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Abstract
Ischemic heart failure (HF) is one of the leading causes of global morbidity and mortality; blocking the apoptotic cascade 
could help improve adverse outcomes of it. RNA-binding motif protein 25 (RBM25) is an RNA-binding protein related to 
apoptosis; however, its role remains unknown in ischemic HF. The main purpose of this study is to explore the mechanism 
of RBM25 in ischemic HF. Establishing an ischemic HF model and oxygen-glucose deprivation (OGD) model. ELISA was 
performed to evaluate the BNP level in the ischemic HF model. Echocardiography and histological analysis were performed 
to assess cardiac function and infarct size. Proteins were quantitatively and locationally analyzed by western blotting and 
immunofluorescence. The morphological changes of endoplasmic reticulum (ER) were observed with ER-tracker. Cardiac 
function and myocardial injury were observed in ischemic HF rats. RBM25 was elevated in cardiomyocytes of hypoxia injury 
hearts and localized in nucleus both in vitro and in vivo. In addition, cell apoptosis was significantly increased when over-
expressed RBM25. Moreover, ER stress stimulated upregulation of RBM25 and promoted cell apoptosis through the CHOP 
related pathway. Finally, inhibiting the expression of RBM25 could ameliorate the apoptosis and improve cardiac function 
through blocking the activation of CHOP signaling pathway. RBM25 is significantly upregulated in ischemic HF rat heart 
and OGD model, which leads to apoptosis by modulating the ER stress through CHOP pathway. Knockdown of RBM25 
could reverse apoptosis-mediated cardiac dysfunction. RBM25 may be a promising target for the treatment of ischemic HF.
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Abbreviations
ARGs	� Apoptosis-related genes
BBC3	� BCL2-binding component 3
CHOP	� C/EBP homologous protein
DEGs	� Differentially expressed genes
EF	� Ejection fraction
ER	� Endoplasmic reticulum
FS	� Fractional shortening
GO	� Gene Ontology
GFP	� Green fluorescent protein
H&E	� Hematoxylin-eosin
KEGG	� Kyoto Encyclopedia of Genes and Genomes

LVEDD	� Left ventricular end-diastolic inner diameter
LVEDV	� Left ventricular end-diastolic volume
LVESD	� Left ventricular end-systolic inner diameter
LVESV	� Left ventricular end-systolic volume
MI	� Myocardial infarction
OGD	� Oxygen-glucose deprivation
RBM25	� RNA-binding motif protein 25
SD	� Sprague-Dawley
UPR	� Unfolded protein response

Introduction

Ischemic heart failure (HF) is an important cause of 
high morbidity and mortality worldwide, resulting in 
an increasing health and economic burden (Heidenreich 
et al. 2022). There are approximately 64 million people 
with HF worldwide, and the prevalence of HF is on the 
rise due to an aging population, an increasing burden of 
HF comorbidities and risk factors, and longer survival 
after myocardial infarction (MI) (Castiglione et al. 2022). 
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Apoptosis is an important pathological mechanism in the 
development of HF, and the intervention of the cascade 
reaction process of apoptosis can improve the adverse out-
comes of HF (Gustafsson and Gottlieb 2003). Accumulat-
ing evidence indicates that apoptosis induced by endoplas-
mic reticulum (ER) stress is often associated with cardiac 
structural or functional abnormalities in HF patient [4; 5].

The pathological process of HF is accompanied by dis-
ruption of protein homeostasis, leading to the accumulation 
of unfolded or misfolded proteins in the ER. Central to the 
regulation of protein homeostasis in the ER is the unfolded 
protein response (UPR), a signaling pathway that regu-
lates cellular protein folding capacity to maintain cellular 
secretory function. Maladaptive or terminal UPR occurs 
when the adaptive UPR fails to maintain ER homeostasis, 
leading to disruption of ER integrity and apoptosis (Ren 
et al. 2021). ER stress induces apoptosis mainly through 
the IRE1/ASK1/JNK pathway, the caspase-12 kinase 
pathway, and the C/EBP homologous protein (CHOP)/
GADD153 pathway (Hu et al. 2018). CHOP, also known 
as DNA damage-inducible transcript 3, is considered a 
specific and convergent transcription factor of ER stress, 
and its expression is often regulated at the transcriptional 
level (Yang et al. 2017). Apoptosis is the main cellular 
function of CHOP. Under the stimulation of pathologi-
cal injury factors, ER stress increases the expression of 
CHOP and activates apoptosis (Yao et al. 2017).Based on 
the above, CHOP has gradually become the focus of ER 
stress researches.

RNA-binding motif protein 25 (RBM25) is an RNA-
binding protein (Carlson et al. 2017). Although it has been 
demonstrated that RBM25 is increased in human HF car-
diac tissue samples (Gao et al. 2011), and RBM25 has been 
found to be closely related to apoptosis, the specific molec-
ular mechanism leading to cell apoptosis remains unclear. A 
large number of studies have shown that ER stress-induced 
apoptosis in HF exacerbates the progression of HF [6; 12; 
13], but the mechanism of RBM25 regulating ER stress-
mediated apoptosis in HF has not been reported. Therefore, 
our research aims to clarify the molecular mechanism of 
RBM25 regulating ER stress-mediated apoptosis in HF, to 
add new theoretical knowledge to the molecular mechanism 
of HF and provide potential new therapeutic strategies for 
HF.

Materials and methods

Animals

All animal procedures were approved by the Eth-
ics Committee of Lanzhou Second Hospital, Lanzhou 

University(D2022-444) and were performed according to 
the guidelines of the National Institutes of Health Guidelines 
for the Care and Use of Laboratory Animals.

All Sprague-Dawley (SD) (body weight 200–240 g, 
male) rats and C57BL/6 N (body weight 22–26 g, male) 
mice were kept at a constant temperature (21–24°C) and 
were given free access to water and standard chow diet. 
The establishment of the rat and mice MI (ischemic HF) 
model was performed. The rats were anesthetized with 3% 
sevoflurane and fixed on a hardboard for preoperative left 
chest skin preparation. The tracheal cannula was inserted 
through the mouth of rats and attached to a small animal 
ventilator. The left anterior descending coronary artery was 
ligated at the level between the pulmonary artery cone and 
the left atrial appendage. It can be observed that the color 
changes from red to white from the ligation site to the 
apex of the heart. The chest was then closed, the incision 
disinfected with iodophor, and 100,000 units of penicil-
lin was administered intravenously to prevent infection. 
Sham-operated rat underwent the same procedure without 
coronary artery ligation. Rats were randomly assigned into 
5 groups: Sham group, MI-1 W group, MI-2 W group, 
MI-3 W group, and MI-4 W group.

The mice MI model was established by ligating the 
left anterior descending branch of the coronary artery. 
After simple anesthesia, blunt incision was made at the 
intersection of the left midclavicular line and the left 
margin of the sternum between the 3rd and 4th ribs. 
The ribs were excised, and the chest was opened. The 
pericardium was then separated with hemostatic forceps. 
Simultaneously, the heart was squeezed upwards with the 
thumb and index finger, with the sternum flipped slightly 
to find the LAD artery, which was ligated with the 6-0 
silk thread at the left atrial appendage 1–2 mm below the 
pulmonary artery cone junction. The mice were randomly 
divided into three groups: MI alone (MI) group, an empty 
vector adenovirus (MI + shCON) group, and an RBM25 
knockdown (MI + shRBM25) group. Modeling mice in 
MI + shCON and MI + shRBM25 groups were injected 
with adeno-associated virus 9 (AAV9) via caudal vein, 
while mice in MI group were injected with 0.9% normal 
saline solution. AAV9 (Shanghai Jikai Biotechnology 
Co., Ltd., Shanghai, China) was used for the specific 
knockdown of RBM25.

Echocardiography

Transthoracic echocardiographic measurements were 
performed on all rats/mice using a Philips instrument 
(EPIQ 7, Royal Philips of the Netherlands Inc. Amsterdam, 
Netherlands) equipped with a 22 MHz phased array linear 
transducer (el18-4, Royal Philips of the Netherlands Inc. 
Amsterdam, the Netherlands) for continuous assessment of 
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cardiac structure and function. Ejection fraction (EF), left 
ventricular fractional shortening (FS), the left ventricular 
end-diastolic inner diameter (LVEDD), left ventricular end-
diastolic volume (LVEDV), left ventricular end-systolic 
inner diameter (LVESD), and left ventricular end-systolic 
volume (LVESV) were obtained and calculated.

Histopathology evaluation

Heart tissue samples were taken and stained with hematoxylin-
eosin (H&E) and Masson according to manufacturer’s 
instructions. For the Masson staining, the number of cardiac 
constrictor zone necrosis was counted using ImageJ 8.4 
software (National Institutes of Health, USA).

Immunofluorescence staining

The sections/AC16 were incubated with 0.5% Triton X-100 
for 30 min and then blocked with bovine serum albumin. 
Slices were then incubated overnight with primary antibody at 
4 °C and then with secondary antibody conjugated with Alexa 
Fluor 488 or Alexa Fluor 647. Finally, the nuclei were stained 
with 4′,6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich) 
for 20 min at room temperature before observation under a 
confocal microscope (Carl Zeiss, Oberkochen, Germany). The 
antibodies used in this study were RBM25 (1:200, Abcam, 
Cambridge, UK) and cardiac troponin I (1:200, Proteintech, 
Wuhan, China).

Enzyme‑linked immunosorbent assay (ELISA)

The contents of BNP in serum were detected using ELISA 
kits (Baizhou, Shanghai, China) according to the manufac-
turer’s instructions.

Electron microscopy

Left ventricular papillary muscles were isolated from the sham 
group and four MI groups, fixated with 2% glutaraldehyde in 
cacodylate buffer. The left ventricular papillae muscle was 
separated from the sham operation group and the 4 MI groups 
and was soaked in lactic acid buffer with 2% glutaraldehyde 
(mM: 150 Na-cacodylate, 2CaCl2, pH 7.3) for 1 h, then 
soaked in lactic acid buffer with 1% osmium tetroxide for 
30 min, and stained with 1% uranyl acetate solution. After 
gradient dehydration with ethanol and acetone, the tissues 
were embedded in Durcupan.

The AC16 cell culture and oxygen‑glucose 
deprivation (OGD) model

AC16 cells (BeNa Culture Collection, Henan, China) were 
cultured in DMEM (BasaMedia, Shanghai, China) medium 

containing 10% fetal bovine serum and incubated at 37°C, 
5% CO2, and 5% O2 for 24 h.

In an anaerobic chamber gassed with 1% O2, 5% CO2, and 
94% N2, AC16 cells were exposed to OGD for 4 h by replacing 
the complete culture medium to glucose-free culture medium. 
The successful establishment of OGD model detected by HIF-1α.

Cell transduction

AC16 cells were seeded into each well of a 6-well plate 
and transduced with empty vector lentivirus and lentivirus 
with RBM25-GFP respectively (Hanbio, Shanghai, China) 
in 2 ml low sugar medium containing 7 μg/ml polybrene 
(MOI:30 Hanbio, Shanghai, China) at 37 °C for 72 h. The 
cells were then cultured in DMEM containing 10% FBS 
and 6 μg/ml puromycin for 48 h. The medium changed 
every 48 h for 2 weeks to obtain RBM25 overexpressing 
stable transfectant strain (Lent-RBM25 group) and lentivi-
ral empty vector stable transfectant strain (Lent-Ctr group). 
Stable transfection cell lines with overexpression of RBM25 
(Lent-RBM25 group) and lentivirus empty vector (Lent-Ctr 
group) were obtained by changing the medium every 48 h 
for 2 weeks. There was no abnormality in the distribution of 
A/T/G/C content in the sequencing quality assessment in the 
Lent-RBM25 group and the Lent-Ctr group.

Cell transfection

The small interfering RNA (siRNA) duplexes corresponding 
to RBM25 siRNA and the negative control siRNA 
(Control + siRNA) were purchased from Anhui General 
Biotechnology, Inc. RBM25 siRNA (100 nM) was 
transfected into AC16 cells using Lipofectamine 6000 
transfection reagent (Beyotime, Shang Hai, China) according 
to the manufacturer’s protocol. Briefly, AC16 cells were 
seeded into a 6-well plate and cultured for 24 h. When 
the cell density reached 80% confluence, lipofectamine 
6000 was added to the serum-free medium and incubated 
at room temperature for 5 min. The diluted siRNA was 
mixed with serum-free medium containing lipofectamine 
6000, incubated at room temperature for 20 min, and then 
added to the cell mixture in each well. The transfected cells 
were incubated at 37 °C in a humidified incubator with 
5% CO2 for 72 h before further analysis. Cells transfected 
with Control + siRNA were used as a negative control. 
The transfection efficiency of siRNA was measured using 
Western blot analysis.

Transcriptome sequencing and differential gene 
expression analysis

Transcriptome sequencing was performed on RBM25 over-
expressing stable transfectant strain and lentiviral empty 
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vector stable transfectant one. Cell suspension was col-
lected when the two cell lines grew to 80–90% fusion and 
was immediately frozen in liquid nitrogen for about 10s and 
then stored in dry ice and sent to Shanghai Applied Pro-
tein Technology Company (Shanghai, China) for sequenc-
ing. The workflow was roughly as follows: Illumina high-
throughput sequencing was used to obtain raw sequencing 
data. Quality assessment was performed by examining the 
distribution of A/T/G/C content of the raw data, and the 
HISAT2 software was used at the same time to analyze the 
alignment with the reference genome. Differential expres-
sion analysis of genes was performed using DESeq2, and 
the difference was considered significant when P < 0.05 
and |log2foldchange| > 1. Venn diagrams were used to 
analyze the genes that shared differences in expression 
fragments per kilobase of exon model per million mapped 
fragments (FPKM) were used to compare the expression 
of differential genes in each group.

Enrichment analysis and protein interaction 
network analysis

Differentially expressed genes (DEGs) and apoptosis-
related genes (ARGs) were identified by GO annotation 
and analyzed by R language package. The STRING 
database was used to conduct Protein-Protein Interaction 
(PPI) Networks to find potential interaction relationships 
between the DEGs. The relationship of target genes was 
verified using the online database EVEX.

RT‑Qpcr

Total RNA was isolated from AC16 cells using Trizol Rea-
gent (Cwbio, Jiangsu, China). The isolated RNA was then 
reverse transcribed into cDNA. Real-time Qpcr (RT-Qpcr) 
was performed with the SYBR Green kit (Cwbio, Jiangsu, 
China) and the CFX96 Real-Time PCR System (BIO-RAD, 
CA, USA). Β-actin was used as an internal control. The 
mRNA level of each sample was evaluated using the ΔΔCT 
method. The primer sequences are listed below: RBM25-
forward: TGT​CTT​TTC​CAC​CTC​ATT​TGA​ATC​G, reverse: 
ATT​GGT​ACA​GGA​ATC​ATT​GGGGT; β-actin -forward: 
GGA​TCG​GCG​GCT​CCAT, reverse: CAT​ACT​CCT​GCT​
TGC​TGA​TCCA.

Western blotting

Whole-cell lysates were prepared. Total proteins were 
collected by centrifugation and then quantified by the 
BCA method (Solarbio, Beijing, China). To run SDS-
PAGE, equal amounts of total proteins were loaded onto 

10% SDS gels. After electrophoresis, proteins were 
transferred onto nitrocellulose membranes and blocked 
in 5% skim milk at 4 °C overnight. The membranes were 
washed and then incubated at room temperature for 2 h 
with primary antibodies against RBM25 (1:2500, Abcam, 
Cambridge, UK), CHOP (1:1000, Abcam, Cambridge, 
UK), Hif1α (1:1000, Abcam, Cambridge, UK), GAPDH 
(1:10000, Proteintech, Wuhan, China), BBC3 (1:10000, 
Proteintech, Wuhan, China), P53 (1:10000, Protein-
tech, Wuhan, China), and β-tubulin(1:10000, Abmart, 
Shanghai, China). Subsequently, the membranes were 
incubated with 4000-fold diluted secondary antibod-
ies (Proteintech, Wuhan, China). Finally, the proteins 
were detected with an ECL detection kit (NCM Biotech, 
Suzhou, China) and visualized using the MINICHEML 
610, CHAMPGEL6000 (Sage Creation, Beijing, China).

ER localization

ER staining was performed according to the instructions 
of ER-Tracker Blue kit. After treatment, AC16 were 
washed twice with PBS and then incubated in pre-warmed 
ER-tracker dye solution (1 μM) for approximately 15 min 
at 37 °C. The cells were then observed using a confocal 
microscopy (Carl Zeiss, Oberkochen, Germany).

Apoptosis analysis

Cells were collected, washed twice with cold PBS buffers, 
re-suspended with binding buff (BD Biosciences, New 
Jersey, USA/Muti science, Hangzhou, China), and density 
adjusted. Cell transfection status was then assessed on flow 
cytometry (BD Biosciences, NJ, USA) green fluorescent 
protein (GFP) channels. Cell apoptosis was detected 100 
μl cell suspension was mixed with 5 μl AV/APC solution, 
then again mixed with 5 μl 7-AAD solution, and incubated 
in the dark for 15 min. Finally, 400 μl binding buff was 
added and mixed, and the apoptosis rate of the cells was 
detected by flow cytometry within 1 h.

Statistical analysis

The data were obtained from 5 independent experiments for 
in vitro studies and six animals in every experimental group 
for in vivo studies. SPSS 26 software was used for statistical 
analysis, and Graph prims 8.0 (GraphPad Software, USA) 
was used for plotting. The data were presented as the mean 
± standard deviation (x ± S). All data were compared by 
Student’s t test between the two groups. One-way ANOVA 
was used to compare the differences among three groups. P 
< 0.05 were considered statistically significant.
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Results

Myocardial injury in ischemic HF rats

In order to investigate the role of RBM25 in ischemic HF, 
we induced MI in SD rats. After 2 and 4 weeks of myocar-
dial infarction, the rats in both groups showed significant 
cardiac dysfunction. We assessed cardiac function by echo-
cardiography (Fig. 1A) and BNP. Echocardiography of rats’ 
hearts demonstrated that LVEDV, LVESV, LVEDD, LVESD 
(Fig. 1B), and BNP (Fig. 1C) increased in the model group 
compared with the sham; however, LVEF and FS decreased. 
Consistent with the cardiac dysfunction, the model group also 
showed histological damage. H&E staining and Masson’s tri-
chrome staining were used to assess myocardial injury. In the 
sham operation group, the myocardial cells were arranged 
neatly, the nuclei were obvious, and there was no inflamma-
tory cell infiltration. In the ischemic HF group, the myocar-
dial tissue showed extensive myocardial cell necrosis and 
disordered myocardial fiber arrangement, and a large num-
ber of inflammatory cells infiltrated (Fig. 1D). In addition, 
Masson’s trichrome staining results clarified that the sham 
group was dominated by cardiomyocytes without obvious 
collagen components; in contrast, myocardial fibrosis was 
evident in the ischemic HF group, with only a few remain-
ing cardiomyocytes (Fig. 1E and F). Furthermore, transmis-
sion electron microscopy examination revealed an expanded 
ER lumen in the myocardium of ischemic HF rats (Fig. 1G). 
These results indicate that cardiac function and myocardial 
cells are significantly impaired in ischemic HF rats.

RBM25 is elevated in hypoxic‑injured 
cardiomyocytes

As the duration of HF prolonged, the expression of RBM25 
significantly increased in the ischemic HF group. RBM25 was 
quantified and localized through Western blot and immuno-
fluorescence. Western blot results showed that RBM25 protein 
levels in the ischemic HF group were significantly higher than 
those in the sham control group both in vivo (Fig. 2A and B) 
and in vitro (Fig. 2D and E). The elevated RBM25 was mainly 
localized in the nucleus of cardiomyocytes by co-localization 
with cardiac troponin T (Fig. 2C and F). Thus, when ischemic 
HF occurs, RBM25 expression levels located in the myocardial 
nucleus are significantly elevated.

Overexpression of RBM25 in AC16 promotes 
apoptosis

To explore the role of RBM25 in the progression of HF, we 
first overexpressed RBM25 in cardiomyocytes using lentiviral 
transfection and validated it by flow cytometry and RT-PCR. 

Flow cytometry showed that 90% of the cells carried GFP 
(Fig. 3A). The expression of RBM25 was significantly ele-
vated in Lent-RBM25 group (Fig. 3B). We then used flow 
cytometry to detect cell apoptosis. Apoptosis of Lent-RBM25 
group increased significantly (apoptosis rate was 28.49%) 
compared with Lent-Ctr group (Fig. 3C and D). Therefore, 
overexpression of RBM25 could induce cell apoptosis.

Transcriptome sequencing and differential gene 
screening

The number of sequencing sequences that could be 
mapped to the reference genome exceeded 90%. By com-
paring the sequencing results of Lent-RBM25 group and 
Lent group, the differential genes were obtained (Fig. 4A). 
The possible downstream pathways of RBM25 were then 
identified by GO enrichment analysis and protein inter-
action analysis. GO enrichment analysis showed that the 
most prominent biological processes, molecular functions, 
and cell compositions involved in these differenced genes 
were response to unfolded proteins, misfolded proline 
binding, and CHOP, respectively (Fig. 4B). Analysis of 
the function and expression of the corresponding genes 
interacting with CHOP showed that the pro-apoptotic 
genes PPP1R15A and BBC3 were increased (Fig. 4C). The 
EVEX online database found that BBC3 was regulated 
by CHOP. These results suggest that RBM25 may play a 
role through the ER stress related pathway CHOP/BBC3, 
thereby mediating apoptosis.

RBM25 enhances ER stress response 
through CHOP‑associated ER stress pathway 
signaling

We validated the CHOP/BBC3 pathway predicted by 
bioinformatics analysis in RBM25 overexpressed cells 
and OGD model, respectively. Considering the close con-
nection between ER stress and cell apoptosis, we fur-
ther evaluated the effects of RBM25 on key molecules 
involved in the unfolded protein response, CHOP, and 
BBC3. CHOP and BBC3 were significantly increased in 
RBM25 overexpressed cells, while P53 was decreased 
in these cells (Fig.  5A and B). Interestingly, the ER 
shrinked when RBM25 was overexpressed (Fig. 5C). 
These results suggest that overexpression of RBM25 
may significantly promote myocardial cell apoptosis 
through CHOP/P53/BBC3/ER stress-related pathways 
The same phenomenon was observed in the OGD model 
(Fig. 6A and B), and even the contraction of the ER was 
more pronounced (Fig. 6C). Hence, RBM25 may medi-
ate apoptosis through CHOP-associated pathways when 
cardiomyocytes are injured by hypoxia.
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ER stress can activate expression of RBM25

We further explored how exactly does RBM25 mediate 
cardiomyocyte apoptosis. After interfering RBM25 expression, 
CHOP, P53, BBC3, and caspase3 protein expression decreased 
(Fig. 7A and B). When cardiomyocytes were stimulated by 
ER stress inducer, tunicamycin (Tu), the expressions of 
RBM25, CHOP, and BBC3 increased, then interfered with 
the expressions of RBM25, and the expressions of CHOP and 

BBC3 decreased (Fig. 7C and D). In addition, inhibition of 
RBM25 reduced CHOP-related signaling pathways. The above 
results indicate that ER stress could activate RBM25/CHOP/
BBC3 pathway to mediate cardiomyocyte apoptosis.

Inhibiting the expression of RBM25 has a protective 
effect on the myocardium

Finally, the protective effect of knockdown of RBM25 gene 
in OGD model was evaluated. As expected, we found that 
expression of CHOP, P53, BBC3, and Caspase3 decreased 
in RBM25 siRNA group of OGD model (Fig. 8A and B). 
Myocardium cell apoptosis of RBM25 siRNA group decreased 
significantly compared with the control siRNA and control 
group (Fig. 8C and D). Therefore, inhibiting the expression 
of RBM25 may effectively inhibit myocardial cell apoptosis. 
Considering that RBM25 deficiency can inhibit apoptosis, we 
hypothesized that reducing RBM25 levels may improve cardiac 
function in ischemic HF model. To test this idea, we evaluated 
cardiac function in ischemic HF model after RBM25 gene 
knockdown by echocardiography (Fig. 9A). The results showed 
that LVESV and LVESD were decreased and LVEF and FS 
were significantly increased in the MI + shRBM25 group 
compared with the other two groups (Fig. 9B). Foreseeable, 
RBM25 may become a new therapeutic target for ischemic HF.

Fig. 1   Myocardial infarction induces heart failure in rats. A, B Echo-
cardiography and quantized histogram of ejection fraction (EF), left 
ventricular fractional shortening (FS), the left ventricular end-dias-
tolic inner diameter (LVEDD), left ventricular end-diastolic volume 
(LVEDV), left ventricular end-systolic inner diameter (LVESD), and 
left ventricular end-systolic volume (LVESV). n = 6 rats. C Differ-
ences in the expression levels of BNP among all groups. D Repre-
sentative images of H&E staining in each group. Arrows indicate dif-
ferent levels of inflammatory cell infiltration. Arrows heads indicate 
different levels of fibrocyte infiltration in the ischemic area (scale bar: 
50 μm). E, F Representative Masson staining images and quantitative 
data in each group: red section, myocardium; blue section, scarred 
fibrosis (scale bar: 50 μm). G The endoplasmic reticulum ultrastruc-
ture of left ventricular papillary muscle cells observed by transmis-
sion electron microscopy. Images (scale bar: 2 μm) highlighted the 
ER structure pointed by arrows heads and mitochondrial autophagy 
by arrows. Data are expressed as mean ± SD. *P < 0.05, **P < 0.01, 
***P < 0.001 vs. the Sham group. ##P < 0.01 vs. the MI-1 W group

◂

Fig. 2   RBM25 is elevated and localized in nucleus. A,  B Western 
Blot results and quantization histograms of RBM25 expression in 
rats of each group. C Immunofluorescence images of myocardial 
tissue of rats in Sham group and MI-4 W group. The red fluorescence 
represents RBM25, the green fluorescence represents cardiac 
troponin I (cTnI), and the blue fluorescence represents the nucleus 
stained by DAPI (scale bar: 10 μm). D,  E Western Blot results and 

quantization histograms of RBM25 and HIF1-α expression in each 
group of AC16. F Immunofluorescence images of AC16 in Lent-Ctr 
group and OGD group. The red fluorescence represents RBM25, the 
green fluorescence represents cardiac troponin I (cTnI), and the blue 
fluorescence represents the nucleus stained by DAPI (scale bar: 10 
μm). Data are expressed as mean ± SD. **P < 0.01, ***P < 0.001 vs. 
the sham group/control group. OGD, oxygen-glucose deprivation



868	 Z. Zhu et al.

1 3

Discussion

Apoptosis is an important mechanistic process in the 
pathological damage of HF [14; 15; 16]. In Olivetti et al.’s 
study, 39 HF heart samples showed a 232-fold increase in 
apoptotic cardiomyocytes with morphological changes 

compared to 11 normal heart tissues (Olivetti et al. 1997). 
Apoptosis can occur during myocardial cell injury  (Shi 
et  al.  2021). The pathological process of myocardial 
apoptosis in patients with HF is closely related to MI and 
hypoxia injury[19; 20; 21]. Although ER stress has been 
proven to be an important mechanism of HF pathology, the 

Fig. 3   Overexpression of 
RBM25 could induce cell 
apoptosis. A Flow cytometry 
was used to determine the 
transfection efficiency of GFP 
fluorescent label in RBM25-
overexpression group. B PCR 
results of RBM25 mRNA in 
each group. C, D Flow cytom-
etry of apoptosis in each group. 
***P < 0.001 vs. the control/
Lent-Ctr group
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relationship between ER stress and cardiomyocyte apoptosis 
remains unclear. Compelling evidence reports that ER stress 
can mediate increased apoptosis of cardiomyocytes (Yuan 
et al. 2020). Some studies indicate that ER stress trigger 
apoptosis to clear misfolded proteins and even impaired 
organelles attenuating damage and promoted homeostasis in 

cells (Garufi et al. 2020). However, other studies show that 
ER stress trigger apoptosis in HF.

RBM25 is an RNA-binding protein (Xiao et al. 2019). 
Studies have shown that RBM25 can be involved in the 
regulation of tumor cell apoptosis [28; 29], and RBM25 
is increased in human HF heart (Gao et al. 2011), but the 

Fig. 4   Sequencing analysis of RBM25 related genes. A Volcanic 
plot of differential genes between Lent-Ctr group and Lent-RBM25 
group. Genes with logFC > 1 are considered to have significant dif-
ferences, and P values < 0.05 are considered to have statistically sig-

nificant differences. B The top 30 terms of GO enrichment analysis 
of selected differential genes. C PPI analysis of CHOP protein. GO, 
Gene Ontology; PPI, protein-protein interaction
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specific mechanism of RBM25 regulation of HF cell apop-
tosis has not been reported so far. In this study, we found 
that RBM25 aggravated the pathological process of HF 
by regulating ER stress-mediated apoptosis, and down-
regulating RBM25 reversed apoptosis-mediated cardiac 
dysfunction. RBM25 levels were significantly increased 
in OGD models of AC16 cells and in myocardium of HF 
rats. Based on transcriptome sequencing data, we hypoth-
esized that RBM25 was involved in apoptosis through the 
CHOP/BBC3 branch of the ER stress response. To verify 
this prediction, RBM25 was overexpressed or knocked 
down in AC16 cells, and the expression of key molecules 
in CHOP-associated pathways was found to be altered. In 
addition, downregulation of RBM25 alleviates ER dys-
function and apoptosis in the OGD model and improves 
cardiac function in the ischemic HF model, providing evi-
dence that RBM25 may regulate apoptosis through CHOP-
related pathways. YY1, a known RNA-dependent tran-
scription factor, has been found to be a structural regulator 

of enhancer-promoter loops (Weintraub et al. 2017) and 
to specifically enhance the transcriptional activation of 
the GRP78 promoter under various of ER stress condi-
tions (Outinen et al. 1999). In view of the extensive co-
binding of YY1 and RBM25, the two proteins regulate a 
large number of common genes at the transcriptional level, 
and RBM25 first acts on the targeted promoter of YY1, 
providing necessary conditions for the subsequent bind-
ing of YY1 (Xiao et al. 2019). Therefore, RBM25 may 
regulate the expression of CHOP through YY1 and pro-
mote apoptosis. When ischemic or dilated cardiomyopathy 
occurs, an increase in RBM25 is thought to be caused by 
excess angiotensin II or hypoxia. This is consistent with 
our findings. Furthermore, knockdown RBM25 can inhibit 
cardiomyocyte apoptosis and improve cardiac function. 
Thus, intervention of the above processes may prevent 
adverse cardiac progression and myocardial cell damage 
in ischemic HF, and the specific mechanisms involved need 
to be further studied.

Fig. 5   Overexpression of RBM25 significantly promotes the CHOP/
P53/BBC3 pathway associated with ER stress. A,  B Western Blot 
results and quantization histograms of RBM25, CHOP, P53, and 
BBC3 expression in each group of AC16. C Lent-Ctr group and Lent-

RBM25 group were stained with ER-Tracker Blue (1 uM, 15 min) at 
37 °C. The cells were then washed with PBS and visualized by confo-
cal microscopy (scale bar: 10 μm). Data are expressed as mean ± SD. 
***P < 0.001 vs. the Lent-Ctr group
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BBC3 as a downstream target gene of CHOP plays an 
important role in ER stress-induced apoptosis [34; 35; 36]. 
BBC3 encodes a BH3-only protein, a pro-apoptotic member 
of the Bcl-2 family required to initiate apoptosis and is a 
key mediator of the P53-induced apoptotic response (Vil-
lunger et al. 2003). DNA damage stimuli trigger P53 tran-
scriptional responses, resulting in the upregulation of target 
gene BBC3. BBC3BH3 binds to Bcl-Xl at the canonical bind-
ing site, promotes the release of P53 upon dissociation, and 
activates pro-apoptotic Caspase 3 to promote P53-dependent 
apoptosis (Xing et al. 2016). Therefore, we are interested in 
whether CHOP regulates BBC3 through P53.

Our studies demonstrate that BBC3 expression may be 
important for the cardiomyocyte apoptotic process and 
can be transcriptionally induced by ER stress. Compared 
with normal cardiomyocytes, the expressions of CHOP, 
BBC3, and P53 were significantly upregulated after 
RBM25 overexpression, and all were downregulated after 
RBM25 knockdown. Interestingly, in OGD model, the 
elevated RBM25 was accompanied by the upregulation 

of CHOP, BBC3, and HIF1α, but the expression of P53 
was significantly downregulated. P53 accumulation has 
been shown to interfere with hypoxia-sensing systems 
and promote proteasomal degradation of HIF1α, resulting 
in impaired cardiac angiogenesis and left ventricular 
dysfunction (Gogiraju et al. 2015). This is consistent with 
our study, in which we found that when HIF1αis upregulated, 
it can interfere with P53 expression. The hypoxia of AC16 
cardiomyocytes led to the increase of RBM25, while the 
downregulation of P53 was associated with the increase 
of HIF1α level induced by hypoxia. This implies that the 
interaction between HIF1αand P53 may have important 
implications for the stability of the cardiovascular system. 
Therefore, we suggest that RBM25 regulates CHOP/BBC3 
ER stress response-mediated apoptosis independent of p53.

We established the OGD model of AC16 cardiomyocytes, 
which was mainly used to simulate the important pathological 
mechanism of ischemia and hypoxia in HF. The expression 
of RBM25 was significantly upregulated, and apoptosis was 
significantly increased after oxygen glucose deprivation. 

Fig. 6   RBM25 could mediate ER stress in OGD models through 
CHOP/P53/BBC3 in pathway. A, B Western Blot results and quan-
tization histograms of RBM25, CHOP, P53, and BBC3 expression in 
each group of AC16. C The control and OGD groups were stained 

with ER-Tracker Blue (1 uM, 15 min) at 37 °C. The cells were then 
washed with PBS and visualized by confocal microscopy (scale bar: 
10 μm). Data are expressed as mean ± SD. **P < 0.01, ***P < 0.001 
vs. the control group. OGD, oxygen-glucose deprivation
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Fig. 7   ER stress could activate RBM25 to mediate cardiomyocyte 
apoptosis. A, B Western blot results and quantization histograms 
of RBM25, CHOP, P53, BBC3, and Caspase3 expression in each 
group. C, D Western blot results and quantization histograms of 

RBM25, CHOP, and BBC3 expression in each group of AC16. 
Data are expressed as mean ± SD. *P < 0.05, **P < 0.01, ***P < 
0.001 vs. the control/control+siRNA/control siRNA+Tu group. Tu, 
tunicamycin



873RBM25 regulates hypoxic cardiomyocyte apoptosis through CHOP‑associated endoplasmic…

1 3

Fig. 8   Inhibiting the expression of RBM25 has a protective effect 
in  vitro. A,  B Western blot results and quantization histograms 
of RBM25, CHOP, P53, BBC3, and Caspase3 expression in each 
group. C, D Flow cytometry of apoptosis in each group. Data are 

expressed as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001 vs. 
the control+OGD/control siRNA25 + OGD group. OGD: oxygen-
glucose deprivation
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Interestingly, CHOP-associated pathways were expressed 
in the same direction. When RBM25 was knocked down, 
the expression of CHOP pathway–related proteins was 
reduced, and cell apoptosis and cardiac function injury were 
significantly improved.

This study has some limitations. Although BBC3 is 
a pro-apoptotic member of the Bcl-2 family required to 
initiate apoptosis, further exploration of its relationship 
with Bax and Bcl-2 is needed. In addition, the specific 
mechanism of ER stress leading to the rise of RBM25 
remains unclear. In the future, we will study the crosstalk 
between RBM25 and ER stress.

In conclusion, RBM25 is significantly upregulated in the 
OGD model and HF rat heart and leads to apoptosis by regulat-
ing CHOP-related pathways of ER stress response. Knockdown 
of RBM25 was able to reverse the adverse outcomes of ER stress. 
Therefore, targeting RBM25 may be an effective strategy to alle-
viate the adverse consequences of ER stress in HF, thus providing 
a new theoretical basis and new ideas for the treatment of HF.
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