
European Journal of Histochemistry 2024; volume 68:4122

Alarin regulates RyR2 and SERCA2 to improve cardiac function 
in heart failure with preserved ejection fraction
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Heart failure with preserved ejection fraction (HFpEF), a complex disease that is increasingly prevalent due to
population aging, pose significant challenges in its treatment. The present study utilized the HFpEF rat model
and H9C2 cells as research subjects to thoroughly investigate the potential mechanisms of alarin in protecting
cardiac function in HFpEF. The study shows that under HFpEF conditions, oxidative stress significantly
increases, leading to myocardial structural damage and dysfunction of calcium ion channels, which ultimately
impairs diastolic function. Alarin, through its interaction with NADPH oxidase 1 (NOX1), effectively alleviates
oxidative stress and modulates the activities of type 2 ryanodine receptor (RyR2) and sarcoplasmic/endoplas-
mic reticulum calcium ATPase 2 (SERCA2), thereby facilitating the restoration of Ca2+ homeostasis and signif-
icantly improving cardiac function in the HFpEF model. This research not only uncovers the cardioprotective
effects of alarin and its underlying molecular mechanisms but also provides new insights and potential thera-
peutic targets for HFpEF treatment strategies, suggesting a promising future for alarin and related therapies in
the management of this debilitating condition.
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Introduction
Heart failure with preserved ejection fraction (HFpEF) is a

common heart disease characterized by normal contractile function
but impaired diastolic function, leading to compromised systemic
blood flow.1 Despite maintaining an ejection fraction (EF) exceed-
ing 50%, patients with HFpEF commonly experience dyspnea,
fatigue, edema, and reduced exercise tolerance, all of which
severely diminish their quality of life.2-4 As the population ages and
lifestyles transform, the occurrence of HFpEF is escalating.5

Consequently, research on HFpEF holds paramount significance in
preventing and managing this increasingly prevalent condition. 

Recent advancements in heart failure (HF) research have
underscored the central role of oxidative stress in disease initiation
and progression.6,7 Oxidative stress triggers the accumulation of
reactive oxygen species (ROS) within cardiomyocytes, igniting a
cascade of biochemical reactions, including protein oxidation and
lipid peroxidation.8,9 These reactions disrupt cellular structures and
functions, contributing to myocardial cell damage and
dysfunction.10 Notably, NADPH oxidase (NOX), a family of
enzymes that catalyze the production of ROS, plays a pivotal role
in modulating oxidative stress level.11 The NOX family consists of
seven members, including NOX1, NOX2, NOX3, NOX5, and
DUOX oxidases, which regulate oxidative stress through intracel-
lular signal transduction.12,13

HFpEF is primarily defined by left ventricular diastolic dys-
function, arising from an imbalance Ca2+ handling within the
myocardial sarcoplasmic reticulum (SR).14 This imbalance leads to
intracellular Ca2+ overload, which is exacerbated by ROS-mediat-
ed enhancement of RyR2 (type 2 ryanodine receptor, a calcium
release channel located on the SR membrane of cardiomyocytes)
activity and suppression of SERCA2 (sarcoplasmic/endoplasmic
reticulum calcium ATPase 2, a calcium pump responsible for
pumping cytosolic Ca2+ back into the SR) function.15-18 The result-
ant disturbance in Ca2+ homeostasis facilitates troponin displace-
ment, causing actin and myosin to remain bound, thereby perpetu-
ating myocardial contraction and diastolic dysfunction.19

Despite recent progress in HFpEF treatment, including the use
of sodium-glucose co-transporter 2 (SGLT2) inhibitors, mineralo-
corticoid receptor antagonists (MRAs), angiotensin receptor
neprilysin inhibitors (ARNIs), and beta-blockers (BBs), there are
still significant limitations to these therapies.20-22 The overall effi-
cacy of these drugs is often debated, and they may not be univer-
sally effective or may come with undesirable side effects. Thus,
there is an urgent need for novel therapeutic approaches to address
the unmet medical needs of HFpEF patients.

Alarin, a neuropeptide belonging to the galanin peptide family,
has garnered attention among researchers due to its extensive bio-
logical activities.23 Composed of 25 amino acids, alarin exerts its
effects through GalR1, GalR2, and GalR3 receptors, which are
members of the G protein-coupled receptor family and play a vital
role in various pathological processes, including cardiovascular
diseases.24-26 Our previous studies have demonstrated that alarin
can effectively inhibit the angiotensin II (Ang II)-induced upregu-
lation of NOX1 expression in cardiac fibroblasts,27 and it has
shown promise in improving cardiac function and mitigating
myocardial fibrosis in rat models of acute myocardial infarction
(AMI). Furthermore, proteomic analyses have revealed a signifi-
cantly reduced alarin levels in the serum of HFpEF rats, suggesting
a potential role for alarin in this disease. However, the precise
mechanism and therapeutic potential of alarin in HFpEF remain to
be fully elucidated and warrant further investigation.

In this study, to investigate the role of alarin in HFpEF, an in
vitro model of H9C2 cells treated with isoproterenol and an in vivo
model of Dahl rats fed a high-salt diet (HSD) were established. By

investigating the improvement effects of alarin on cardiac function
in HFpEF and the possible mechanisms by measuring cardiac
function, oxidative stress level, the expression levels of alarin and
NOX1, the interaction between alarin and NOX1 as well as the
expression of RyR2 and SERCA2, the aim of this study is to pro-
vide a theoretical basis for exploring novel treatment.

Materials and Methods 

Animals and experimental protocol
The male Dahl rats (220-240 g, 6-week-old) were purchased

from the Institute of Comparative Medicine (Yangzhou University,
Yangzhou, China), and housed in a specific pathogen-free environ-
ment. The rats were housed in a temperature-regulated environ-
ment, maintained on a regular 12 h light-dark cycle, and provided
with unrestricted access to standard food and drinking water. The
animal experiments were approved by the Experimental Animal
Care and Use Committee of Xuzhou Medical University
(Approval no. SCXK (Su)2022-0009). After one week of adaptive
feeding, the model of HFpEF was constructed using a high-salt
diet (diet with 8% NaCl, HSD) for 7 weeks, and using echocardio-
graphic observation to confirm the successful establishment of the
HFpEF model.

The rats were randomly divided into six groups as follows: i)
control group: normal rats received daily intraperitoneal injections
of saline; ii) HSD group: the HFpEF model rats also received daily
intraperitoneal injections of saline; iii) alarin group: the model rats
received intraperitoneal injections of alarin (1 nM/kg/d);27 iv) EX-
NC group: the model rats were intraperitoneally administered with
overexpression control vector lentivirus once weekly; v) EX-
NOX1 group: the model rats were intraperitoneally administered
with NOX1 overexpression vector lentivirus once weekly; vi) alar-
in + EX-NOX1 group: the model rats received intraperitoneal
administrations of alarin (1 nM/kg/d) and NOX1 overexpression
vector lentivirus once weekly. After four weeks of intervention,
echocardiographic evaluation was conducted to detect changes in
cardiac function among rats in each group. At the end of the exper-
iment, the rats were euthanised by cervical dislocation, and the
myocardial tissue was isolated for the following experiments.

Histopathological analysis
The cardiac muscle tissue was fixed in 4% paraformaldehyde

(AR1069; Boster Bio, Pleasanton, CA, USA) and subsequently
sliced into 4 μm-thick sections measuring, and then stained with
hematoxylin and eosin (H&E) (C0105M; Beyotime Biotech, Inc.,
Haimen, China) and Masson’s trichrome (G1340; Solarbio,
Beijing, China) stain for histopathological analysis.

Cells and culture
The rat cardiomyocyte cell line, H9C2 cells, obtained from

Fenghui Biotech (Hunan, China) were cultured in DMEM medium
(PM150210; Pricella Biotech, Houston, TX, USA) containing 10%
FBS (164210; Pricella Biotech) and 1% penicillin-streptomycin
solution (PB180120; Pricella Biotech) at 37°C, in 5% CO2. To
establish a H9C2 cell injury model, cells were treated with isopro-
terenol (ISO) at a concentration of 0.1 mg/mL for a duration of 24
h. Then the cells were divided into six groups: control group, in
which the normal H9C2 cells were treated with PBS; model group,
in which the model cells were treated with PBS; alarin group, the
model cells were treated with alarin (10 nM); EX-NC group, the
model cell which transfected the overexpression control vector
were treated with PBS. EX-NOX1 group, the model cell which
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transfected the NOX1 overexpression vector were treated with
PBS. Alarin + EX-NOX1 group, the model cell which transfected
the NOX1 overexpression vector were treated with alarin (10 nM).
All the groups of cells were incubator under 37°C and 5% CO2
conditions for 48 h, followed by the subsequent experiments.

ELISA testing for level of oxidative stress
Commercial ELISA kit for ROS (YFXER00746; Yfxbio

Biotech, Nanjing, China) and 8-hydroxy-2’-deoxyguanosine (8-
OHdG) (ab285254; Abcam, Cambridge, UK) was used to deter-
mine the concentrations of ROS and 8-OHdG in the cardiac mus-
cle tissue and H9C2 cells, in accordance with the manufacturer’s
protocols.

Viability analysis
Cell viability was detected using a Cell Viability Assay Kit

(CCK-8, C0037; Beyotime Biotech, Inc.). In the presence of elec-
tron-coupled reagents, intracellular dehydrogenases can oxidize it
to generate a water-soluble orange formazan. The quantity of for-
mazan produced is directly proportional to the number of viable
cells present. According to the manufacturer’s protocols, each
group cells were seeded in 96-wellplates and incubated for 48 h.
Then, the cells were exposed to the drug for 4 h, followed by the
addition of 10 μL of CCK-8 solution per well for a further 2 h incu-
bation. Finally, the absorbance was measured at 450 nm by
microplate reader (Multiskan 51119000; Thermo Fisher Scientific,
Waltham, MA, USA).

Intracellular ROS analysis
We used DCFH-DA (S0033S; Beyotime Biotech, Inc.) to

measure ROS accumulation in H9C2 cells. According to the man-
ufacturer’s protocols, cells from each group were incubated for 24
h in 96-well plates, followed by a 20 min incubation with a final
concentration of 10 μM DCFH-DA. Subsequently, the fluores-
cence intensity of DCF was assayed using a fluorescence micro-
scope (CKX31; Olympus, Tokyo, Japan) with an excitation wave-
length of 488 nm and an emission wavelength of 525 nm, and the
corresponding images were captured.

ELISA testing for alarin
ELISA assay for extracellular the level of alarin in each group

of cells were determined using alarin (Rat) ELISA kit (EK-026-33;
Phoenix Pharmaceuticals, Burlingame, CA, USA) according to the
manufacturer’s instructions.

Western blot analysis
The cells were lysed on ice in a cell lysis buffer, and protein

extracts were obtained through centrifugation at 12,000 g for 30
min at 4°C. The concentrations of these proteins were accurately
determined using the bicinchoninic acid (BCA) Protein Assay kit
(P0010; Beyotime Biotech, Inc.). Subsequently, equivalent quanti-
ties of protein extracts were separated by 10% SDS-PAGE gel
electrophoresis and then transferred onto PVDF membranes
(ISEQ00010; Millipore, Burlington, MA, USA). Prior to antibody
binding, the membranes were blocked with 5% skimmed milk for
a duration of 2 h. This was followed by an overnight incubation
with primary antibodies (alarin: PA5-62877, Thermo Fisher
Scientific, dilution: 1:500; NOX1: ab131088, Abcam, dilution:
1:500; RYR2: ab302716, Abcam, dilution: 1:1000; SERCA2,
ab150435, Abcam, dilution: 1:1000; β-actin: ab8227, Abcam, dilu-
tion: 1:2000) at 4°C, which was then succeeded by a 2 h incubation
with the corresponding secondary antibody (IgG H&L (HRP),
ab6721, Abcam, dilution: 1:1000) at room temperature. Finally, the
bands were visualized via ECL (180-5001; Tanon Science &
Technology Co., Ltd., Shanghai, China) and detected by

Chemiluminescence Detection System (5200; Tanon Science &
Technology Co., Ltd.). The gray values of the protein bands were
analyzed using ImageJ software and β-actin was used as a control.

Immunohistochemistry
The myocardial tissues were fixed using paraformaldehyde

and subsequently sliced into 4 μm-thick sections. These sections
were then freed from paraffin and dehydrated through a series of
xylene and graded alcohol treatments. After heating the 1×EDTA
antigen retrieval solution in a microwave until boiling, the slides
were adjusted to low heat for 15 min and then allowed to cool nat-
urally; they were then washed with PBS three times (5 min each).
Overnight incubation at 4°C was conducted with rabbit anti-alarin
(PA5-62877, Thermo Fischer Scentific; dilution: 1:500) and anti-
NOX1 (ab131088, Abcam; dilution: 1:500) antibodies (PBS buffer
instead of the primary antibody was used as a negative control).
Subsequently, the sections were incubated with an HRP-conjugat-
ed goat anti-rabbit secondary antibody (IgG H&L (HRP), ab6721,
Abcam; dilution: 1:1000) for 1 h at room temperature. The sections
were then stained with DAB staining solution revealing the pres-
ence and localization of the antigens, and counterstained with
hematoxylin. Finally, the staining outcomes were carefully
inspected using a light microscope, and the expression of the target
antigen was qualitatively analyzed by observing the staining inten-
sity and distribution pattern.

Co-immunoprecipitation assays
H9C2 cells were collected and lysed with RIPA lysis buffer

(R0010; Solarbio), followed by centrifugation at 12,000 g for 10
min at 4°C. To investigate the interaction between alarin and
NOX1, the clarified supernatants were incubated overnight with
proteinA/G-agarose (P2055; Beyotime Biotech, Inc.,) and an anti-
alarin antibody (ab170923; Abcam), an anti-NOX1 antibody
(ab131088; Abcam), or negative control IgG (ab172730; Abcam).
Then, the immunoprecipitants underwent four thorough washes
with RIPA lysis buffer, followed by boiling in 5×SDS loading
buffer to prepare them for subsequent immunoblot analysis.

Statistical analyses
The data obtained in this study were analyzed utilizing the

Graphpad Prism 8.02 software, and the results were presented as
the mean ± SD. To assess differences between two groups, an
unpaired Student’s t-test was employed, while for comparing dif-
ferences across multiple groups, a one-way ANOVA with Tukey’s
post-hoc test was conducted.

Results

Effects of alarin on cardiac function in rats with
HFpEF

Firstly, echocardiographic assessments were performed to
determine whether alarin treatment could enhance cardiac function
in rats with HFpEF. Specifically, we measured the EF index, left
atrial (LA) dimension, and E/e’ ratio, which are established mark-
ers of cardiac function. As shown in Figure 1A, compared with the
Control group, the EF index in HSD group decreased significantly
(p<0.0001), while LA and E/e’ indices displayed significant eleva-
tions (p<0.0001, p=0.0005 respectively). Conversely, both the alar-
in group and the alarin + EX-NOX1 group exhibited a marked
increase in EF index (p=0.0006, p<0.0001) and a pronounced
decrease in LA and E/e’ indices when compared to the HSD group
(p=0.0023, p=0.0005). Meanwhile, alarin treatment was able to
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mitigate the structural abnormalities of myocardial cells (Figure
1B) and reduce the amount of collagen fibers in the myocardial tis-
sue (Figure 1C). The overexpression of NOX1 exacerbated the
structural disarray of myocardial cells and significantly increased
the presence of collagen fibers, whereas alarin treatment exerted a
certain degree of improvement. These results indicate that alarin
can improve cardiac function in HFpEF rats and reverse the dele-
terious effects of the overexpression of NOX1.

Effects of alarin on oxidative stress in HFpEF
To elucidate the impact of alarin on oxidative stress in HFpEF,

we quantitatively assessed the levels of ROS and 8-hydroxy-2’-
deoxyguanosine (8-OHdG), markers of oxidative DNA damage, in
myocardial tissue samples. As shown in Figure 2A, the content of
ROS and 8-OHdG in the HSD group were significantly elevated
(p<0.0001). However, treatment with alarin significantly reduced
the levels of ROS and 8-OHdG (p<0.0001), indicating that alarin
can decrease the oxidative stress level in HFpEF rat cardiomy-
ocytes. The overexpression of NOX1 increases oxidative stress,
but alarin can significantly reverse this effect. Similar results were

obtained in H9C2 cells. The cell viability in the model group was
significantly lower than that in the Control group, while alarin
treatment improved cell viability (Figure 2B). Additionally, alarin
treatment also significantly reduced the levels of 8-OHdG (Figure
2C) and ROS (Figure 2D) in the alarin group and alarin + EX-
NOX1 group cells.

Changes in expression level of alarin in HFpEF
To investigate the expression pattern of alarin in myocardial tis-

sue of rats with HFpEF, immunohistochemical staining was per-
formed. As shown in Figure 3A, compared to the control group, the
HSD group exhibited lighter tan staining and reduced positive sig-
nals, suggestive of reduced alarin expression. Administration of
alarin was able to elevate its expression level. Comparable observa-
tions were made in experiments involving H9C2 cells. As shown in
Figure 3 B,C, the model group exhibited significantly lower levels
of alarin expression in both cell supernatants and cells compared to
the control group (p<0.0001). Notably, alarin treatment effectively
increased alarin expression in both the cell supernatants and cells in
the alarin group and alarin + EX-NOX1 group cells (p<0.0001).

Figure 1. Alarin improved cardiac function in HFpEF rats. A) Echocardiographic examination of the EF, LA, and E/e' in HFpEF rats
(n=5). B) Observation of H&E-stained cardiac tissue sections (n=3). C) Observation of Masson's trichrome-stained cardiac tissue sections
(n=3). The results are expressed as mean ± SEM. EF, ejection fraction; LA, left atrium area; *p<0.05, **p<0.01, ***p<0.001,
****p<0.0001 indicate statistically significant difference versus the model group; scale bars: 100 μm.
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Alarin can interacts with NOX1
The preceding results have confirmed the ability of alarin to

reduce oxidative stress levels, and further discovered its potential to
reverse the adverse effects of NOX1 overexpression in HFpEF.
These indicate a possible interaction between alarin and NOX1. To
confirm this interaction, we conducted co-immunoprecipitation
assays, which demonstrated a direct interaction between alarin and
NOX1 (Figure 4A). Moreover, compared to the control group

(Figure 4B), the HSD group exhibited a deeper tan coloration, indi-
cating an increase in positive signals and a higher expression level
of NOX1. In contrast, the expression level of NOX1 in the alarin
group was significantly reduced compared to the HSD group
(p=0.0008), and the alarin + EX-NOX1 group also showed a marked
decrease compared to the EX-NOX1 group (p=0.0007). Similar
results were observed in H9C2 cells (Figure 4C). These results indi-
cate that there is a significant increase in NOX1 levels in HFpEF,
and alarin can effectively suppresses the expression of NOX1.

                                                                    [European Journal of Histochemistry 2024; 68:4122]                                                  [page 293]

Figure 2. Alarin alleviated the oxidative stress in HFpEF. A) Content of ROS and 8-OHdG in myocardial tissue of HFpEF rats were
assessed by ELISA. B) Viability of H9C2 cells in the different groups. C) The content of 8-OHdG in H9C2 cells was assessed by ELISA.
D) Relative level of ROS detected by DCF probe in H9C2 cells; scale bars: 100 μm. The results are expressed as mean ± SEM; n=3 for
each group. ROS, reactive oxygen species; 8-OHdG, 8-hydroxy-2'-deoxyguanosine; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 indi-
cate statistically significant difference versus the model group (A,B,D).
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Effect of alarin on calcium ion channels in HFpEF
Extensive research has demonstrated that HFpEF is character-

ized by left ventricular diastolic dysfunction, primarily due to the
enhancement of RyR2 activity and concurrent inhibition of
SERCA2 activity by ROS, leading to an imbalance in intracellular
Ca2+ levels. Our current investigation demonstrated that in myocar-
dial tissue from HFpEF rats, there was a notable upregulation of
RyR2 expression (p<0.0001) and concurrent downregulation of
SERCA2 expression (p<0.0001), which is consistent with previous
reports on the mechanisms underlying intracellular Ca2+ imbalance
in HFpEF (Figure 5A). Notably, administration of alarin effective-
ly reduced the expression of RyR2 (p=0.0326) and simultaneously
upregulated the expression of SERCA2 (p=0.0046). Furthermore,
overexpression of NOX1 led to a significant increase in RyR2
expression (p<0.0001) and a decrease in SERCA2 expression
(p<0.0001); however, these alterations were reversed upon treat-
ment with alarin. Additionally, similar results were obtained in
experiments using H9C2 cells in vitro (Figure 5B).

Discussion
Alarin, a galanin peptide, exhibits a widespread distribution,

suggesting its diverse array of physiological functions.28 It was
found that alarin can improve HF and cardiac fibrosis via alleviat-
ing oxidative stress in HF rats.27 In this study, the protective effect
of alarin against HFpEF and the possible underlying mechanism
were investigated in rat and in cell models. We investigated the
effects of the interaction between alarin and NOX1 on alleviating
oxidative stress and subsequent changes in the activity of RyR2
and SERCA2 involved in regulating Ca2+ release and uptake in the
sarcoplasmic reticulum of cardiomyocytes. These results indicated
that alarin exhibits the capacity to improve cardiac function in
HFpEF.

HFpEF is a complex syndrome that is continually increasing in
incidence and proportion, driven by the trend of aging. Despite left
ventricular EF remaining normal or near-normal range (typically
greater than 50%), inefficient pumping of blood by the heart leads
to poor circulation within the body. The main characteristics of

Figure 3.Administering alarin could improve the expression level of alarin in HFpEF rats and H9C2 cells. A) Immunohistochemistry was
used to identify alarin expression in myocardial tissue; scale bar: 100 μm. B) Detection of alarin in the supernatant of H9C2 cells. C)
Expression level of alarin in H9C2 cells. The results are expressed as mean ± SEM; n=3 for each group. ****p<0.0001; ns, not significant. 
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HFpEF are structural changes in the heart, such as left ventricular
hypertrophy or left atrial enlargement, as well as impaired left ven-
tricular diastolic function.29 These changes result in the heart’s
inability to adequately expand during diastole to accommodate
sufficient blood, leading to a decrease in the heart’s filling volume.
In the present study, we found that EF was reduced in HFpEF rats,
and while LA and E/e’ indices increased significantly, which were
reversed by alarin treatment. These results indicated that alarin can
improve cardiac function in HFpEF. However, there is often asso-
ciated abnormalities in skeletal muscle and adipose tissue in
HFpEF, and whether alarin also plays a role in it remains to be fur-
ther studied.30,31

The pathogenesis of HFpEF is not fully understood at present.
However, studies have shown that inflammation, oxidative stress,
and myocardial fibrosis are involved in the occurrence and devel-
opment of HFpEF.27,32,33 These factors usually interact together to
cause changes in the structure and function of the heart, leading to
heart failure. We found structural disturbances in the myocardial
cells and a significant increase in collagen fibers in the cardiac tis-
sues of HFpEF rats. This indicates that the cardiac tissues of
HFpEF rats undergo changes in structure and function. Research
has confirmed that long-term exposure of myocardial cells to
oxidative stress leads to abnormal changes in cell structure and
function.27 Oxidative stress, a hallmark of HFpEF, occurs due to an
imbalance between the production of ROS and the antioxidant
defense mechanisms. NOX is the main class of enzymes that
induce the generation of ROS in the vascular system, transferring

electrons from NADPH to oxygen molecules, resulting in the pro-
duction of NADP+, superoxides, and other downstream ROS.13

The NOX family of proteins consists of seven members. The dis-
tribution of different members of the NOX family varies in tissues
and cells. NOX1 is associated with cell growth and is mainly
expressed in the colon, prostate, uterus, and vascular cells.11,12 It
has been demonstrated that the oxidative stress mediated by NOX1
plays a crucial role in cardiovascular diseases. We found that
NOX1 expression levels were elevated in HFpEF rats and H9C2
cells, leading to an increase in ROS and 8-OhdG levels, which
were inhibited by alarin administration. Additionally, overexpres-
sion of NOX1 in HFpEF rats and H9C2 cells resulted in signifi-
cantly increased oxidative stress levels, which were reversed by
alarin treatment. Subsequently, we discovered that alarin can inter-
act with NOX1. These results suggest that alarin reduces oxidative
stress levels in HFpEF by binding with NOX1. Oxidative stress is
an important pathological process in many cardiovascular dis-
eases, including HFpEF. The binding of alarin and NOX1
improves the oxidative stress state through certain mechanisms,
which may involve inhibiting the production of ROS and enhanc-
ing the antioxidant defense system, among others. Further research
is needed to elucidate the specific mechanisms by which alarin and
NOX1 binding improve oxidative stress.

Excitation-contraction coupling (ECC) in cardiac myocytes is an
important mechanism for heart contraction.34 During each heartbeat,
the depolarization of the cardiac myocyte membrane triggers the
influx of Ca2+ through the CaV1.2 channels, activating the release of

Figure 4. Alarin can interact with NOX1 and suppress the expression of NOX1 in HFpEF rats and H9C2 cells. A) Identification of the
interaction between alarin and NOX1 by Co-IP. B) Expression level of NOX1 expression in myocardial tissue; scale bar: 100 μm. C) The
expression level of NOX1 in H9C2 cells. The results are expressed as mean ± SEM; n=3 for each group. ***p<0.001; ****p<0.0001. 
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a large amount of Ca2+ from the SR via the RyR2 receptors, which
induces the release of intracellular calcium and leads to myocardial
contraction. During the diastolic phase, the intracellular Ca2+ con-
centration increases, which activates the SERCA2 receptors on the
SR membrane to sequester Ca2+ back into the SR, or it can be
pumped out of the cell by the NCX1 (Sodium-calcium exchanger 1)
on the cell membrane, reducing the cytoplasmic Ca2+ concentration.
HFpEF manifests as impairment of left ventricular diastolic func-
tion, primarily due to imbalances in the absorption and release of
intracellular Ca2+ in the myocardial sarcoplasmic reticulum, result-
ing in Ca2+ overload in cardiac myocyte.16,18 The formation of com-
plexes between excessive free Ca2+ and myofilament proteins dis-

places troponin, leading to the binding of actin and myosin, causing
the myocardium to remain in a contracted state, thus impairing dias-
tolic function.19 This study found that in HFpEF rats and H9C2 cells,
the expression level of RyR2 increased, while the level of SERCA2
decreased, and overexpression of NOX1 significantly exacerbated
this abnormality. This confirms that reactive oxygen species can
enhance the activity of RyR2 in the sarcoplasmic reticulum while
inhibiting the activity of SERCA2, leading to imbalances in intracel-
lular Ca2+ levels. The interaction between alarin and NOX1 can reg-
ulate the activity of RyR2 and SERCA2, restoring a new balance. It
is worth further investigating whether the interaction between alarin
and NOX1 regulates other Ca2+ channels.

Figure 5. Alarin exhibits the capacity to regulate the expression of RyR2 and SERCA2 in HFpEF. A) Expression level of RyR2 and
SERCA2 in myocardial tissue. B) The expression level of RyR2 and SERCA2 in H9C2 cells. The results are expressed as mean ± SEM;
n=3 for each group. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. 
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Alarin, first identified in neuroblastomas, is a regulatory pep-
tide consisting of 25 amino acids. Its synthesis begins with tran-
scription of the GALP gene, followed by alternative splicing,
which excludes exon 3 of the gene, producing alarin mRNA and
propeptide.28 Subsequently, this propeptide is likely to undergo
protein hydrolysis and chemical modifications to generate the
active form of alarin with 25 amino acids. However, post-transla-
tional processing of alarin remains unclear and requires further
research.35 Increasing evidence suggests that alarin is involved in
various biological functions, including physiological and patho-
logical conditions. In this preliminary study, serum proteomics
analysis revealed significantly reduced levels of alarin in HFpEF
rats, with similar results detected in cardiac tissue. Further investi-
gation is warranted to understand why alarin expression is sup-
pressed in HFpEF. Based on our previous research, alarin has
shown cardioprotective properties and helps prevent cardiac fibro-
sis during heart failure.27 Studies have demonstrated that alarin can
improve cardiac dysfunction and mitigate cardiac fibrosis in HF
rats, indicating its efficacy as a cardioprotective agent similar to
atrial natriuretic peptide. Alarin reduces cardiac fibrosis in HF rats
by lowering the levels of collagen and transforming growth factor-
β (TGF-β) induced by Ang II. Additionally, alarin administration to
cardiac fibroblasts inhibits fibrosis by attenuating oxidative stress
in HF rats induced by MI, acting as an antioxidant.36 Alarin may
also alleviate cardiac fibrosis by reversing the elevated Nox1 activ-
ity, superoxide anion, and malondialdehyde (MDA) levels, as well
as the decreased superoxide dismutase (SOD) levels in MI rats and
Ang II-treated cardiac fibroblasts.37 This study further confirms
that alarin can bind to NOX1, reducing oxidative stress levels in
HFpEF rats, regulating RyR2 and SERCA2 activity, and improv-
ing myocardial diastolic function in HFpEF. Due to its cardiopro-
tective effects, alarin holds promise as a potential therapy for HF
in the future. However, further extensive research is required to
elucidate the pharmacological and physiological mechanisms of
alarin in cardiac protection. HFpEF is a type of HF that poses sig-
nificant challenges for treatment, with no specific therapeutic
options currently available. The binding of alarin to NOX1, by
improving oxidative stress and regulating Ca2+ homeostasis, may
bring new breakthroughs in the treatment of HFpEF. However, cur-
rent research is still in its preliminary stages, and future studies
need to further validate the therapeutic effects, safety, and long-
term efficacy of alarin binding to NOX1 in animal models and
clinical trials.

When exploring the potential of alarin as a therapeutic agent
for HFpEF, we must face its possible side effects and limitations.
Although this study has demonstrated the beneficial effects of alar-
in on cardiac function in cellular and animal models, the transla-
tion of these results into clinical applications requires caution. Due
to the significant association between alarin and obesity and dia-
betes, it is attractive as a target for the treatment of these metabolic
diseases.28,38,39 However, the safety of alarin in treatment, including
potential side effects such as interference with normal physiologi-
cal metabolic processes or adverse interactions with other drugs,
must be carefully evaluated. Furthermore, although alarin may
indirectly affect the risk of coronary atherosclerotic heart disease,
direct evidence is insufficient, and future studies need to delve
deeper into its mechanisms and safety. Finally, due to the hetero-
geneity of HFpEF, the limitation of alarin lies in its potential inap-
plicability to all HFpEF patients. Therefore, the therapeutic effect
of alarin may vary among patients, necessitating the development
of individualized treatment plans. In conclusion, while the clinical
application prospects of alarin are broad, its potential risks and
limitations must be comprehensively considered.

This study has made preliminary achievements in exploring
the cardioprotective mechanisms of alarin in HFpEF, yet there are

still some limitations. Firstly, the study has not conducted relevant
tests on clinical samples from HFpEF patients, which restricts the
direct application of the research conclusions in clinical practice to
a certain extent. Secondly, although the possibility of an interac-
tion between alarin and NOX1 has been proposed, the specific
molecular mechanisms still require further in-depth research and
validation. Furthermore, this study did not cover the long-term
efficacy and safety assessment of alarin in HFpEF patients, which
represents an important direction for future research. This study
provides preliminary clues for the application of alarin in the treat-
ment of HFpEF, but further clinical trials and mechanistic explo-
ration are necessary to verify its effectiveness.

In summary, our study explored the mechanism underlying the
protective effects of alarin on the cardiac function in HFpEF. The
increasing of oxidative stress level leads to abnormalities in the
myocardial tissue structure and Ca2+ channels in HFpEF, ultimately
resulting in impaired diastolic function of the heart, which could be
attenuated by alarin. The mechanism of these protective effects
may partially involve the interaction between alarin and NOX1
leads to the reduction of oxidative stress levels, regulating the
activities of RyR2 and SERCA2 to restore the balance of Ca2+

release and absorption, thereby improving the cardiac function in
HFpEF. Our findings open new avenues for the treatment of
HFpEF.
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