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Abstract
The induction of endoplasmic reticulum (ER) stress has been reported as a key contributor to the cardiotoxicity of doxoru-
bicin. Previous in vitro and in vivo studies suggest that sacubitril/valsartan, a novel angiotensin receptor–neprilysin inhibitor, 
could be effective against doxorubicin-induced cardiotoxicity. However, the precise mechanisms are not fully understood. 
Therefore, we investigated whether the cardioprotective effects of sacubitril/valsartan are associated with ER stress modu-
lation in a rat model of doxorubicin-induced cardiotoxicity. Male Sprague–Dawley rats were treated with intraperitoneal 
injections of doxorubicin (15 mg/kg; cumulative) or saline for 3 weeks. From the day before the first treatment, control 
animals were gavaged daily with water (n = 8), whereas doxorubicin-treated animals were gavaged daily with water (n = 8) 
or sacubitril/valsartan (60 mg/kg/day; n = 8) for 6 weeks. Echocardiography was performed 6 weeks after the initiation of 
doxorubicin. In addition, serum troponin I and N-terminal brain natriuretic peptide levels were determined, and the extent 
of apoptosis and protein levels related to ER stress in the cardiac tissue and doxorubicin-treated H9c2 cardiomyocytes were 
analyzed. Sacubitril/valsartan significantly reduced doxorubicin-induced cardiac dysfunction and apoptosis in the myocar-
dium. In addition, sacubitril/valsartan significantly downregulated the expression levels of proteins related to apoptosis and 
ER stress, including BAX, caspase 3, GRP78, PERK, IRE-1α, ATF-6, eIF-2α, ATF-4, and CHOP, in the myocardium of a 
rat model of doxorubicin-induced cardiotoxicity in vivo and doxorubicin-treated H9c2 cardiomyocytes in vitro. Sacubitril/
valsartan significantly alleviated doxorubicin-induced cardiotoxicity, which may be associated with the reduction of ER stress.
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Introduction

Doxorubicin (Dox) has commonly been used as an effective 
chemotherapeutic drug for the treatment of a wide range of 
cancers, including both solid and hematogenous cancers, 
since 1969 (Renu et al. 2018). However, the utility of this 
drug is limited, because it induces cardiotoxicity and results 
in irreversible degenerative cardiomyopathy and heart fail-
ure (Yeh and Bickford 2009). Several strategies have been 
used to alleviate Dox-induced cardiotoxicity, which include 
reducing the cumulative Dox dose and the application of 
dexrazoxane (Chow et al. 2015; van Dalen et al. 2010). 
However, there are concerns about mitigating the antican-
cer effect of Dox and the increased incidence of secondary 
malignancies following dexrazoxane use (Tebbi et al. 2007). 
Conventional heart failure treatments, such as β-blockers and 
angiotensin-converting enzyme (ACE) inhibitors, are par-
tially effective against Dox-induced cardiotoxicity (Bosch 
et al. 2013; Cardinale et al. 2015). Therefore, it is important 
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to identify novel approaches to alleviate Dox-induced car-
diotoxicity without reducing its anticancer effects.

The underlying mechanisms of Dox-induced cardiotoxic-
ity still need to be elucidated. Reactive oxygen species play 
an important role in Dox-induced cardiotoxicity. Changes 
in iron homeostasis, mitochondrial dysfunction, calcium 
dysregulation, inflammation, endothelial dysfunction, 
autophagy, and cell death also contribute to Dox-induced 
cardiotoxicity (Renu et  al. 2018). Recently, it has been 
demonstrated that endoplasmic reticulum (ER) stress plays 
an important role in Dox-induced cardiotoxicity (Fu et al. 
2016). However, the detailed mechanisms of ER stress in 
Dox-induced cardiotoxicity have not been completely elu-
cidated. Sacubitril/valsartan (Sac/Val) is a novel angioten-
sin receptor–neprilysin inhibitor that reduces cardiovascular 
events in patients with heart failure (McMurray et al. 2014). 
Previous studies have shown that Sac/Val could reduce myo-
cardial injury and improve cardiac function in Dox-induced 
cardiotoxicity (Boutagy et al. 2020; Xia et al. 2017). How-
ever, the molecular mechanisms underlying the beneficial 
effects of Sac/Val in Dox-induced cardiotoxicity are not fully 
understood. In this study, we investigated whether the car-
dioprotective effects of sacubitril/valsartan are associated 
with ER stress modulation in a rat model of Dox-induced 
cardiotoxicity.

Materials and methods

Animals

The experiments were performed in compliance with the 
ARRIVE guidelines on animal research (Percie du Sert et al. 
2020) and the research protocol was approved by the Han-
yang University Institutional Animal Care and Use Commit-
tee. Male Sprague–Dawley (SD) rats (Koatech, Kyungki-do, 
Republic of Korea) aged 7 weeks and weighing 210–230 g 
were used. The rats were maintained in a specific patho-
gen-free facility at the Hanyang University Medical School 
Animal Experiment Center under controlled temperature 
(23 ± 2 °C) and humidity (55 ± 5%) conditions with an alter-
nating 12-h light/dark cycle.

Experimental design

The rats were randomly assigned to three groups as fol-
lows: control group (n = 8)—injection of an equal vol-
ume of saline (weekly injection for 3 weeks); Dox group 
(n = 8)—intraperitoneal injection of Dox at a cumulative 
dose of 15 mg/kg (weekly injection of Dox at 5 mg/kg for 
3 weeks); Dox + Sac/Val group (n = 8)—oral gavage of Sac/
Val (60 mg/kg/day; Selleck, Houston, TX, USA) dissolved 
in normal saline beginning on the day before Dox injection 

for 6 weeks (in addition to Dox treatment). This dose of Sac/
Val was chosen based on prior preclinical studies defining 
the pharmacokinetics and pharmacodynamics of Sac/Val 
in rats and other studies demonstrating beneficial effects of 
Sac/Val on myocardial remodeling in rats (Boutagy et al. 
2020; Gu et al. 2010; Xia et al. 2017). Both the control and 
Dox groups received daily oral gavage of water in the same 
manner as the Dox + Sac/Val group. At week 6 of the experi-
ment, all rats were euthanized for analysis (Fig. 1).

Echocardiography

At week 6 of the experiment, transthoracic echocardiography 
was performed before euthanizing the rats by an intramus-
cular injection of a mixture of zoletil 50 (30 mg/kg; Virbac 
SA, Carros, France) and rompun (10 mg/kg; Bayer Korea, 
Seoul, Republic of Korea) (Park et al. 2021). The left side 
of the chest was shaved to obtain clear images. Echocardio-
graphic examinations (IE33; Philips Healthcare, Andover, 
MA, USA) of the rats in the left lateral decubitus position 
were performed by a single sonographer. Left-ventricular 
ejection fraction (LVEF) and left-ventricular fractional 
shortening (LVFS) were measured. All measurements were 
used to generate a mean of five consecutive cardiac cycles, 
and the mean values were used in the subsequent analyses.

Histological analysis

After the rats were euthanized, the hearts were immediately 
isolated and weighed, and the ventricle was divided into 
two parts. One-half of each heart was fixed in formalin, 
embedded in paraffin, and cut into 4 µm-thick sections. The 
other half was frozen in liquid nitrogen and stored at − 80 °C 
for western blot analysis. Apoptotic cardiomyocytes were 
evaluated by terminal deoxynucleotidyl transferase dUTP 
nick end-labeling (TUNEL) assay in paraffin sections using 
the In Situ Cell Death Detection Kit (Roche, Mannheim, 
Germany). The stained sections were photographed using a 
light microscope (Leica DM 4000 B; Leica, Wetzlar, Ger-
many). Five regions from each digitized image were selected 
at random, and the numbers of healthy and TUNEL-positive 
(apoptotic) nuclei were quantified. The apoptotic index was 
calculated as the number of TUNEL-positive nuclei/total 
number of nuclei (Shin et al. 2014). All data were evaluated 
by an independent, blinded investigator.

Cell culture

The H9c2 rat cardiomyocyte cell line (ATCC, Manassas, 
VA, USA) was cultured in Dulbecco’s modified Eagle’s 
medium (DMEM; Gibco, Grand Island, NY, USA) contain-
ing 5.5 mM glucose, 10% fetal bovine serum (FBS; Gibco), 
and 1% penicillin and streptomycin (Gibco) at 37 °C in a 
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humidified incubator with 5% CO2. Experiments were per-
formed using cells between passages 10 and 14 at the time of 
the experiments, which were performed in cell cultures with 
70–80% confluence. The cells were divided into three groups 
for treatment as follows: (1) control group; (2) Dox group—
the cells were treated with 500 nM Dox; (3) Dox + Sac/Val 
group—the cells were treated with 500 nM Dox and 20 μM 
Sac/Val. After 48 h, the cells were harvested for further 
analysis. All tests were repeated at least three times.

Biochemical analysis

Blood samples were collected from the rats through the 
posterior vena cava and centrifuged at 2000 ×g for 15 min 
at 4  °C to separate the serum. All samples were stored 
at − 80  °C until analysis. Serum N-terminal pro-brain 
natriuretic peptide (NT-proBNP) and troponin I levels were 
measured according to the manufacturer’s instructions by 
enzyme-linked immunosorbent assay (ELISA) using the 
Mouse NT-pro BNP ELISA Kit and Rat Cardiac Troponin I 
ELISA Kit (MyBioSource, San Diego, CA, USA).

Fluorescence‑activated cell sorting (FACS) analysis

Fluorescein isothiocyanate (FITC)-conjugated annexin V 
and propidium iodide (PI) were used to identify apoptotic 
cells using an FITC-annexin V apoptosis detection kit (BD 
Biosciences, San Diego, CA, USA) according to the manu-
facturer’s instructions (Lee et al. 2012). H9c2 cells were 

harvested and washed twice with PBS. The cells were resus-
pended in binding buffer, and FITC-annexin V and PI were 
added. The mixture was incubated for 15 min in the dark 
at room temperature. The resulting fluorescence was meas-
ured by flow cytometry using an FACS flow cytometer (BD 
Biosciences).

Western blotting

Heart halves were homogenized, and total protein was 
extracted using protein lysis buffer (PRO-PREP; iNtRON, 
Seongnam, Republic of Korea). Cardiac tissue samples 
containing 60 μg total protein were boiled for 20 min and 
loaded onto sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE) gels (8% stacking and 10% or 
15% separating gels). Separated proteins were transferred 
to nitrocellulose membranes (0.45 μm pore size; Bio-Rad, 
Hercules, CA, USA) or Immobilon-P polyvinylidene flu-
oride (PVDF) membranes (0.45 μm pore size; Millipore, 
Billerica, MD, USA). After blocking in 5% bovine serum 
albumin solution (Sigma-Aldrich) or 5% skim milk solu-
tion (BD Biosciences, San Diego, CA, USA) for 60 min, 
the membranes were incubated with primary antibodies 
overnight at 4 °C. The primary antibodies used are listed in 
Supplementary Table S1. Blots were incubated with horse-
radish peroxidase (HRP)-conjugated anti-rabbit antibody 
(1:2000; Jackson ImmunoResearch, West Grove, PA, USA) 
or anti-mouse antibody (1:2000; Jackson ImmunoResearch) 
for 1 h at room temperature. Glyceraldehyde-3-phosphate 

Fig. 1   Schematic of the experimental protocol. Male SD rats aged 
7 weeks were randomized into the control group (n = 8, saline injec-
tion with normal diet), Dox group (n = 8, Dox injection at 15 mg/kg, 
cumulative with normal diet), and Dox + Sac/Val group (n = 8, Dox 

injection at 15  mg/kg, cumulative with oral gavage of Sac/Val at 
60 mg/kg/day). At 6 weeks, transthoracic echocardiography was per-
formed under anesthesia, followed by euthanasia for analysis
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dehydrogenase (GAPDH) was used as a loading control. 
Positive protein bands were visualized using an enhanced 
chemiluminescence detection kit (GenDEPOT, Barker, NY, 
USA), and the results were quantified using an image ana-
lyzer (Image Lab 3.0, Bio-Rad).

Statistical analyses

Statistical Package for the Social Sciences (SPSS) soft-
ware (IBM SPSS Statistics for Windows, version 26; IBM 
Corp., Armonk, NY, USA) was used for statistical analy-
ses. All data are expressed as the mean ± standard devia-
tion (SD). Data were analyzed using one-way analysis of 
variance (ANOVA) for multiple comparisons, and post 

hoc multiple comparisons were performed with Tukey’s 
test (equal variances assumed) or Dunnett’s T3 test (equal 
variances not assumed). Statistical significance was set at 
P < 0.05.

Results

Sac/Val improves biochemical markers and systolic 
function in a rat model of Dox‑induced 
cardiotoxicity

At the end of the experiments, there were no significant 
differences in the heart-to-body weight ratio between the 
groups. The Dox group showed significantly increased 
troponin I and NT-proBNP levels compared with those of 
the control group (Table 1). In addition, LVEF and LVFS 
measured by echocardiography after 6 weeks of treatment 
with Dox were significantly reduced compared with those 
of the control group (Fig. 2). These results confirmed the 
successful development of a rat model of Dox-induced 
cardiotoxicity.

In comparison with treatment with Dox only, cotreat-
ment with Sac/Val resulted in significantly lower levels of 
troponin I and NT-proBNP. Moreover, LVEF and LVFS 
were significantly higher in the Dox + Sac/Val group than 
in the Dox group.

Table 1   Effect of sacubitril/valsartan on the heart-to-body weight 
ratio and serum levels of troponin I and NT-proBNP in rats with Dox-
induced cardiotoxicity

All data are expressed as the mean ± SD
Dox doxorubicin, Sac/Val sacubitril/valsartan, NT-proBNP N-termi-
nal pro-brain natriuretic peptide
*P < 0.05 vs. Control
† P < 0.05 vs. Dox

Control Dox Dox + Sac/Val

Heart-to-body weight 
ratio (mg/g)

3.30 ± 0.14 3.03 ± 0.42 2.97 ± 0.40

Troponin I (pg/mL) 23.3 ± 12.8 39.1 ± 7.7* 28.0 ± 12.3†

NT-proBNP (pg/mL) 261.3 ± 49.9 374.7 ± 95.6* 276.6 ± 49.2†

Fig. 2   Protection against Dox-
induced cardiotoxicity in rats 
by Sac/Val. A Representative 
images of echocardiography. 
B Changes in left-ventricular 
systolic function with Sac/
Val treatment in Dox-induced 
cardiotoxicity. All data are 
expressed as the mean ± SD. 
LVEF left-ventricular ejection 
fraction, LVFS left-ventricular 
fractional shortening
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Sac/Val attenuates Dox‑induced cardiac apoptosis 
in rats

Apoptotic cardiomyocytes in the three groups were detected 
by TUNEL staining. Compared with the control group, 
the Dox group had a significantly increased apoptotic 
index (22.63 ± 3.17% vs. 52.62 ± 5.67%, P < 0.05), which 
was significantly alleviated in the Dox + Sac/Val group 
(52.62 ± 5.67% vs. 37.02 ± 1.34%, P < 0.05) (Fig. 3A, B). 
The levels of the pro-apoptotic proteins bcl-2-associated X 
(BAX) and cysteine-aspartic proteases 3 (caspase 3) in the 
cardiac tissue were measured by western blotting (Fig. 3C, 
D). The results showed that the expression of pro-apoptotic 
proteins, such as BAX and caspase 3, was significantly 
higher in the Dox group than in the control group (P < 0.05). 
However, pro-apoptotic protein expression in the Dox + Sac/
Val group was significantly alleviated compared with that in 
Dox group (P < 0.05).

Sac/Val suppresses Dox‑induced ER stress in rats

To evaluate the effects of Sac/Val on Dox-induced ER stress, 
the cardiac expression of ER stress-associated proteins 

was examined, which included glucose-regulated protein 
78 (GRP78), protein kinase R-like endoplasmic reticulum 
kinase (PERK), inositol-requiring enzyme-1α (IRE-1α), 
activating transcription factor-6 (ATF-6), eukaryotic ini-
tiation factor-2α (eIF-2α), activating transcription factor-4 
(ATF-4), X-box binding protein 1 (XBP1), apoptosis sig-
nal-regulating kinase 1 (ASK1), c-Jun NH2-terminal kinase 
(JNK), and C/EBP homologous protein (CHOP) (Fig. 4). 
Compared with the control group, the Dox group showed 
significantly increased expression levels of GRP78, PERK, 
IRE-1α, ATF-6, eIF-2α, ATF-4, and CHOP (P < 0.05), 
which were significantly normalized in the Dox + Sac/Val 
group (P < 0.05). There was no difference in the protein 
expression of XBP1, ASK1, and JNK between the groups.

Sac/Val attenuates Dox‑induced apoptosis and ER 
stress in H9c2 cardiomyocytes

An in vitro experiment was performed to clarify the effects 
of Sac/Val on ER stress in Dox-induced cardiotoxicity. 
First, the effects of Dox and Sac/Val on the viability of 
H9c2 cardiomyocytes were evaluated by MTT assay. 
Treatment with Dox at concentrations of 10 nM, 100 nM, 

Fig. 3   Attenuation of apoptosis in rats with Dox-induced cardiotoxic-
ity by Sac/Val. A Representative images of TUNEL staining of the 
myocardium for each group. Scale bar = 100 μm. Apoptotic nuclei are 
stained brown, and non-apoptotic nuclei are stained blue. B Quanti-
tative analysis of apoptotic cells in the myocardium of each group. 

C The protein expression of BAX and caspase 3 in the cardiac tis-
sue was detected by western blotting. GAPDH was used as a loading 
control. D Quantitative western blot analysis of BAX and caspase 3. 
Expression levels were normalized to the GAPDH expression level
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500 nM, 1 μM, and 10 μM for 24 h showed concentration-
dependent cytotoxic effects (Supplementary Fig. S1A), 
whereas treatment with Sac/Val at concentrations of 1 μM, 
5 μM, 10 μM, and 20 μM showed no cytotoxicity (Sup-
plementary Fig. S1B). To evaluate the effects of Sac/Val 
on Dox-induced cardiotoxicity, H9c2 cardiomyocytes were 
treated with 20 μM Sac/Val and 500 nM Dox.

To examine the effects of Sac/Val on Dox-induced 
apoptosis in cardiomyocytes, H9c2 cardiomyocytes were 
treated with Dox with or without Sac/Val, and the per-
centage of apoptotic cells was determined by annexin 
V/PI staining (Fig. 5A, B). Compared with the control 
group, the Dox group showed significantly increased 
cardiomyocyte apoptosis (P < 0.05), which was signifi-
cantly decreased by cotreatment with Sac/Val (P < 0.05). 
Pro-apoptotic proteins were detected by western blotting 
(Fig. 5C, D). Dox administration significantly increased 
the expression of pro-apoptotic proteins, such as BAX 
and caspase 3 (P < 0.05). Cotreatment with Sac/Val effec-
tively inhibited the expression of both BAX and caspase 3 
(P < 0.05). To investigate the anti-apoptotic mechanisms 
of Sac/Val in Dox-induced cardiotoxicity, the expres-
sion of ER stress-associated proteins was further evalu-
ated (Fig. 5E, F). The Dox group showed significantly 
elevated protein expression levels of GRP78, PERK, 
IRE-1α, ATF-6, eIF-2α, ATF-4, and CHOP (P < 0.05), 

which were significantly normalized in the Dox + Sac/Val 
group (P < 0.05).

Discussion

In this study, we showed that Sac/Val attenuated cardiac 
systolic dysfunction and reduced cardiomyocyte apoptosis 
in a rat model of Dox-induced cardiotoxicity. Moreover, 
Sac/Val downregulated the expression levels of apoptosis-
related proteins, including BAX and caspase 3, and proteins 
related to ER stress, including GRP78, PERK, IRE-1α, ATF-
6, eIF-2α, ATF-4, and CHOP, in the myocardium of a rat 
model of doxorubicin-induced cardiotoxicity in vivo and 
doxorubicin-treated H9c2 cardiomyocytes in vitro. These 
findings provide a molecular explanation, suggesting that 
the anti-apoptotic effects of Sac/Val may be mediated by 
the modulation of ER stress in Dox-induced cardiotoxicity.

Dox is one of the most effective anticancer drugs. How-
ever, Dox-induced cardiotoxicity remains a major obstacle 
in the clinical use of Dox (Singal and Iliskovic 1998). The 
mechanisms of Dox-induced cardiotoxicity are diverse and 
complicated. Dox contributes to DNA damage by inhibiting 
topoisomerase II, which leads to cardiotoxicity (Zhang et al. 
2012). In addition, reactive oxygen species play a major 
role in Dox-induced cardiotoxicity (Songbo et al. 2019), 

Fig. 4   Alleviation of ER stress in rats with Dox-induced cardiotox-
icity by Sac/Val. A Western blotting of the expression of ER stress-
related proteins such as GRP78, PERK, IRE-1α, ATF-6, eIF-2α, 
ATF-4, XBP1, ASK1, JNK, and CHOP in the cardiac tissue. GAPDH 

was used as a loading control. B Quantitative western blot analysis 
of GRP78, PERK, IRE-1α, ATF-6, eIF-2α, ATF-4, XBP1, ASK1, 
JNK, and CHOP. Expression levels were normalized to the GAPDH 
expression level



1071Archives of Toxicology (2022) 96:1065–1074	

1 3

and the dysregulation of mitochondrial dynamics and func-
tion leads to cardiotoxicity (Osataphan et al. 2020). The 
precise mechanisms of Dox-induced cardiotoxicity remain 
elusive; however, the ultimate outcome is the apoptosis of 
cardiomyocytes. The apoptosis of cardiomyocytes is related 
to ER stress, and emerging evidence shows that ER stress 
might play a key role in Dox-induced cardiotoxicity (Yar-
mohammadi et al. 2021). The ER orchestrates the folding 
and translocation of secretory and transmembrane proteins. 
Disruption in the ER protein folding capacity leads to a cell 
stress response, known as the unfolded protein response or 

ER stress, which aims to restore protein homeostasis. When 
ER stress is chronically prolonged and the protein load on 
the ER greatly exceeds its fold capacity, cellular dysfunc-
tion and cell death often occur (Ren et al. 2021; Sano and 
Reed 2013). CHOP plays an important role in ER stress-
induced apoptosis (Hu et al. 2018). CHOP is not expressed 
under normal conditions (Ron and Habener 1992). How-
ever, prolonged ER stress can activate PERK, and acti-
vation of PERK leads to the phosphorylation of eIF-2α, 
promoting ATF-4 transcription and thereby increasing the 
expression of CHOP (Rozpedek et al. 2016). In addition, the 

Fig. 5   Attenuation of Dox-induced apoptosis and ER stress in H9c2 
cardiomyocytes by Sac/Val. A Apoptosis detection by annexin V 
staining in flow cytometry. B Quantitative analysis of apoptotic 
cells detected in flow cytometry. C Western blotting of the protein 
expression of BAX and caspase 3 in H9c2 cardiomyocytes. GAPDH 
was used as a loading control. D Quantitative western blot analysis 
of BAX and caspase 3. Expression levels were normalized to the 

GAPDH expression level. E Expression of ER stress-related proteins 
such as GRP78, PERK, IRE-1α, ATF-6, eIF-2α, ATF-4, and CHOP. 
GAPDH was used as a loading control. F Quantitative western blot 
analysis of GRP78, PERK, IRE-1α, ATF-6, eIF-2α, ATF-4, and 
CHOP. Expression levels were normalized to the GAPDH expression 
level
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ATF6 and IRE-1α pathways can activate CHOP (Hu et al. 
2018). Activated CHOP can downregulate the expression 
of anti-apoptotic genes and increase the expression of pro-
apoptotic genes, leading to mitochondrial-dependent apop-
tosis (Iurlaro and Muñoz-Pinedo 2016). In this study, we 
showed that the levels of ER stress-related proteins (GRP78, 
PERK, IRE-1α, ATF-6, eIF-2α, ATF-4, and CHOP) were 
increased after Dox treatment, which was accompanied 
by an increase in cardiomyocyte apoptosis, indicating that 
ER stress may play a role in Dox-induced cardiotoxicity. 
Moreover, findings associated with cardiotoxicity were sig-
nificantly abrogated by cotreatment with Sac/Val. These 
findings were consistently observed in the myocardial tis-
sue and H9c2 cells. However, an interesting finding in our 
study was that although the expression levels of IRE-1α (one 
of the three major pathways of ER stress) and BAX (a pro-
apoptotic protein associated with the IRE-1α pathway) were 
increased in Dox-induced cardiotoxicity, downstream sign-
aling molecules of the IRE-1α pathway (XBP1, ASK1, and 
JNK) were not activated. A possible explanation for these 
findings is ER stress response failure, which is of consider-
able interest to researchers recently (Bhattarai et al. 2020). 
In ER stress response failure, despite ER stress activation 
(as evidenced by enhanced upstream proteins), downstream 
signaling molecules fail to be fully activated. In addition, the 
findings suggest the presence of another molecular pathway 
that activates BAX. Further investigation on the detailed 
mechanisms of the ER stress response in Dox-induced car-
diotoxicity is needed.

In recent practical guidelines for the treatment of heart 
failure, treatment with an ACE inhibitor and a beta-blocker 
is recommended during anthracycline chemotherapy for 
cancer patients with LV systolic dysfunction, defined as 
a 10% or more decrease in LVEF to a value lower than 
50% (McDonagh et al. 2021). In addition, considering the 
evidence of the PARADIGM-HF trial demonstrating that 
Sac/Val was superior to ACE inhibitors in the treatment 
of chronic heart failure with reduced ejection fraction, the 
superiority of Sac/Val in the treatment of Dox-induced car-
diotoxicity can be expected (McMurray et al. 2014). Mar-
tín-Garcia et al. recently reported that Sac/Val improves the 
echocardiographic parameters and clinical status of patients 
with cancer therapy-related cardiac dysfunction based on 
an analysis of a retrospective multicenter registry database 
containing 47 patients treated with anthracycline (Martín-
Garcia et al. 2020). Despite its clinical potential, preclinical 
studies that have elucidated the therapeutic mechanisms of 
Sac/Val in Dox-induced cardiotoxicity are limited. Xia et al. 
reported that Sac/Val attenuated Dox-induced cardiotoxic-
ity, which was associated with the alleviation of dynamin-
related protein 1 (Drp1)-mediated mitochondrial dysfunction 
(Xia et al. 2017). More recently, Boutagy et al. reported 
that Sac/Val maintained cardiac function in a rodent model 

of Dox-induced cardiotoxicity, which was mediated by a 
reduction in myocardial matrix metalloproteinase activity 
(Boutagy et al. 2020). In addition to previous studies, this 
study provides a novel molecular mechanism associated 
with ER stress modulation by Sac/Val in ameliorating Dox-
induced cardiotoxicity. These results are in agreement with 
those of a previous study in which natriuretic peptides pro-
tected cells from various types of injury by inhibiting ER 
stress (Chang et al. 2019; Courreges et al. 2019; ZHAO et al. 
2020). The increase in natriuretic peptides induced by sacu-
bitril, which inhibits natriuretic peptide degradation, effec-
tively modulates ER stress and may have protective effects 
against Dox-induced cardiotoxicity.

This study has several limitations. First, we provide a new 
mechanistic understanding of Sac/Val in terms of its anti-
apoptotic effects and ER stress reduction in Dox-induced 
cardiotoxicity; however, we do not provide evidence on a 
causal relationship between apoptosis and ER stress. Fur-
ther studies on the detailed mechanisms are needed to deter-
mine whether the alleviation of cardiomyocyte apoptosis is 
related to the ER stress-induced apoptosis pathway. Second, 
we cannot rule out the possibility that the anti-apoptotic 
effect of Sac/Val is associated with any other previously 
postulated mechanism such as oxidative stress, mitochon-
drial dysfunction, impairment of progenitor cells, activation 
of immune, and autophagy. Further studies regarding the 
precise mechanism of the anti-apoptotic effect of Sac/Val 
are also worth exploring. Third, we did not include a group 
treated with only Sac/Val. In addition, we did not conduct 
experiments which compare the effectiveness of Sac/Val 
with that of valsartan. Therefore, we could not verify the 
changes when Sac/Val was treated without Dox, and it is not 
possible to conclude whether the beneficial effects of Sac/
Val are attributed to valsartan only or the additional effects 
of sacubitril. Finally, we evaluated the preventive effects of 
Sac/Val against Dox-induced cardiotoxicity. Further studies 
are needed to determine whether Sac/Val can reverse Dox-
induced cardiotoxicity when administered after toxicity has 
occurred.

In conclusion, our study demonstrated that Sac/Val 
treatment significantly attenuated Dox-induced cardiotox-
icity, which may be associated with the alleviation of ER 
stress. We believe that our findings provide new insights 
into the potential molecular mechanisms of Dox-induced 
cardiotoxicity.
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