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Abstract
Background: Palmitic acid (PA), a common saturated free fatty acid, is known as inducer of apoptosis in numerous 

cell types. M6PR-CD has been reported as a potential pro-apoptotic factor in several models.

Objective: We aim to identify the critical regulatory molecules in the process of palmitate-induced apoptosis in 
H9C2 cardiomyocytes. 

Methods: Cells treated with 250 μM PA for 24 hours were collected. Transcriptome sequencing and bioinformatics 
analysis were carried out to screen the differentially expressed genes. RT-PCR and western blot were used to confirm 
the up-regulation of M6PR-CD. The function of M6PR-CD was studied through the detection of cell viability, apoptosis 
and intracellular ROS levels. 

Results: A total of 1025 differentially expressed genes were screened by transcriptome sequencing, including 
718 up-regulated genes and 307 down-regulated genes. Gene Ontology (GO) and Kyoto Encyclopedia of Genes 
and Genomes (KEGG) analysis were mainly focused on the apoptotic and stress. M6PR-CD was significantly up-
regulated with PA treatment. Knockdown of M6PR-CD alleviated the PA-induced apoptosis with lower ROS levels. 
After transfection with M6PR-CD siRNA, it was also found that compensatory increase in M6PR-CI subtype did not 
exist, and the expression of caspase-3 was almost the same. 

Conclusion: This study identified a number of genes related to PA-induced cardiomyocytes apoptosis through 
transcriptome sequencing. It was clarified for the first time that M6PR-CD could induce H9C2 cardiomyocytes apoptosis 
by enhancing ROS production rather than being Caspase-3-dependent, providing a theoretic basis for us to have a 
better understanding of the intrinsic mechanism.
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Introduction
The decrease in the number of cardiomyocytes caused by apoptosis 

is one of the main reasons why cardiac function declines. At present, it 
has been recognized that cardiomyocyte apoptosis played a significant 
role in the pathogenesis of many cardiovascular diseases, including 
congestive heart failure, myocardial infarction, ischemia reperfusion 
damage, myocarditis and cardiomyopathy. Although many important 
signaling molecules and pathways were reported to be involved 
in cardiomyocyte apoptosis, the processes have not yet been fully 
elucidated [1].

Excessive lipid accumulation in non-adipose tissue will cause cell 
dysfunction. In a variety of myocardial diseases, the abnormal fatty 
acid metabolism will lead to the accumulation of toxic lipid metabolism 
intermediates. They can inhibit the activity of the enzyme system and 
induce the aggregation of reactive oxygen species (ROS) that trigger 
cell apoptosis [2]. A large number of cell and animal models in the 
heart have confirmed that the imbalance of lipid intake and utilization 
can induce programmed apoptosis of cardiomyocytes [3-6]. It has also 
been proven that a high concentration of palmitate acid can promote 
apoptosis in different types of cardiomyocytes [7, 8]. In this study, 
transcriptome sequencing was used to find key regulatory molecules 
in the model of PA-induced apoptosis of H9C2 cells, aiming to identify 
new targets for treating myocardial diseases.
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Mannose 6-phosphate receptor (M6PR), mainly distributed on the 
Trans surface of Golgi complex and the plasma membrane, have two 
subtypes: cation-dependent mannose 6-phosphate receptor, M6PR-
CD (46 kDa) and cation-independent mannose 6-phosphate receptor, 
M6PR-CI (300 kDa) [9, 10]. The ability of the two receptors to bind 
mannose 6-phosphate (Man-6-P) is basically the same [11]. The former 
preferentially transports lysosomal enzymes with one Man-6-P residue, 
while the latter tends to transport two [12, 13]. At present, there are 
many researches on M6PR-CI. M6PR-CI is involved in the activation 
of TGFβ1 protein and participates in the degradation of leukemia 
inhibitory factor (LIF) [14]. It can combine with mannos-6-phosphory 
pentene and induce protein to be hydrolyzed and activated [15]. The 
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functions of two subtypes are similar but different. For example, a lack 
of M6PR-CI will disturb the lysosomal function more greatly than a 
lack of M6PR-CD [16]. The M6PR-CD deficient mice can survive but 
fail to sort the hydrolases properly in serum and urine, while the one 
lacking M6PR-CI usually overgrow in the embryonic period and die 
in the perinatal period because of the accumulation of IGF-II [17, 18]. 
Furthermore, M6PR-CD can negatively regulate the process of APP 
and the production of Aβ, while M6PR-CI can positively regulate 
the process of APP and the production of Aβ [19]. In this study, the 
up-regulation of M6PR-CD was observed in cells treated with PA. 
However, little is known about what role M6PR-CD plays in myocardial 
disease. The impact of M6PR-CD on cardiomyocyte apoptosis has also 
remained unclear.

Materials and Methods
CCK-8 detection

The cell line H9C2 was obtained from Procell (Wuhan, China). 
H9C2 cells were maintained in DMEM supplemented with 10 % 
FBS and 1 % antibiotics (penicillin-streptomycin). Palmitic acid (PA, 
Sigma) was dissolved in 0.15M KOH solution. The stock solution of PA 
(50 mM) was diluted to different final concentrations in the DMEM 
containing 0.5 % BSA. Cells were seeded in 96-well plates at a density 
of 10, 000 cells per well and respectively treated with PA for 4, 8, 12 
and 24 hours. 10µL CCK8 was added to each well and the mixture was 
incubated for two hours. The absorbance was read with a microplate 
reader at 450 nm.

Detection of apoptosis rate and ROS

Cells were seeded in 24-well plates at a density of 50, 000 cells 
per well and treated with 250 μM PA for 24 hours. The same volume 
of KOH solution was added to the control group. Subsequently, cells 
were respectively stained using the apoptosis kit (KeyGEN BioTECH, 
KGA106) and reactive oxygen species kit (Beyotime, NO. S0033S). 
The flow cytometry (BD FACS Aria II) was used to detect fluorescence 
signal for the analysis of apoptotic cell rate and intracellular ROS levels.

Transcriptome sequencing

Agilent 2100 bioanalyzer was used to detect the integrity and total 
amount of RNA. Then the first and second strands of cDNA were 
synthesized through mRNA with polyA tail gathered by Oligo (dT) 
magnetic beads. AMPure XP beads were used to screen about 370-420 
bp cDNA. PCR amplification was carried out, and the PCR product was 
purified with AMPure XP beads. Then the library was diluted to 1.5 
ng/μl, whose effective concentration was accurately quantified by RT-
qPCR (the effective concentration of the library was higher than 2 nM) 
to ensure the quality of the library. According to the effective concentration 
and the demand of target offline data, Illumina sequencing was performed 
and 150 bp paired terminal readings were generated. The image data of the 
sequenced segment detected by the high-throughput sequencer was converted 
into sequence data (reads) after CASAVA base recognition. In order to ensure 
the quality and reliability of data analysis, it was necessary to filter the original 
data, including the removal of reads with adapter, reads that cannot determine 
base information, and low-quality reads (the number of bases with Qphred 
≤ 20 accounts for more than 50 %). In addition, the content of Q20, Q30 
and GC in clean data was calculated. All subsequent analysis were high-
quality and based on clean data.

Differential expression analysis

DESeq2 software (1.20.0) was used to analyze the difference 
expression between the two groups. DESeq2 provided statistical 

procedures to determine differential gene expression based on the 
model of negative binomial distribution. Benjamini and Hochberg 
methods were used to adjust the P value to control the rate of false 
discovery. When p < 0.05, the genes were identified as differentially 
expressed genes.

Differential gene enrichment analysis

ClusterProfiler (3.4.4) software was used to analyze the statistical 
enrichment of differentially expressed genes in the GO and KEGG 
pathway. Considering the GO term with a corrected P value less than 
0.05, the gene length deviation was corrected through significant 
enrichment of differentially expressed genes, including biological 
process, cellular component and molecular function. KEGG was 
a database resource, which was used to understand the advanced 
functions of biological system.

RT-qPCR

Cells were seeded in 24-well plates at a density of 50, 000 cells per 
well and treated with 250 μM PA for 24 hours. Total RNA was isolat-
ed using RNA rapid extraction kit (Accurate Biology, AG21023) and 
cDNA was synthesized using reverse transcription kit (Accurate Biolo-
gy, AG11728). Then RT-qPCR was carried out with SYBR Green qPCR 
Mix (Beyotime, D7260). The following primer sequences were 
used: M6pr-CD, forward: 5′- TGATTGTCCCTTGTGTGGGA-3′, 
reverse: 5′-GGCTAGCGAGACTACCACAAG-3′; β-actin, for-
ward: 5′-GGCTGTATTCCCCTCCATCG-3′, reverse: 5′-AACA-
CAGCCTGGATGGCTAC-3′.

Small molecule interference M6PR-CD

The M6PR-CD siRNA and negative control siRNA were purchased 
from Tsingke Biotechnology (Beijing, China). The target sequence of 
siRNA for M6PR-CD was GGAAGTAACTGGATCATGT. The sequences 
of M6PR-CD siRNA include 5’- GGAAGUAACUGGAUCAUGUTT-3’ 
and 5’- ACAUGAUCCAGUUACUUCCTT-3’. H9C2 cells were seeded 
into 35 mm culture dish at a density of 6×105 cells/ mL. All siRNAs were 
transfected to cells using RNAi-Mate (Genepharma, Shanghai, China). 
Transfected cells were cultured for 36 hours before further experiments. 
RT-qPCR and western blot were used to assess the efficiency of siRNA 
knock-down.

Statistical analysis

All data were expressed as mean ± SEM. The differences between 
two groups were analyzed by unpaired two tailed t-test using GraphPad 
Prism 8 (GraphPad Software, USA). When there were two variables, 
one way analysis of variance or two way analysis of variance combined 
with Tukey's comparation test were used. P values were expressed as 
*p < 0.05, **p < 0.01 and ***p < 0.001 respectively. When p < 0.05, the 
differences were considered statistically significant.

Results
Palmitic acid promotes cardiomyocyte apoptosis

CCK8 detection was carried out at 4 hr, 8 hr, 12 hr and 24 hr after 
adding different concentrations of PA (125 μM, 250 μM and 500 μM). 
It was shown that cell viability decreased in a time-dose dependent 
manner after treatment with PA (Figure 1A). Furthermore, treating 
H9C2 cells with 250 μM PA for 24 hours could significantly increase 
the level of ROS (Figure 1B) and the rate of apoptosis cells (Figure 1C).

Differentially Expressed Proteins in PA-treated H9C2 Cells

Compared with the control group, a total of 1025 differentially 
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PA induces up-regulation of M6PR-CD transcription 

The mRNA transcriptome sequencing showed that M6PR-CD was 
significantly up-regulated in PA group (|log2 Fold Change| = 3.0851 
and p = 0.000205456) (Figure 4A). Further, after 250 μM PA treatment 
for 24 hours, RT-qPCR was used to confirm the up-regulation of 
M6PR-CD in PA group (p < 0.01), which was consistent with mRNA 
sequencing results (Figure 4B); Western blot also confirmed the up-
regulation of M6PR-CD (Figure 4C).

M6PR-CD promotes cardiomyocyte apoptosis

Transfection with M6PR-CD siRNA successfully suppressed the 
expression of M6PR-CD mRNA (Figure 5A) and protein (Figure 5B). 
It is observed that compensation did not exist between the M6PR-CD 
and M6PR-CI subtypes (Figure 5C). The knockdown of M6PR-CD 
blocked PA-induced death in H9C2 cells, which improved cell viability 
(Figure 5D) and decreased the rate of apoptotic cells (Figure 5E, 5F). 
In addition, exposure of H9C2 to PA led to higher ROS production, 
while transfection with M6PR-CD siRNA could prevent the increase of 
ROS generation (Figure 5G). However, caspase-3 protein level did not 
change in the transfected cells (Figure 5C). These results suggest that 
M6PR-CD could promote cell apoptosis by enhancing the formation of 
ROS, which is independent of the activation of caspase-3.

Discussion
In this study, we employed transcriptome sequencing to identify a 

number of regulatory molecules relevant to cardiomyocyte apoptosis 
in the model of PA-induced apoptosis in H9C2 cells. Among up-
regulated differentially expressed genes, GO analysis can be classified 
into biological process, cellular component, and molecular function. 
Biological processes mainly gather in the intrinsic apoptotic signaling 
pathway in response to endogenous reticulum stress, and endogenous 
reticulum unfilled protein response, etc. It has been reported that PA 

expressed genes were identified in the PA group, among which 718 
genes were up-regulated and 307 genes were down-regulated. The 
filter criteria included |log2 (Fold Change) | > 1 and p ≤ 0.05. In the 
volcano map, red dots represented up-regulated genes and green dots 
represented down-regulated genes (Figure 2A). In the cluster analysis, 
the redder the color is, the higher the gene FPKM is. Similarly, the 
greener the color is, the lower the gene FPKM is. In conclusion, there 
was a significant difference between PA group and control group 
(Figure 2B).

GO and KEGG analysis

Among the up-regulated genes, GO analysis can be classified 
into biological process, cellular component, and molecular function. 
Biological process analysis mainly concentrates on intrinsic apoptotic 
signaling pathway in response to endoplasmic reticulum stress, 
endoplasmic reticulum unfolded protein response, negative regulation 
of megakaryocyte differentiation and so on; The enrichment of cellular 
component mainly includes ribosome, cytosolic ribosome, and cytosolic 
part; Molecular function mainly occurs in structural constituent of 
ribosome and receptor ligand activity (Figure 3A). KEGG mainly 
focuses on Ribosome, Systemic lupus erythematosus, Ferroptosis, and 
Apoptosis (Figure 3B). Correspondingly, among the down-regulated 
genes, biological processes mainly concentrate on positive regulation of 
toll-like receptor signaling pathway, regulation of double-strand break 
repair via homologous recombination, cellular response to alcohol; 
Cellular component focuses on anchored component of synaptic 
membrane, intrinsic component of presynaptic active zone membrane, 
myosin complex; Molecular function mainly includes transmembrane 
signaling receptor activity, purinergic nucleotide receptor activity, 
nucleotide receptor activity (Figure 3C). KEGG pathways of down-
regulated genes mainly contains antigen processing and presentation, 
hypertrophic cardiomyopathy, protein digestion, absorption, and toll-
like receptor signaling pathway (Figure 3D).
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could hinder the shape and integrity of the endoplasmic reticulum by 
increasing the saturated fatty acid content, resulting in endoplasmic 
reticulum stress and apoptosis [20]. PA can also induce the mitochondria 
of H9C2 cells to release cytochrome c and promote the expression of 
apoptosis signal molecules, such as BAX, cleaved caspase-3, and cleaved 
PARP [21]. Besides, PA can aggravate inflammation by enhancing the 
activation of CCAAT enhancer binding protein, which is induced by 
unfilled protein response. Molecular function is primarily enriched in 
receptor ligand activity, etc. PA can mediate the activation of EGFR via 
TLR4/c-Src, resulting in myocardial inflammation and hypertrophy. 
Purine receptor P2X7R is also involved in PA-induced apoptosis of 
H9C2 cells. KEGG analysis mainly focuses on ferroptosis and apoptosis. 
It is stated that PA can trigger ferroptosis by suppressing the generation 
of glutathione peroxidase 4 (GPX4) and enhancing the production of 
ACSL4 [22-26].

As for down-regulated differential genes, the biological processes 
mainly concentrate on the positive regulation of toll like receptor 
signaling pathway, regulation of double strand break repair via 
homologous recombination, etc. Previous research has established 
that PA could directly bind to MD2 to activate TLR4 and downstream 
inflammatory reactions, such as TLR4/MyD88/NF-κB signal pathway 
[27, 28]. PA can also impair mitochondrial DNA (mtDNA), while 
overexpression of hOGG1 in mitochondria can protect mtDNA 
from damage [29]. The molecular function is mainly enriched in the 
transmembrane signaling receptor activity, purinergic nucleotide 
receptor activity, etc. Overexpression of GPR40 can rescue the PA-
mediated myocardial damage via SIRT1/LKB1/AMPK pathway [30]. 
KEGG analysis mainly includes protein digestion and absorption. 
PA stimulates the DRP1 protein to translocate from cytoplasm to 
mitochondria, causing mitochondrial damage and cell dysfunction 
[31]. PA also induces lipotoxicity in H9C2 cells and converts CD36-
mediated energy metabolism to GLUT4-mediated energy metabolism 
[32]. In conclusion, PA can trigger cardiomyocyte death through 
varieties of mechanisms, including endoplasmic reticulum stress, cell 
apoptosis, ferroptosis, mitochondrial DNA damage, TLR4 receptor 
activation, etc [7, 33, 34].

Besides, it is widely accepted that apoptosis is closely related to 
lysosomal system disorders [35], in which M6PR plays an important 
role. In this study, the up-regulation of M6PR-CD was observed in the 
PA group through transcriptome sequencing. Furthermore, our study 
has identified, for the first time that M6PR-CD could promote cell 
apoptosis by boosting the generation of ROS. M6PR has two subtypes, 
M6PR-CD and M6PR-CI. The two receptors have complementary 
functions in lysosomal enzyme targeted transport. It has previously 
been observed that the ability of two receptors to transport newly 
synthesized lysosomal enzymes was similar, but the efficiency of 
binding with targeted ligands was different. In double-negative 
fibroblasts, overexpression of M6PR-CD only partially corrected 
lysosomal enzyme transport, while overexpression of M6PR-CI 
completely reversed the dislocation of lysosomal enzyme [36]. Targeted 
destruction of M6PR-CD in mice led to lysosomal protein transduction 
errors. In the M6PR-CD deficient mice, the level of phosphorylated 
lysosomal enzymes increased significantly in the extracellular fluid. 
Moreover, the phenotype of M6PR-CD deficient mice was normal, and 
the expression of M6PR-CI did not change, suggesting that the lack of 
M6PR-CD cannot be compensated by M6PR-CI [17, 37].

Currently, most of research focuses on the role of M6PR-CI in 
myocardial disease, while very little is known about M6PR-CD. M6PR-
CI can activate Gαq-mediated signal pathway, leading to the increased 
expression of key proteins in cardiac hypertrophy [38, 39]. M6PR-

CI can also down-regulate the expression of survival protein p-Akt, 
p-Bad and enhance the expression of apoptosis related protein. In 
addition, Doxorubicin treatment can increase the amount of M6PR-
CI in heart tissue and promote cardiomyocyte apoptosis, while CREB 
overexpression will inhibit hypoxia-induced M6PR-CI and reduced 
H9C2 cell apoptosis. The apoptosis of H9C2 cells can also be blocked by 
M6PR-CI antibody and calcineurin inhibitor CsA. The research above 
reveals that M6PR-CI can induce cardiomyocytes apoptosis. However, 
the association between M6PR-CD and cardiomyocytes apoptosis 
is still unclear. Our study demonstrates for the first time that M6PR-
CD is also involved in the pathogenesis of cardiomyocyte apoptosis by 
promoting the production of ROS [40-42]. 

Conclusion
In the model of PA-induced H9C2 cardiomyocyte apoptosis, it was 

observed that M6PR-CD expression was up-regulated, and there was 
no compensatory increase in M6PR-CI subtype. In addition, M6PR-
CD promoted cardiomyocyte apoptosis by enhancing ROS generation 
rather than activating caspase-3.
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