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Abstract: Introduction: Heart failure (HF) is a prevalent and advancing cardiovascular disorder that impacts 1-2% of the world-
wide population, particularly the elderly. Studies indicate that the intravenous administration of apelin may yield ad-
vantageous effects in preventing heart failure subsequent to myocardial injury. This meta-analysis aimed to assess the
effects of exogenous apelin administration on heart failure in animal models, in light of the lack of a definitive consen-
sus on the matter. Methods: An extensive search was performed in the Medline (via PubMed), Web of Science, Embase,
and Scopus databases till the end of January 2024. Two independent reviewers screened and summarized the relevant
articles. Outcomes related to cardiac function, including ejection fraction (EF), maximum and minimum rate of left ven-
tricle systolic pressure (+dp/dt and –dp/dt, respectively), heart rate, left ventricular end-diastolic pressure (LVEDP), and
left ventricular systolic pressure (LVSP) were assessed. Findings were reported as a pooled standardized mean difference
(SMD) with a 95% confidence interval (95% CI). Results: 12 studies were included. Pooled analysis demonstrated that
early treatment with apelin following myocardial injury significantly increases +dp/dt (SMD = 2.36; 95% CI: 1.58 to 3.15;
p < 0.001) and decreases -dp/dt (SMD = -3.31; 95% CI: -4.46 to -2.17; p < 0.001). Furthermore, the administration of
apelin resulted in a significant increase in EF (SMD = 0.79; 95% CI: 0.15 to 1.44; p = 0.02) and LVSP (SMD = 2.09; 95% CI:
0.82 to 3.36; p < 0.001), while it led to a decrease in LVEDP in the animals (SMD = -1.85; 95% CI: -2.81 to -0.88; p < 0.001).
Noteworthy, apelin treatment was shown to have no significant influence on the heart rate of the animals (SMD = -0.12;
95% CI: -0.82 to -0.58; p = 0.73). Conclusions: The current study demonstrated that the early administration of apelin
has the potential to improve cardiac function and mitigate the onset of heart failure subsequent to myocardial injury.
Further, in vivo research is essential to lay the groundwork for the integration of apelin into clinical practice.
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1. Introduction

Heart failure (HF) is a prevalent, chronic, and progressive

cardiovascular condition characterized by dynamic patho-

logical changes in the structure and function of cardiomy-

ocytes. Epidemiological studies estimate that HF affects

1–2% of the global population, with annual expenditures ex-

ceeding $30 billion in the United States alone (1-3). The in-
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cidence of HF is notably higher among the elderly, with a

prevalence of over 10% in individuals over 70 years old. De-

spite ongoing efforts to decrease the morbidity and mortality

associated with HF, the burden of the disease remains sub-

stantial, with mortality rates surpassing those of certain types

of cancer (4). While the precise mechanisms of HF progres-

sion are comprehended, many patients experience declining

cardiac function, necessitating heart transplantation as the

only available therapeutic option, which is limited by factors

such as donor scarcity and allograft rejection (3, 5).

Early prevention and timely treatment of HF are crucial for

a more favorable patient prognosis, and there is a growing

research interest in identifying new preventive and thera-

peutic agents for addressing HF. In recent years, researchers

have focused on the Apelin-APJ system as a novel neu-
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roendocrine pathway implicated in the pathogenesis of HF.

Apelin, discovered as an endogenous ligand for APJ, a G

protein-coupled receptor of Apelin, is produced through the

C-terminal cleavage of 77 amino acids of pre-proapelin, en-

coded by a gene on chromosome X (6).

Pre-proapelin is enzymatically cleaved to form various apelin

fragments, with the most active fragment being apelin-13 (7-

12). The widely dispersed apelin-APJ system in cardiac tissue

plays a crucial role in maintaining cardiovascular homeosta-

sis. Apelin, upon binding to its receptor, induces vasodilation

and enhances cardiac contractility in a manner dependent

on nitric oxide (NO) and endothelium (5, 13, 14). Apelin-

induced vasodilation reduces ventricular preload, afterload,

and cardiac workload while increasing coronary blood flow.

Simultaneously, it increases the contractility of the cardiac

muscle, thereby elevating cardiac output (CO) (15, 16).

It seems that modulation of the apelin-APJ pathways may

yield desirable therapeutic effects on HF. Chen et al. showed

that apelin levels depend on the severity and stage of HF, so

that in the early stages of HF, plasma levels of apelin were

higher, but in patients with severe disease, they reduced sig-

nificantly compared to normal subjects (17). They also re-

ported that in patients with ventricular assist device implan-

tation who later undergo heart transplantation, apelin plays

an important role in reversing heart failure (17). It has also

been reported that serum levels of apelin decreased in pa-

tients with an unfavorable prognosis compared with patients

with a favorable prognosis. There was a significant positive

correlation between serum levels of apelin and left ventricu-

lar systolic function. In addition, there was a significant neg-

ative correlation with heart rate and the dimensions of the

left and right ventricles (2).

Chen et al. have established a correlation between apelin

levels and the severity and progression of heart failure (HF).

Their research suggests that plasma apelin levels are elevated

in the early stages of HF but decrease significantly in pa-

tients with advanced disease compared to individuals with-

out heart failure. Furthermore, diminished serum apelin lev-

els were linked to an unfavorable prognosis, while higher lev-

els were associated with a favorable prognosis. Studies on

apelin-null mice indicated decreased cardiac systolic func-

tions at rest and reduced exercise capacity (5, 17). Addi-

tionally, apelin administration was found to reverse mul-

tiple heart failure phenotypes, inhibit cardiac hypertrophy,

and improve myocardial contraction (18, 19). In a rat model

of HF induced by chronic systemic hypoxia, elevated levels

of apelin-36 and oxidative stress were observed. Hence, it

can be inferred that apelin-36, in conjunction with oxidative

stress, likely functions as a biomarker of HF (20).

Several studies have been undertaken on the administration

of apelin as a preventive or therapeutic measure for heart fail-

ure. However, their results have been inconsistent. For in-

stance, Sato et al. reported an increase in heart rate in re-

sponse to 2-weeks of apelin-13 administration in mice after

transverse aortic constriction compared to the vehicle group

(21). At the same time, a study by Jia showed a decrease in

heart rate among isoproterenol-induced heart failure rats af-

ter 5 days of daily treatment with apelin (22). Therefore, there

is no consensus on the protective effect of apelin on heart

failure. The objective of this meta-analysis was to evaluate

the effects of administering exogenous apelin on heart fail-

ure in animal models.

2. Methods

2.1. Study design and setting

The present meta-analysis was designed to evaluate the ef-

fectiveness of apelin administration in rodent models of

heart failure. We investigated the cardiac effects of apelin ad-

ministered as a therapeutic or preventive measure. Concor-

dantly, we sought studies employing apelin in rodent models

of established heart failure or at risk of progressing to heart

failure following myocardial injury.

We evaluated the cardiac effect of apelin administration irre-

spective of dose and route of administration with regard to

functional parameters including ejection fraction (EF), frac-

tional shortening (FS), cardiac output (CO), maximum and

minimum rate of left ventricle systolic pressure (+dp/dt and

–dp/dt, respectively), heart rate (HR), left ventricular end di-

astolic pressure (LVEDP), and left ventricular systolic pres-

sure (LVSP).

2.2. Selection criteria

In this investigation, all in vivo experimental studies examin-

ing the preventive or therapeutic effect of apelin administra-

tion on heart failure were considered. Rat and mouse popu-

lations were predominantly studied, and as such, they were

included in our analysis without limitations based on gen-

der or race. Exclusion criteria encompassed studies lacking

a control group, those involving animals other than rodents,

studies on heart diseases other than heart failure, and stud-

ies that did not report any of our desired specified outcomes.

Additionally, duplicate studies, review articles, and in-vitro

studies were also excluded.

2.3. Search strategy

A comprehensive search was carried out across four main

electronic databases, including Medline (via PubMed), Em-

base, Scopus, and Web of Science, from their inception up to

January 2024. The search strategy utilized all pertinent key-

words concerning heart failure and apelin, chosen to encom-

pass a wide range of relevant studies. As online databases

do not consistently discriminate between animal and human

studies, we did not employ an animal studies filter. The se-

lection of keywords was informed by reviewing MeSH terms

and Emtree terms and supplemented by consultation with

experts in the field. To catch all possible relevant studies, the

systematic search was complemented by a manual search in

Google and Google Scholar search engines as well as a bib-

liography of the included articles. The detailed search string
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employed for each database is provided in appendix 1.

2.4. Data gathering

The records obtained were imported into the Endnote X9.0

software and subjected to de-duplication. Initial screen-

ing was conducted independently by two reviewers who as-

sessed the titles and abstracts of all records, selecting poten-

tially relevant studies for full-text review.

Subsequently, two independent reviewers comprehensively

evaluated all full texts and extracted data from eligible ar-

ticles using a checklist aligned with the PRISMA statement

guidelines. Any discrepancies between reviewers were re-

solved through discussion or consultation with a third au-

thor. The extracted data included the first author’s name,

publication year, animal species, breed, age or weight,

method of heart failure induction, number of animals per

group, apelin administration protocol (single or multiple

doses), route of administration (intravenous or intraperi-

toneal), heart rate, +/- dp/dt, ejection fraction, LVSP, LVEDP,

and follow-up duration. As most animal studies present data

graphically, information was extracted using Plot Digitizer

software.

2.5. Risk of bias assessment

Articles underwent quality control based on the System-

atic Review Centre for Laboratory Animal Experimentation

(SYRCLE) risk of bias tool for animal studies’ recommended

guidelines (23). Disagreements were resolved through dis-

cussions with a third researcher.

2.6. Statistical analysis

For statistical analysis, the mean and standard deviation of

the evaluated outcomes, as well as the number of samples

in each group, were recorded in the STATA 17.0 statistical

program (Stata Corporation, College Station, TX). Next, we

calculated a standardized mean difference (SMD) for each

individual study using the "meta" command, ensuring a

95% confidence interval (95% CI) by fitting a random effect

model.

Finally, we pooled the study results to provide an overall

SMD. Statistical heterogeneity between studies was evalu-

ated using the I2 test and Cochran’s Q test. A funnel plot was

used to visually inspect publication bias, and the modified

Egger’s test proposed by Doleman et al. was applied to statis-

tically assess it (24).

3. Results

3.1. Characteristics of imported studies

Upon conducting a search of the databases, 722 unique

records were retrieved. Following the screening of article ti-

tles and abstracts, 33 articles were subjected to a detailed ex-

amination. Subsequently, data from 12 studies was incor-

porated into the present study (15, 25-35) (Figure 1). No-

tably, 8 of the studies involved rats, 3 involved mice, and 1

involved rabbits. In the apelin-treated and control groups

across 8 studies, there were 95 and 89 animals, respectively.

Apelin-13 was the agent utilized in 8 studies, while apelin-12

or 13 was used in one study, apelin-16 in another, apelin-36

in a separate study, and one study did not specify the type of

apelin. Moreover, apelin was administered intraperitoneally

in 8 studies and intravenously in 4 studies.

In the examination of heart failure models across various

studies, the inducement methods included left anterior de-

scending artery (LAD) ligation in seven studies, isoproterenol

administration in two studies, one kidney artery ligation in

one study, transverse aortic constriction (TAC) in one study,

and continuous infusion sodium phenobarbital in another.

The studies were categorized into two groups based on the

timing of the heart failure induction model and the initial

administration of apelin. In the treatment group, apelin was

administered after the onset of cardiac function impairment

and established heart failure to evaluate its therapeutic ef-

fect, comprising three studies. Conversely, the pre-treatment

group encompassed studies where apelin administration be-

gan before the development of heart failure to assess its pre-

ventive effect, totaling nine studies.

3.2. Pre-treatment Effect of Apelin on cardiac
function

Based on our research, apelin’s potential to prevent heart fail-

ure has been assessed in nine studies. Among these, six stud-

ies administered apelin after inducing myocardial ischemia-

reperfusion injury through ligation of the left anterior de-

scending artery (LAD). Two studies utilized isoproterenol in-

jection, while one study used transverse aortic constriction

to evaluate the efficacy of apelin in preventing subsequent

heart failure.

In comparison to non-treated animals, pre-treatment with

apelin significantly increases +dp/dt (SMD = 2.36; 95% CI:

1.58 to 3.15; p < 0.001; I2 = 69.87%) and decreases -dp/dt

(SMD = -3.31; 95% CI: -4.46 to -2.17; p < 0.001; I2 = 77.89%).

Furthermore, the administration of apelin resulted in a sig-

nificant increase in ejection fraction (SMD = 0.79; 95% CI:

0.15 to 1.44; p = 0.02; I2 = 73.90%) and left ventricular sys-

tolic pressure (SMD = 2.09; 95% CI: 0.82 to 3.36; p < 0.001;

I2 = 90.33%), while it led to a decrease in left ventricular

end-diastolic pressure (LVEDP) (SMD = -1.85; 95% CI: -2.81

to -0.88; p < 0.001; I2 = 84.19%). Noteworthy, apelin pre-

treatment was shown to have no significant influence on the

heart rate of the animals (SMD = -0.12; 95% CI: -0.82 to -0.58;

p = 0.73; I2 = 70.22%). Due to the scarcity of included stud-

ies, we could not perform any subgroup analysis or sensitiv-

ity analysis.

3.3. Treatment effect of apelin on heart failure

We identified three studies investigating the impact of apelin

after confirming heart failure. Due to a significant variation

among administration doses and different follow-up dura-

tions, we were unable to pool the data and perform a meta-

This open-access article distributed under the terms of the Creative Commons Attribution NonCommercial 3.0 License (CC BY-NC 3.0).
Downloaded from: https://journals.sbmu.ac.ir/aaem/index.php/AAEM/index



M. Hasheminezhad et al. 4

analysis.

Berry et al. conducted a study involving male adult rats 6

weeks after the induction of heart failure by LAD ligation. The

rats received an intravenous infusion of apelin 16 at a rate of

0.01 ug per minute for 20 minutes. Hemodynamic measure-

ments were taken at 5-minute intervals until 15 minutes after

the infusion was stopped. The results indicated a rapid in-

crease in +dp/dt, -dp/dt, EF, and LVSP, along with a decrease

in heart rate within five minutes. The authors concluded that

the administration of apelin has a positive inotropic effect on

failing hearts.

In a study by Pang et al., 6-week-old male rats were subjected

to left renal artery clipping, leading to the development of

heart failure 17 weeks later. This was followed by the ad-

ministration of apelin 13 intravenously at doses of 0.1, 1, and

10 ug at 10-minute intervals. Hemodynamic measurements

were taken 10 minutes before the first injection and 30 min-

utes after the last injection. Following the first apelin injec-

tion, there was an observed increase in +dp/dt and -dp/dt,

along with a decrease in heart rate, LVEDP, and LVSP 10 min-

utes after administration. The study suggests that hyperten-

sive heart failure model animals may derive benefits from ex-

ogenous apelin due to endogenous downregulation of APJ.

In their study, Li et al. investigated the effects of apelin

13 on adult male rabbits with induced heart failure through

sodium pentobarbital administration. The rabbits were in-

travenously administered 10 ug/kg/h of apelin 13 for 3 hours,

during which hemodynamic measurements were recorded.

The findings revealed that the apelin group exhibited signif-

icant increases in +dp/dt, -dp/dt, heart rate, and LVSP while

displaying decreased LVEDP within five minutes. The au-

thors suggested that apelin’s intervention may mitigate car-

diac dysfunction induced by AHF through the regulation of

the APJ/Akt/ERS signaling pathway.

3.4. Publication bias assessment

Publication bias assessment in the present study showed that

there was no evidence of publication bias (Figure 9) in the

relationship between apelin administration with +dp/dt (p =

0.205), -dp/dt (p = 0.400), heart rate (p = 0.235), EF (p = 0.476),

LVSP (p = 0.927) and LVEDP (p = 0.765).

3.5. Risk of bias assessment

The results of the risk of bias assessment also revealed that

there was a high risk of bias in the domains of allocation con-

cealment, random housing, blinding of caregivers, and ran-

dom outcome assessment across most studies. Meanwhile,

there were two studies gauged as low risk regarding the blind-

ing of observers, six studies in the sequence generation, and

ten in the incomplete outcome data (Table 2). Accordingly,

the overall risk of bias was judged to be high.

4. Discussion

The findings of this study demonstrate that the administra-

tion of apelin resulted in an increase in +dp/dt, LVSP, and EF

and a decrease in LVEDP and -dp/dt, with no significant im-

pact on heart rate. All the studies included in the analysis

investigated the effects of apelin on cardiac function during

the progression of heart failure. Apelin was administered in

multiple doses, with a follow-up period of 12 hours or more.

The introduction of exogenous apelin positively impacts

heart function by enhancing contractility and reducing the

extent of left ventricular hypertrophy (36). Recent findings

indicate that the activation of apelin receptors has positive

effects that go beyond the known benefits for heart failure

and provide protection for the heart following injury to the

myocardium. Cardiac apelin expression was increased in re-

sponse to hypoxia and ischemia (37-39). The process in-

cludes triggering the activity of the reperfusion injury salvage

kinase pathway, which could include PI3K-protein kinase B

or ERK. It also leads to a reduction in apoptosis and reactive

oxygen species formation, as well as an increase in NO pro-

duction (39).

The underlying processes through which apelin induces in-

otropic effects remain inadequately comprehended. It ap-

pears that apelin triggers the activation of sodium-hydrogen

exchangers (NHEs) in cardiac muscle cells, leading to an

elevation in intracellular pH and heightened sensitivity of

contractile myofilaments to intracellular calcium. Concur-

rently, the augmented activity of sodium-hydrogen exchang-

ers indirectly raises intracellular calcium levels, producing

the same effect on myocardial contractility (14, 19, 40, 41).

Statistical analysis following the administration of apelin re-

vealed an increase in the rate of change of pressure over time

(+dp/dt). Apelin appears to enhance +dp/dt by modulating

sodium-hydrogen exchangers and augmenting the sensitiv-

ity of myofilaments to calcium.

Statistical analysis revealed that apelin administration led to

a decrease in -dp/dt, a measure of myocardial relaxation, or

lusitropy. Apelin is known to increase myocardial contractil-

ity, and therefore, an increase in both -dp/dt and +dp/dt is

anticipated, which ultimately enhances the heart’s capacity

to distribute blood throughout the body by boosting myocar-

dial contraction and relaxation. An improvement in ±dp/dt

during heart failure treatment signifies enhanced heart ef-

ficiency. In essence, a single-dose administration can yield

short-term favorable effects by binding to receptors (APJ),

while adhering to a multi-dose administration regimen in the

long term could activate signaling pathways that induce ad-

vantageous structural alterations and enhance cardiac func-

tion.

Apelin has been discovered to possess a vasodilatory im-

pact on peripheral blood arteries. Apelin induces vasodila-

tion by activating endothelial nitric oxide synthase (eNOS)

activity. Additionally, it triggers the phosphorylation of the

myosin light chain, leading to the contraction of vascular

smooth muscles and vasoconstriction. The observations in-

dicate that apelin can directly stimulate contraction in vas-

cular smooth muscle by binding to APJ receptors. However,

when the endothelium is healthy, this impact is counteracted
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by the activation of local nitric oxide generation through en-

dothelial APJ receptors (14). Rapid response After a single

dose of apelin results in a reduction in blood pressure, which,

in certain studies, prompts reflex tachycardia by modulating

the vasomotor centers in the medulla oblongata and pons.

Furthermore, when apelin is introduced into the central ner-

vous system, it has been observed to elevate both arterial

blood pressure and heart rate (42).

In the majority of studies, the impact on heart rate was also

examined. Statistical analysis revealed that the administra-

tion of apelin did not yield a significant effect on heart rate

in animals. Various studies have presented conflicting find-

ings regarding the influence of apelin on heart rate; some

have documented an increase in heart rate following apelin

administration, while others have observed a decrease. This

disparity may be attributed to the method of apelin admin-

istration, the animal species involved in the studies, the type

and dosage of apelin, the frequency of apelin administration,

and the duration of the apelin treatment (14, 18, 43, 44).

Administering apelin through intravenous bolus injection

decreases the average circulatory filling pressure, which is

a reliable indicator of systemic venous tone. This suggests

that apelin has the ability to dilate both arteries and veins.

The changes in vascular tone are accompanied by compara-

ble adjustments in ventricular loading circumstances. The

administration of apelin reduces the left ventricular end-

diastolic area and left ventricular end-systolic pressure in an

acute manner (14, 18). In our study, LVSP increased while

LVEDP decreased.

All the included studies in our meta-analysis consisted of

multiple doses of apelin administered during the progres-

sion of heart failure, Therefore, we specifically investigated

the impact of apelin on LVSP and LVEDP in a chronic con-

text. One possible explanation is that the positive ionotropic

effect of apelin outweighed its vasodilator effect.

In our analysis, we considered echocardiographic parame-

ters associated with heart failure and cardiac function, such

as fractional shortening (FS), systolic and diastolic dimen-

sions, cardiac output, and other cardiovascular function in-

dicators across the studies. However, due to the varying ex-

amination protocols in these studies, we could not include

all indicators in our analysis. Therefore, parameters such as

-dp/dt, heart rate, EF, LVEDP, and LVSP, which are essential

for evaluating heart performance and improving heart fail-

ure, were utilized in this study.

4.1. Limitations

Nevertheless, there were some limitations to this study. First,

the studies employed various apelin administration proto-

cols, and the heterogeneity among types of apelin, routes of

administration, doses, and durations could impact the gen-

uine effect size calculation. Also, we couldn’t pool the data

from all 12 studies retrieved at first because three of the stud-

ies evaluated the short-term treatment effect of apelin on

heart failure models. Secondly, in most of the studies, we

didn’t have access to the study protocols, which prevented

us from accurately estimating the risk of bias. Finally, as a

pre-plan strategy, we decided to conduct subgroup analy-

ses and sensitivity analyses based on methodological diver-

sity among the included studies. However, due to the scarce

number of included articles, these ancillary analyses were

not performed.

5. Conclusion

Based on the present meta-analysis of experimental evi-

dence, it has been demonstrated that the administration

of apelin leads to improvements in +dp/dt, -dp/dt, LVEDP,

LVSP, and EF. Notably, apelin administration does not appear

to significantly impact heart rate. It is recommended that

additional translational studies be conducted on large ani-

mal models to ascertain the efficacy of apelin across various

species. This approach will enable the accumulation of sub-

stantial evidence to facilitate the design of potential further

clinical trials. Given apelin’s capacity to rapidly enhance car-

diac function, it may be deemed a promising candidate for

the early management of patients with heart failure in emer-

gency care settings.
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Table 1: Characteristics of included studies

Author; Year Gender; Race;
Species

Dose
(g/kg)

Type of
apelin

Rout* Type** Model of HF
induction

Follow up
duration

NO.
control

NO.
treated

Outcome

Pre-
treatment
Azizi; 2015

Male; Wistar; Rat 16.6 13 IP Multi-dose LAD ligation 14 days 12 12 dp/dt; -dp/dt; LVSP;
LVEDP

Chung; 2016 Male; F VB/N;
Mice

500 13 IV Multi-dose LAD ligation 7, 14, 21, 28,
63 days

7 8 Heart rate, EF, LVEDP,
LVSP

Jia; 2005 Male; Wistar; Rat 21, 42,
84

36 IP Multi-dose ISO injec-
tion

0.5 day 6 6 dp/dt, -dp/dt, heart
rate

Li; 2012 Male; C57 BL/6J;
Mice

1000 13 IP Multi-dose LAD ligation 14 days 6 6 Heart rate, EF, dp/dt;
-dp/dt; LVSP; LVEDP

Ouyang;
2019

Male; Wistar; Rat 200 13 IP Multi-dose LAD ligation 84 days 12 12 dp/dt, -dp/dt, heart
rate

Sato; 2013 Male; Wild type
littermate; Mice

1000 12 or 13 IV Multi-dose TAC 14 days 3 5 Heart rate, EF

Soltani Hek-
mat; 2020

Male; Sprague-
dawley; Rat

20 IP Multi-dose ISO injec-
tion

10 days 7 7 dp/dt, -dp/dt, heart
rate;LVEDP;LVSP

Zhang; 2016 Male; Sprague-
dawley; Rat

200 13 IP Multi-dose LAD ligation 28 days 6 6 dp/dt; -dp/dt; LVSP;
LVEDP

Zhong; 2020 Male; Sprague-
dawley; Rat

15.5 13 IP Multi-dose LAD ligation 28 days 8 8 dp/dt; LVEDP; LVSP
Treatment

Berry; 2004 Male; Lewis; Rat 0.8 16 IV Single dose LAD ligation 0, 5, 10, 15,
20, 25, 30, 35
min

11 11 dp/dt, -dp/dt, heart
rate

Pang; 2014 Male; SD; Rat 0.5,
5.5,
55.5

13 IP Single dose One kidney
artery liga-
tion

0, 10, 20, 30,
40, 50 min

8 8 dp/dt, -dp/dt, heart
rate

Li;2021 Male; newsland;
white rabbit

82.5 13 IV Single dose Sodium
pheno-
barbital
continuous
infusion

0;5;15;30;60;
120;180 min

6 6 dp/dt; -dp/dt;
LVSP;LVEDP;

HF: Heart failure, IV: Intravenous, IP: Intraperitoneal, ISO: Isoproterenol, LAD: Left anterior descending artery,
NO: Number of animals, and SD: Sprague Dawley. *: Rute of administration; **: Type of administration.

Table 2: Risk of bias assessment among the studies based on SYRCLE’s tool

Domain Sequence
genera-

tion

Baseline
character-

istics

Allocation
conceal-

ment

Random
housing

Blinding
of

caregivers

Random
outcome

assess-
ment

Blinding
of

observers

Incom-
plete

outcome
data

Selective
outcome
reporting

Other
sources of

bias

Berry; 2004 High Low High High High High High Low ND High
Jia; 2005 High Low High High High High High High ND High
Ouyang;
2019

High Low High High High High High Low ND Low

Pang; 2014 High Low High High High High Low Low ND Low
Azizi; 2015 High Low High High High High Low Low ND Low
Chung; 2016 Low Low High High High High High High ND High
Li;2012 High Low High High High High High Low ND High
Sato;2013 Low Low High High High High High Low ND Low
Zhang;2016 High Low High High High High High Low ND High
Zohng 2020 Low Low High High High High High Low ND Low
Hekmat;2020 Low Low High High High High High Low ND Low
Li;2021 Low Low High High High High High Low ND Low
ND: Not determined.
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Figure 1: PRISMA flow diagram of present meta-analysis.

Figure 2: Forrest plot of the effect of Apelin administration on +dp/dt.
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Figure 3: Forrest plot of the effect of Apelin administration on -dp/dt.

Figure 4: Forrest plot of the effect of Apelin administration on heart rate.
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Figure 5: Forrest plot of the effect of Apelin administration on ejection fraction.

Figure 6: Forrest plot of the effect of Apelin administration LVSP.
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Figure 7: Forrest plot of the effect of Apelin administration on LVEDP.

Figure 8: Funnel plots of included studies for publication bias assessment.
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Appendix 1: Search strategy which was used in different databases

PubMed
1. "Apelin"[mh] OR "Apelin Receptors"[mh] OR APJ endogenous ligand[tiab] OR Apelin Receptor[tiab] OR Receptor, Apelin[tiab]
OR Angiotensin Receptor-Like 1 Protein[tiab] OR Angiotensin Receptor Like 1 Protein[tiab] OR Receptors, Apelin[tiab] OR
APLNR[tiab] OR AGTRL1 protein[tiab] OR angiotensin II receptor like 1[tiab] OR angiotensin receptor like 1[tiab] OR apelin recep-
tors[tiab] OR APJ receptor[tiab] OR G protein coupled receptor APJ[tiab] OR orphan receptor APJ[tiab] OR protein AGTRL1[tiab]
OR receptor APJ[tiab] OR Apelin [tiab] OR Apelin Receptors[tiab] OR apelin receptor[tiab]
2. "Heart Failure"[mh] OR "Heart Failure, Diastolic"[mh] OR "Heart Failure, Systolic"[mh] OR acute heart failure[tiab] OR car-
diogenic shock[tiab] OR cardiopulmonary insufficiency[tiab] OR cardiorenal syndrome[tiab] OR congestive heart failure[tiab] OR
diastolic dysfunction[tiab] OR experimental heart failure[tiab] OR forward heart failure[tiab] OR heart arrest[tiab] OR heart out-
flow tract obstruction[tiab] OR heart ventricle failure[tiab] OR heart ventricle overload[tiab] OR high output heart failure[tiab]
OR propofol infusion syndrome[tiab] OR systolic dysfunction[tiab] OR Cardiac Failure[tiab] OR Heart Decompensation[tiab] OR
Decompensation, Heart[tiab] OR Heart Failure, Right-Sided[tiab] OR Heart Failure, Right Sided[tiab] OR Right-Sided Heart Fail-
ure[tiab] OR Right Sided Heart Failure[tiab] OR Myocardial Failure[tiab] OR Congestive Heart Failure[tiab] OR Heart Failure, Con-
gestive[tiab] OR Heart Failure, Left-Sided[tiab] OR Heart Failure, Left Sided[tiab] OR Left-Sided Heart Failure[tiab] OR Left Sided
Heart Failure[tiab] OR Diastolic Heart Failures[tiab] OR Heart Failures, Diastolic[tiab] OR Diastolic Heart Failure[tiab] OR Heart
Failures, Systolic[tiab] OR Systolic Heart Failures[tiab] OR Systolic Heart Failure[tiab] OR Heart Failure[tiab] OR Heart Failure, Di-
astolic[tiab] OR Heart Failure, Systolic[tiab] OR [tiab] OR [tiab] OR backward failure, heart[tiab] OR cardiac backward failure[tiab]
OR cardiac decompensation[tiab] OR cardiac failure[tiab] OR cardiac incompetence[tiab] OR cardiac insufficiency[tiab] OR car-
diac stand still[tiab] OR cardial decompensation[tiab] OR cardial insufficiency[tiab] OR chronic heart failure[tiab] OR chronic
heart insufficiency[tiab] OR decompensatio cordis[tiab] OR decompensation, heart[tiab] OR heart backward failure[tiab] OR heart
decompensation[tiab] OR heart incompetence[tiab] OR heart insufficiency[tiab] OR insufficientia cardis[tiab] OR myocardial fail-
ure[tiab] OR myocardial insufficiency[tiab]
3. #1 AND #2
Embase
1- ’apelin’/exp OR ’apelin’ OR ’apelin receptor’/exp OR ’apelin receptor’ OR ’apelin 13’/exp OR ’apelin 13’ OR ’apelin 36’/exp OR
’apelin 36’ OR ’apelin 12’/exp OR ’apelin 12’ OR ’apelin 13 peptide’/exp OR ’apelin 13 peptide’ OR ’apelin 17’/exp OR ’apelin 17’
OR ’apelin gene’/exp OR ’apelin gene’ OR ’apelin blood level’/exp OR ’apelin blood level’
2- ’heart failure’/exp OR ’heart failure’ OR ’congestive heart failure’/exp OR ’congestive heart failure’ OR ’acute heart failure’/exp
OR ’acute heart failure’ OR ’systolic heart failure’/exp OR ’systolic heart failure’ OR ’diastolic heart failure’/exp OR ’diastolic heart
failure’ OR ’heart failure with preserved ejection fraction’/exp OR ’heart failure with preserved ejection fraction’ OR ’heart failure
with reduced ejection fraction’/exp OR ’heart failure with reduced ejection fraction’ OR ’high output heart failure’/exp OR ’high
output heart failure’ OR ’heart failure congestive therapy’/exp OR ’heart failure congestive therapy’
3- #1 AND #2
Scopus
1. TITLE-ABS-KEY ( “apelin” OR “apelin receptors” OR “apj endogenous ligand “ OR “apelin receptor” OR “receptor, apelin” OR
“angiotensin receptor-like 1 protein” OR “angiotensin receptor like 1 protein” OR “receptors, apelin” OR “aplnr” OR “agtrl1 protein”
OR “ angiotensin ii receptor like 1” OR “ angiotensin receptor like 1” OR “ apelin receptors” OR “ apj receptor” OR “ g protein
coupled receptor apj” OR “ orphan receptor apj” OR “ protein agtrl1” OR “ receptor apj” OR “apelin “ OR “apelin receptors” OR
“apelin receptor” )
2. TITLE-ABS-KEY ( “heart failure” OR “heart failure, diastolic” OR “heart failure, systolic” OR “acute heart failure” OR “cardio-
genic shock” OR “cardiopulmonary insufficiency” OR “cardiorenal syndrome” OR “congestive heart failure” OR “diastolic dys-
function” OR “experimental heart failure” OR “forward heart failure” OR “heart arrest” OR “heart outflow tract obstruction” OR
“heart ventricle failure” OR “heart ventricle overload” OR “high output heart failure” OR “propofol infusion syndrome” OR “sys-
tolic dysfunction” OR “cardiac failure” OR “ heart decompensation” OR “decompensation, heart” OR “heart failure, right-sided”
OR “heart failure, right sided” OR “right-sided heart failure” OR “right sided heart failure” OR “myocardial failure” OR “congestive
heart failure” OR “heart failure, congestive” OR “heart failure, left-sided” OR “heart failure, left sided” OR “left-sided heart failure”
OR “left sided heart failure” OR “diastolic heart failures” OR “heart failures, diastolic” OR “diastolic heart failure” OR “heart fail-
ures, systolic” OR “systolic heart failures” OR “systolic heart failure” OR “backward failure, heart” OR “cardiac backward failure”
OR “ cardiac decompensation” OR “ cardiac failure” OR “ cardiac incompetence” OR “ cardiac insufficiency” OR “ cardiac stand
still” OR “ cardial decompensation” OR “ cardial insufficiency” OR “ chronic heart failure” OR “ chronic heart insufficiency” OR “
decompensatio cordis” OR “ decompensation, heart” OR “ heart backward failure” OR “ heart decompensation” OR “ heart incom-
petence” OR “ heart insufficiency” OR “ insufficientia cardis” OR “ myocardial failure” OR “ myocardial insufficiency” OR “heart
failure” OR “heart failure, diastolic” OR “heart failure, systolic” )
3. #1 AND #2
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Appendix 1: Search strategy which was used in different databases (continue)

Web of Sciences
1. TS=( “apelin” OR “apelin receptors” OR “apj endogenous ligand “ OR “apelin receptor” OR “receptor, apelin” OR “angiotensin
receptor-like 1 protein” OR “angiotensin receptor like 1 protein” OR “receptors, apelin” OR “aplnr” OR “agtrl1 protein” OR “ an-
giotensin ii receptor like 1” OR “ angiotensin receptor like 1” OR “ apelin receptors” OR “ apj receptor” OR “ g protein coupled
receptor apj” OR “ orphan receptor apj” OR “ protein agtrl1” OR “ receptor apj” OR “apelin “ OR “apelin receptors” OR “apelin
receptor” )
2. TS=( “heart failure” OR “heart failure, diastolic” OR “heart failure, systolic” OR “acute heart failure” OR “cardiogenic shock”
OR “cardiopulmonary insufficiency” OR “cardiorenal syndrome” OR “congestive heart failure” OR “diastolic dysfunction” OR “ex-
perimental heart failure” OR “forward heart failure” OR “heart arrest” OR “heart outflow tract obstruction” OR “heart ventricle
failure” OR “heart ventricle overload” OR “high output heart failure” OR “propofol infusion syndrome” OR “systolic dysfunction”
OR “cardiac failure” OR “ heart decompensation” OR “decompensation, heart” OR “heart failure, right-sided” OR “heart failure,
right sided” OR “right-sided heart failure” OR “right sided heart failure” OR “myocardial failure” OR “congestive heart failure” OR
“heart failure, congestive” OR “heart failure, left-sided” OR “heart failure, left sided” OR “left-sided heart failure” OR “left sided
heart failure” OR “diastolic heart failures” OR “heart failures, diastolic” OR “diastolic heart failure” OR “heart failures, systolic” OR
“systolic heart failures” OR “systolic heart failure” OR “backward failure, heart” OR “cardiac backward failure” OR “ cardiac de-
compensation” OR “ cardiac failure” OR “ cardiac incompetence” OR “ cardiac insufficiency” OR “ cardiac stand still” OR “ cardial
decompensation” OR “ cardial insufficiency” OR “ chronic heart failure” OR “ chronic heart insufficiency” OR “ decompensatio
cordis” OR “ decompensation, heart” OR “ heart backward failure” OR “ heart decompensation” OR “ heart incompetence” OR
“ heart insufficiency” OR “ insufficientia cardis” OR “ myocardial failure” OR “ myocardial insufficiency” OR “heart failure” OR
“heart failure, diastolic” OR “heart failure, systolic” )
3. #1 AND #2
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