay kit (Beyotime, 
Shanghai, China), and then the protein concentration per 105 cells 
was calculated. The experiments were repeated 3 times.

Real-time polymerase chain reaction (RT-PCR) 

Total RNA was extracted from cardiomyocytes with TRIzol re-
agent according to the manufacturer’s instructions and quantified 
by measuring the absorbance at 260 nm. 1 μg of total RNA was 
reverse transcribed into cDNA using the PrimeScript RT reagent 
kit at 37˚C for 15 min and then 85˚C for 5 sec. PCR amplification 
was conducted with the TB Green Premix Ex Taq II using CFX96 
Real-Time PCR (Bio-Rad, Hercules, CA, USA). The PCR condi-
tions were pre-denaturation at 95°C for 30 sec, followed by 40 
cycles of 95°C for 10 sec (denaturation), 60°C for 30 sec (anneal-
ing), and 72°C for 30 sec (extension). The mRNA relative expres-
sion of atrial natriuretic peptide (ANP), β-myosin heavy chain 
(β-MHC), and α-skeletal actin (α-SKA) was calculated according 
to the standard curve with 18S rRNA as a loading internal con-
trol. Primer sequences were shown in Table 1.

cDNA library establishment, RNA sequencing and 
transcriptome analysis

Cardiomyocytes were harvested to extract RNA according to 
the manufacturer’s instructions. Transcriptome sequencing of 
RNA was completed by Biomarker Technologies (Beijing, China) 
as described previously [16]. In brief, the purity and integrity of 
RNA were detected by NanoDrop ND-1000 spectrophotometer 
(Thermo Scientific, Wilmington, DE, USA) and Bioanalyzer 2100 
(Agilent Technologies, Palo Alto, CA, USA), and the cDNA li-
brary was constructed using the equal quantities of RNA of three 
individual samples in each group and sequenced on the Illumina 
sequencing platform (NovaSeq 6000). The sequenced data was 
filtered to obtain high quality data (clean data), and the sequences 
were compared with the specified reference genome to obtain the 

Table 1. Primer sequences and lengths for fluorescence quantitative PCR

Genes Primer sequences (5’→3’) Expanding growth/bp

ANP F: TCTCCATCACCAAGGGCTTC 159
R: TGACCTCATCTTCTACCGGC

β-MHC F: GAGTTCGGGCGAGTCAAAGA 215
R: AGCCTCTCGGTCATCTCCTT

α-SKA F: GAAGGACCTGTACGCCAACA 152
R: TCCACACTGAGTACTTGCGC

PLA2G6 F: ATGGCCCGAATGCTTCTGAA 165
R: TGGTGTGTTCCCATGCTCTC

DGK-ζ F: TGCCCCTGGATGTCTTCAAC 213
R: GGTCCATTCCGTCACACACT

18S rRNA F: GGCCGTTCTTAGTTGGTGGA 213
R: TGAGCCAGTTCAGTGTAGCG

ANP, atrial natriuretic peptide; β-MHC, β-myosin heavy chain; α-SKA, α-skeletal actin; PLA2G6, group VI phospholipase A2; DGK-ζ, 
diacylglycerol kinase ζ.
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Mapped Data. The differentially expressed genes (DEGs) in the 
samples were defined with DEGseq (|Fold Change| ≥ 1.5 and FDR 
< 0.05) by the DESeq2 software. Finally, GO enrichment analysis 
of DEGs was performed using the R package.

Validation of transcriptome analyses

In order to validate the results of the transcriptome analyses, 
the mRNA and protein levels of group VI phospholipase A2 
(PLA2G6) and DGK-ζ, two enzymes involved in glycerophos-
pholipid metabolism pathway, were determined by RT-PCR and 
Western blot, respectively. The method of RT-PCR was the same 
as described above, and the primer sequences were also listed 
in Table 1. The method of Western blot was briefly described 
as follows. Cardiomyocytes sample was lysed with radioimmu-
noprecipitation assay buffer containing 1 mM phenylmethyl-
sulphonyl fluoride and protein concentration was estimated by 
BCA reagent. 40 μg protein was separated by 10% SDS-PAGE, 
transferred to PVDF membrane, and blocked in 5% bovine se-
rum albumin at room temperature for 1 h. Subsequently, the 
membrane was incubated with primary antibody anti-PLA2G6 
(1:2,000 dilution), anti-DGK-ζ (1:2,000 dilution) and anti-β-actin 
(1:500 dilution) at 4°C overnight, respectively, then incubated 
with secondary antibody at room temperature for 30 min. Finally, 
the membrane was detected by ECL detection kit and the protein 
band was semiquantitatively analyzed by ImageJ software.

Statistical analysis

All data were presented as means ± standard error of the mean 
(SEM). Statistical analyses were determined by one-way ANOVA 
followed by Tukey’s multiple comparisons test with GraphPad 
Prism 8.0. Differences were considered significant when p < 0.05.

RESULTS

Effect of momordicine I on cardiomyocyte viability

As shown in Fig. 1B, compared with the control group, no sig-
nificant differences were observed in cell viability when cardio-
myocytes were exposed to momordicine I in the concentration 
range of 1.625–12.5 μg/ml (p > 0.05), however, a significant drop 
in cell viability was seen when cardiomyocytes were treated with 
momordicine I 25 μg/ml (p < 0.05). Therefore, 12.5 μg/ml of mo-
mordicine I was used in the subsequent experiments in this study. 

Momordicine I reduces ISO-induced cardiomyocyte 
hypertrophy 

To investigate the inhibitory effect of momordicine I on ISO-
induced cardiomyocyte hypertrophy, we measured cardiomyo-
cyte surface area, protein content and the mRNA expression of 
fetal genes. As shown in Fig. 2, compared with the control group, 
10 μM ISO treatment resulted in cardiomyocyte hypertrophy 
as evidenced by increased cell surface area and protein content 

Fig. 2. Momordicine I inhibited isoproterenol-induced cardiomyocyte hypertrophy. Cardiomyocytes were pretreated with momordicine I (12.5 
µg/ml) for 1 h, and then exposed to isoproterenol (10 µM) for 24 h. (A) Representative microscopy images of each group were showed (100×). Mo-
mordicine I attenuated isoproterenol-induced marked increase in cell surface area (B), protein content (µg per 105 cells) (C), as well as expression of 
the hypertrophy-related fetal genes including ANP (D), β-MHC (E), and α-SKA (F). Data are shown as means ± SEM (n = 5). ISO, isoproterenol; I, mo-
mordicine I; ANP, atrial natriuretic peptide; β-MHC, β-myosin heavy chain; α-SKA, α-skeletal actin. *p < 0.05 vs. control group; #p < 0.05 vs. ISO group.

A B C
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as well as significant upregulation of fetal genes including ANP, 
β-MHC, and α-SKA (p < 0.05), however, those responses were 
markedly attenuated by treatment with 12.5 μg/ml momordicine 
I (p < 0.05). All these results clearly demonstrated that momordi-
cine I could inhibit ISO-induced cardiomyocyte hypertrophy.

Momordicine I regulates gene expression and 
biological effects in ISO-induced cardiomyocyte 
hypertrophy

To investigate the gene expression changes of momordicine 
I in alleviating ISO-induced cardiomyocyte hypertrophy, gene 
transcriptional analysis was performed in RNA samples of car-
diomyocytes. Statistically significant DEGs (|Fold Change| ≥ 1.5 
and FDR < 0.05) were screened by DESeq2 software. Compared 
with the control group, 202 genes were upregulated and 179 genes 
were downregulated in the ISO group, whereas 301 genes were 
upregulated and 298 genes were downregulated in momordicine 
I alone group. Compared with the ISO group, 237 genes were 
upregulated and 210 genes were downregulated after treatment 
with 12.5 μg/ml momordicine I (Fig. 3A). Volcano plots of DEGs 
between model/control, momordicine I intervention/model, and 

momordicine I alone/control comparisons were shown in Fig. 
3B–D, respectively. 

To further explore the biological effects that momordicine I  
regulates ISO-induced cardiomyocyte hypertrophy, GO enrich-
ment analysis was used to conduct the functional classification of 
the identified DEGs. All DEGs were annotated to the same func-
tional GO categories between the three comparisons. The results 
showed that it includes 21 biological processes, 18 cellular compo-
nents, and 17 molecular functions, with 56 functional categories 
in total. The top 10 items for each functional category were listed 
in Table 2. In the “biological processes” category, DEGs were 
primarily involved in the regulation of “cellular process” and 
“metabolic process”. There were 230 and 293 DEGs expressed in 
comparisons of model/control and momordicine I intervention/
model of “cellular process”, respectively, whereas in the “metabolic 
process”, there were 185 and 274 DEGs, respectively. Moreover, 
the highest numbers of DEGs were enriched in the items of “cell” 
and “cell part” in the “cellular components” category, and items 
of “binding” and “catalytic activity” in the “molecular function” 
category. The results of GO enrichment analysis suggest that the 
anti-cardiomyocyte hypertrophic effect of momordicine I may be 
mainly associated with the regulation of metabolic processes.

Fig. 3. Transcriptome sequencing analysis. (A) Comparison of the number of upregulated and downregulated genes in three groups: Con vs. ISO, 
ISO vs. ISO + I, and Con vs. I. (B–D) Volcano plot of DEGs in three groups: Con vs. ISO, ISO vs. ISO + I, and Con vs. I. Con, control; ISO, isoproterenol; I, mo-
mordicine I; DEGs, differentially expressed genes.

A B

C D
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Momordicine I inhibits expressions of PLA2G6 and 
DGK-ζ in ISO-induced cardiomyocyte hypertrophy 

Literatures showed that glycerophospholipid metabolizing 
enzymes both PLA2G6 and DGK-ζ are closely related to cardiac 
hypertrophy [17,18]. According to our results of transcriptome ex-
periments, we selected PLA2G6 and DGK-ζ as targets to further 
explore the role of momordicine I on the regulation of metabolic 
processes in ISO-induced cardiomyocyte hypertrophy. As shown 
in Fig. 4, the mRNA levels and protein expressions of PLA2G6 
and DGK-ζ in the ISO group were significantly upregulated than 
those in the control group (p < 0.05), although these increases 
were significantly blunted by treatment with 12.5 μg/ml mo-
mordicine I (p < 0.05).

DISCUSSION
The major finding of this study is that momordicine I effec-

tively inhibited ISO-induced cardiomyocyte hypertrophy as evi-
denced by reductions in cell surface area and protein content, as 
well as downregulation of hypertrophy-related fetal gene expres-
sion in cardiomyocytes. These effects were further demonstrated 
to be associated with suppression of the expressions of PLA2G6 
and DGK-ζ, suggesting the potential efficacy of momordicine I in 
cardiac hypertrophy by targeting glycerophospholipid metaboliz-
ing enzymes.

Cardiac hypertrophy is a response of myocardium to vari-
ous stimuli such as ischemia and hypoxia, pressure or volume 
overload, hormones, etc. It is characterized by increases in car-

diomyocyte size and protein synthesis as well as reactivation of 
fetal genes related to cardiac hypertrophy [19]. Isoproterenol, a 
synthetic catecholamine and β-adrenergic agonist, is primarily 
used in the treatment of bradycardia, heart atrioventricular block 
and bronchial asthma. However, excessive or long-term use of 
isoproterenol is known to cause an increase in myocardial oxygen 
consumption, which results in enhanced cardiac load and circu-
latory dysfunction. Therefore, isoproterenol has been widely used 
to induce cardiac hypertrophy and heart failure models in experi-
mental animals [20]. 

Momordica charantia L. was reported to serve as a potential 
adjuvant therapy for cardiovascular disorders due to its effects of 
improvement of cardiac function, suppression of post-ischemic/
reperfused infarct size and modulation of serum cholesterol 
[21]. Cui et al. [22] found that momordica charantia L.-derived 
extracellular vesicles-like nanovesicles protected cardiomyocytes 
against radiation injury by alleviating DNA damage and mito-
chondria dysfunction. Additionally, momordica charantia extract 
inhibited endogenous conversion of squalene to cholesterol in 
cardiac tissue thereby reducing cholesterol level in breast cancer 
rats [23], and also improved redox imbalance associated with car-
diac dysfunction in doxorubicin stressed rats [24].

Cucurbitane-type triterpenoids are a major class of active in-
gredients present in momordica charantia L., although there are 
few studies on its pharmacological effects and molecular mecha-
nisms. Momordicine I, a cucurbitane triterpenoid with relatively 
high content in momordica charantia L. [25], has been reported to 
exhibit multiple activities, including anti-tumor [13], anti-diabetic 
[14] and deworming [26], and so on. In this study, we demonstrat-
ed for the first time that 12.5 μg/ml momordicine I exerts anti-

Fig. 4. Momordicine I inhibited isoproterenol-induced upregulation of PLA2G6 and DGK-ζζ. Cardiomyocytes were pretreated with momordicine 
I (12.5 µg/ml) for 1 h, and then exposed to isoproterenol (10 µM) for 24 h. RT-PCR showed that momordicine I prevented isoproterenol-induced in-
crease in mRNA levels of PLA2G6 (A) and DGK-ζ (B) (n = 5). (C–E) Representative Western blot bands and quantitative analysis showed that momordi-
cine I blunted isoproterenol-induced upregulation in protein expressions of PLA2G6 and DGK-ζ (n = 6). Data are shown as means ± SEM. ISO, isopro-
terenol; I, momordicine I; PLA2G6, group VI phospholipase A2; DGK-ζ, diacylglycerol kinase ζ. *p < 0.05 vs. control group; #p < 0.05 vs. ISO group.
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cardiomyocyte hypertrophic effect, effectively inhibiting ISO-
induced increases in cell surface area and protein content, as well 
as upregulation of hypertrophy-related fetal genes including ANP, 
β-MHC, and α-SKA in cardiomyocytes. To understand poten-
tial mechanisms by which momordicine I inhibits ISO-induced 
hypertrophic effect, we used RNA sequencing to measure the dif-
ferential gene expression in cardiomyocytes. Our results showed 
that 381 and 447 DEGs were found between model/normal and 
momordicine I intervention/model comparisons, respectively. 
GO enrichment analysis indicated the highest numbers of DEGs 
were enriched in the items of “cellular process”, “metabolic pro-
cess”, “cell”, “cell part”, “binding” and “catalytic activity” in the 
three categories (biological process, cellular component, and 
molecular function). We deduced that the anti-cardiomyocyte 
hypertrophic effect of momordicine I may be primarily related to 
the regulation of metabolic processes. 

It is well known that alterations in metabolic process especially 
lipid metabolism, for example phospholipid metabolism or sphin-
golipid metabolism, is an intergrated part of metabolic and struc-
tural remodeling in the development of cardiac hypertrophy [27]. 
Phospholipids are the principal components of cell membranes 
and organelles. They possess biological activities and participate 
in many important physiopathological processes such as cell 
growth, differentiation, proliferation, migration, metabolism and 
death, etc. [28]. A clinical study revealed that phospholipids espe-
cially phosphatidylcholines are closely related to the occurrence of 
coronary heart disease, which illustrates that glycerophospholipid 
metabolic pathway is one of the main pathways of coronary heart 
disease lipid metabolism disorders [29]. Moreover, the paralleling 
results were obtained in another case-cohort study, the results of 
which showed that serum metabolites diacyl-phosphatidylcholine 
C38:3, C40:4 and acyl-alkylphosphatidylcholine C36:3 are associ-
ated with the risk of myocardial infarction [30]. Animal experi-
mental studies have shown that alterations in cardiolipin, phos-
phatidylcholine and lysophosphatidic acid were observed when 
myocardial infarction or reperfusion injury occurred. Cardio-
lipin, a mitochondria-specific phospholipid, is actively involved 
in multiple processes of mitochondrial bioenergetics, dynamics, 
mitophagy and apoptosis. It is well known that alterations in car-
diolipin may negatively impact mitochondrial function, with im-
portant implications in a variety of pathophysiological situations 
including cardiomyocyte injury [31]. Stamenkovic et al. [32] found 
myocardial ischemia-reperfusion injury increases the generation 
of oxidized phosphatidylcholines, which disrupted mitochondrial 
bioenergetics and calcium transients, and induced ferroptosis in 
cardiomyocytes. Wang et al. [33] indicated lysophosphatidic acid 
receptor 3 (LPA3)-mediated LPA signaling plays an important 
role for cardiomyocyte proliferation in the early postnatal heart. 
Cardiac-specific LPA3 overexpression improved cardiac function 
and promoted cardiac regeneration after myocardial infarction.

It was reported that some glycerophospholipid metabolizing 
enzymes including cytosolic calcium-independent phospholipase 

A2-β (iPLA2-β, PLA2G6), diacylglycerol kinases (DGKs), phos-
phatidic acid phosphatase (lipin) and cardiolipin synthase (CRLS), 
are closely associated with the occurrence and development of 
cardiac hypertrophy. Calcium-independent phospholipase A2 
(iPLA2) is the predominant phospholipase A2 present in heart, 
which can hydrolyze membrane phospholipid to generate ara-
chidonic acid and lysophosphatidylcholine. A literature showed 
that PLA2G6 is one of the risk genes for ischemic or hemorrhagic 
stroke [34]. The expression of iPLA2-β is upregulated following 
myocardial ischemia-reperfusion injury, and increased iPLA2-β 
translocates to endoplasmic reticulum (ER), thus resulting in ER 
stress-induced cardiomyocyte apoptosis [17]. Besides, the activity 
of iPLA2-γ is also increased in failing human myocardium, and 
activation of iPLA2-γ leads to production of toxic hydroxyeicosa-
tetraenoic acids, which promotes the opening of mitochondrial 
permeability transition pore resulting in mitochondrial dysfunc-
tion and aggravation of heart failure [35]. DGKs are a family of 
enzymes that catalyze the conversion of diacylglycerol into phos-
phatidic acid. So far, DGKs have at least 10 subtypes in mamma-
lian, of which DGK-ζ, ε, and η are all expressed in the heart [36]. 
Studies have shown that level of DGK-ζ mRNA is enhanced in 
an in vivo rat model of myocardial infarction [18] and an in vitro 
model of neonatal rat cardiomyocyte hypertrophy [5]. The ex-
pression of DGK-ζ is increased in the infarcted and border areas 
in the early stage of myocardial infarction in rats, and that may 
be attributed to granulocytes and macrophages [18]. Moreover, 
in the mouse models of juvenile arthritis and cytokine storm 
syndrome, DGK-ζ could regulate macrophage-mediated inflam-
matory responses through DGK-ζ-DAG/phosphatidic acid axis 
[37]. Additionally, studies have shown that lipin1 is downregu-
lated in failing human heart, and cardiac specific lipin1 knockout 
resulted in a mild cardiac hypertrophy and impaired cardiac 
functional reserve in mice [38]. Moreover, lipin1 is also consid-
ered as a new target gene for essential hypertension [39]. CRLS, a 
crucial enzyme for the biosynthesis of mitochondrial cardiolipin, 
is downregulated in cardiomyocytes following catecholamine-in-
duced cardiac damage in mice, accompanied by increased oxygen 
consumption rates, signs of oxidative stress and mitochondrial 
uncoupling [40].

According to our transcriptome experiment results as well 
as literature reports mentioned above, we selected the enzymes 
PLA2G6 and DGK-ζ as targets, to further explore whether the 
anti-cardiomyocyte hypertrophy effect of momordicine I is as-
sociated with glycerophospholipid metabolizing enzymes. Our 
results showed that the mRNA levels and protein expressions 
of PLA2G6 and DGK-ζ are significantly upregulated in ISO-
induced cardiomyocyte hypertrophy model, which is consistent 
with the literatures [5,17,18]. These effects were reduced by mo-
mordicine I treatment.

In summary, our study firstly demonstrates that momordicine 
I inhibits ISO-induced cardiomyocyte hypertrophy. Moreover, we 
further show that the mechanism of this effect is related to sup-
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pression of the expressions of PLA2G6 and DGK-ζ. Therefore, 
momordicine I may be an effective therapy to prevent and treat 
cardiovascular diseases by targeting glycerophospholipid meta-
bolic pathway. 
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