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Abstract: Apelin is the native ligand for the G protein-coupled receptor APJ. Numerous studies have demonstrated that the Apelin/APJ 
system has positive inotropic, anti-inflammatory, and anti-apoptotic effects and regulates fluid homeostasis. The Apelin/APJ system has 
been demonstrated to play a protective role in sepsis and may serve as a promising therapeutic target for the treatment of sepsis. Better 
understanding of the mechanisms of the effects of the Apelin/APJ system will aid in the development of novel drugs for the treatment of 
sepsis. In this review, we provide a brief overview of the physiological role of the Apelin/APJ system and its role in sepsis. 
Keywords: apelin, sepsis, organ dysfunction, hemodynamics, fluid homeostasis

Introduction
Sepsis is a condition in which the body’s response to infection becomes uncontrolled. Sepsis can lead to life-threatening 
organ dysfunction and is one of the main causes of death for patients in the intensive care unit.1,2 Fluid resuscitation and 
vasopressors are the cornerstones for sepsis treatment. The major causes for circulatory failure and failed interventions 
for septic shock are microvascular leakage, irresponsiveness of arteries to vasopressors and myocardial injury. Despite 
the implementation of organ support measures like fluid resuscitation, vasoactive drugs, inotropic agents, mechanical 
ventilation and hemodialysis, the overall prognosis of sepsis has not shown improvement.3 An effective strategy for the 
prevention and treatment of sepsis is lacking.

APJ is a G protein-coupled receptor (GPCR) that is structurally similar to the type 1 receptor of angiotensin II.4 The first 
identified endogenous ligand for APJ is Apelin, which was extracted from bovine stomach.5 In 2013, the second ligand, 
Elabela (ELA), was discovered.6 In rodents and human, the Apelin/APJ system is widely expressed in many organs and 
tissues, including the heart, kidney, brain, lung, stomach, blood vessels, spinal cord, endothelium, and adipose tissue. Due to 
level of Apelin in plasma being lower than that in tissues,7,8 and APJ and Apelin expressed in similar locations, Apelin may not 
be a major circulating hormone, and its secretion mechanism is probable paracrine or autocrine. The main subtypes of Apelin 
are Apelin-36, Apelin-17, and Apelin-13.9 Apelin-13 has the highest biological activity among all subtypes with a variety of 
effects and is the dominant type in the human circulatory system.10 The major subtypes of ELA are ELA-32, ELA-21, and 
ELA-11.11 ELA plays an important role in heart development. In zebrafish lacking ELA, embryos died early because of 
weakness or absence of heart, and addition of ELA reversed these abnormalities.6 Mice lacking ELA exhibited abnormal heart 
development and embryonic death.12 ELA is present in human plasma, but the expression of ELA in human tissues is not fully 
recognized.13 The Apelin /APJ system is involved in regulating physiological processes such as myocardial contractility and 
vascular tone, body fluid homeostasis, renal function, the inflammatory response and energy metabolism.

The extensive physiological effects of the Apelin/APJ system are closely related to many diseases such as cancer, 
heart failure, hypertension, atherosclerosis, diabetes, and neurological diseases. Numerous trials have demonstrated the 
beneficial impact of the Apelin/APJ system on sepsis, especially in improving hemodynamic disturbances and regulating 
fluid balance, indicating the Apelin/APJ system may represent a novel therapeutic target for sepsis. Research on the 
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beneficial role of the Apelin/APJ system in various disorders has led to the development of various analogs of Apelin and 
ELA. Here we review the recent literature on the roles and mechanisms of the Apelin/APJ system in relation to its 
protective effects against sepsis. We also discuss the agonists and antagonists of APJ and their potential in sepsis 
treatment.

Physiological Roles of the Apelin/APJ System in the Cardiovascular System and the 
Kidney
The Apelin/APJ system is involved in many physiological processes (Figure 1). In this review, we focus our discussion 
on its functions in cardiovascular homeostasis and the kidney. These effects, including regulatory effects on vascular 
tone, myocardial contractility, anticoagulation and humoral balance, may represent potential therapeutic value for sepsis.

The regulation of vascular tone by the Apelin/APJ system is determined by effector cells. In endothelial cells, the Apelin/ 
APJ system regulates vasodilation through the NO/L-arginine system, which is activated by NOS phosphorylation in a rapid, 
transient, and dose-dependent manner.14,15 In vascular smooth muscle cells (VSMCs), Apelin functions in vasoconstriction 
through the phosphorylation of myosin light chain (MLC), also in a dose-dependent manner.16 ELA also promotes vasodila-
tion but via a different mechanism that does not involve NO and only partially involves endothelial cells.17,18

The Apelin/APJ system is essential for normal vascular development. Apelin knockout mouse embryos exhibited 
vascular stenosis and impaired retinal angiogenesis.19,20 Hypoxia is an inducer of Apelin expression, and the hypoxia- 
inducible factor 1α (HIF1α) transcription factor promotes Apelin gene transcription.21,22 Additionally, the hypoxia- 
induced proliferation of endothelial cells can be prevented by inhibition of the Apelin signaling pathway.21 These 

Figure 1 There is a wide range of physiological effects caused by the activation of APJ receptors in both the central and peripheral nervous systems. (eg vasodilatory, 
vasoconstrictive, angiogenic, and possibly antithrombotic; increases myocyte conduction velocity, arrhythmogenic, and decreases myocardial hypertrophy and fibrosis; 
enhances renal blood flow and diuresis, and reduces fibrosis; inhibits the release of vasopressin from the hypothalamus and reduces water intake). Also, the Apelin/APJ 
system has a variety of metabolic effects. It increases muscle glucose uptake and usage. It also improves insulin sensitivity.
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findings indicate that the Apelin/APJ system may be a regulator of both the normal developmental and pathophysiolo-
gical processes of blood vessels.

Apelin can improve myocardial contractility.23 The Apelin peptide has been shown to promote inotropic effects in humans at 
subnanomolar concentrations. In clinical studies of healthy volunteers, an intracoronary bolus injection of Apelin-36 increased 
cardiac contractility and injection of Apelin-36 and [Pyr1]-Apelin-13 in the antecubital vein had the same effect.24–26 Exogenous 
infusion of Apelin restored myocardial contractility in Apelin knockout mice and increased myocardial shortening in healthy 
rats.23,27 These effects were observed in isolated perfused rat cardiac myocytes in a dose-dependent manner.23,28 [Pyr1]-Apelin-13 
increased cardiac output without left ventricular hypertrophy, unlike other positive inotropes.29 Furthermore, the Apelin/APJ 
system exhibited an antagonistic effect on the renin-angiotensin system,30 and deficiency of the Apelin gene in mice exacerbated 
Ang II–induced cardiac dysfunction.31

The Apelin/APJ system is expressed in human platelets and exhibits anticoagulant effects in vitro.32,33 Animal experiments 
have demonstrated anti-thrombotic effects of Apelin in vivo. Apelin gene–deficient mice showed a shortened bleeding time, 
increased platelet aggregation, and rapid formation of small vein thrombosis. Apelin-13 infusion prolonged bleeding time in both 
Apelin gene–deficient mice and wild-type mice.33 Furthermore, Apelin inhibited thrombin and collagen–induced thrombocyte 
activation, but not ADP and TXA2–induced thrombocyte activation.33 The antithrombotic properties of Apelin have not yet been 
validated in humans.

In rats, Apelin induces relaxation of renal afferent and efferent arterioles pretreated with Ang II and reduces the 
intracellular Ca2+ level, which is dependent on the integrity of the arteriolar endothelial cells and NO.34 Furthermore, the 
vasodilator effect of Apelin increases renal medullary blood flow, which is beneficial for diuresis. In rodents, Apelin 
directly inhibits the insertion of aquaporin 2 into the apical plasma membrane of the collecting duct, thereby promoting 
water excretion.34,35 Animal studies have shown that the Apelin/APJ system can improve kidney disease by preventing 
renal fibrosis, ischemia-reperfusion injury, and renal vascular calcification.36–39

The Involvement of the Apelin/APJ System in Septic Conditions
Apelin is an inotropic agent with anti-inflammatory effects and calcium sensitization and antioxidant properties. Studies 
in preclinical models of sepsis have indicated excellent protective effects of the Apelin/APJ system against sepsis. Here, 
we outline the potential therapeutic values of Apelin in sepsis, focusing on its protective effects on cardiovascular 
homeostasis (Figure 2).

Role of Plasma Apelin in Sepsis Diagnosis and Prognostic Prediction
The common biomarkers of sepsis are C-reactive protein (CRP) and procalcitonin (PCT). Both are significantly elevated 
in sepsis.40 Various studies have demonstrated changes in Apelin in sepsis and septic shock, highlighting its potential 
diagnostic and prognostic role.

Several studies have used enzyme-linked immunosorbent assay to determine the serum level of Apelin in sepsis 
patients. Safaa et al41 studied plasma Apelin content in 80 neonates and found that the average serum value of Apelin in 
septic neonates (1214.7 ± 273.06 pg/mmol) was significantly higher than that in healthy neonates(116.27 ± 21.96 pg/ 
mmol). Furthermore, neonatal survivors of early-onset sepsis had lower Apelin levels than non-survivors. Another study 
noted a substantial increase (eight-fold) in plasma Apelin levels among neonates with sepsis compared with healthy 
neonates.42 Luo et al43 measured Apelin levels in the serum of 73 adults, including 40 patients with septic myocardial 
injury and 33 healthy volunteers (Figure 3A). The serum Apelin levels in the septic group were significantly higher than 
those in healthy volunteers. Yuan et al44 reported that serum Apelin levels were higher in 34 septic patients (including 9 
sepsis-related ARDS patients) compared with 13 healthy volunteers. Furthermore, patients with mild ARDS had lower 
Apelin levels than patients with severe ARDS, and survivors had higher Apelin levels than non-survivors (Figure 3B). 
Liu et al45 also confirmed significantly higher serum Apelin levels in 28 patients with sepsis-related ARDS compared 
with 20 healthy volunteers and a higher level in survivors compared with non-survivors.

Several studies have shown elevated Apelin levels in early septic patients, indicating that it may play a protective 
role.43,44 Clinical research has revealed that sepsis patients have higher blood Apelin content compared with healthy 
individuals. It’s noteworthy that David et al verified elevated levels of both Apelin and ELA in patients with sepsis46 
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(Figure 3C). Moreover, both Apelin and ELA are more prone to degradation in the septic environment.46 However, 
Apelin levels were markedly higher in septic shock patients compared with sepsis patients.47,48 The degree of increase 
was positively correlated with the severity of sepsis.41,42 Elderly survivors of sepsis also had lower plasma Apelin levels 
than non-survivors.49

This is stating that the mechanisms underlying these changes are unknown and need further elucidation. The amount 
of time it takes for the level of Apelin to increase after infection is unclear and needs further research. Overall, these 
studies suggest that Apelin may show utility in the diagnosis and prognostic prediction of sepsis (Table 1).

Protective Effects of Apelin on the Brain
Sepsis-associated encephalopathy (SAE) is a diffuse brain dysfunction that is secondary to sepsis and not caused by 
infection of the central nervous system.50 The pathophysiology of SAE is multifactorial, involving hemorrhage, blood- 
brain barrier (BBB) damage, changes in neuronal synaptic density, neurotransmitter dysregulation, neuroinflammation 
and ischemic injury.51,52

The Apelin/APJ system is a potential therapeutic target for neurological diseases and has been suggested to be 
protective against several neurological disorders.53 Intracerebroventricular injection of LPS is one of the methods used to 
construct a model of SAE.54 Therefore, examining the mechanisms of Apelin in LPS-induced neuroinflammation may 
provide insights into its effects on neuroprotection in SAE. In cultured mouse N9 microglia, Apelin-13 reduced the 
expression of proinflammatory cytokines IL-6 and iNOS and increased the expression of anti-inflammatory cytokines IL- 
10 and Arg-1 by inhibiting N9 microglial activation, thereby attenuating LPS-induced neuroinflammation.55 LPS has also 
been reported to be an activator of the NF-κB pathway in neuroinflammation. Apelin was shown to inhibit the NF-κB 
pathway, thereby reducing neuroinflammation in rats.56 In septic rats, Apelin-13 promoted the expression and nuclear 

Figure 2 Potential impacts of the apelin/APJ system in human sepsis induced organ disfunction. Both apelin and ELA reduce organs inflammation, improve hemodynamics 
(eg, improvement of inotropy, reduction of pre- and post-load as well as vascular permeability). Also, apelin reduce the inflammation in the brain, lung, kidney and liver. 
Furthermore, it prevents pulmonary edema and fibrosis, reduce blood brain barrier permeability, and enhance diuresis.
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translocation of the glucocorticoid receptor (GR) to ameliorate LPS-induced neuroinflammation and cognitive dysfunc-
tion in rats.57 There is also considerable evidence that LPS disrupts the BBB, causing SAE.58 Notably, Apelin has been 
proven to improve brain dysfunction by reducing the permeability of the BBB in rats.59 This shows that Apelin may 
alleviate SAE by improving the permeability of the BBB.

Figure 3 Changes of Apelin in serum of patients with sepsis. (A) Changes in serum Apelin in patients with septic myocardial injury. ©2022. Spandidos Publications. 
Reprinted from Luo Q, Liu G, Chen G, et al. Apelin protects against sepsis-induced cardiomyopathy by inhibiting the TLR4 and NLRP3 signaling pathways. IntJ Mol Med. 
2018;42(2):1161–1167.43 (B) Changes in serum Apelin in septic ARDS patients and the relationship between Apelin levels and prognosis. Copyright ©2022. Dove Medical 
Press. Reprinted from Yuan Y, Wang W, Zhang Y, et al. Apelin-13 attenuates lipopolysaccharide-induced inflammatory responses and acute lung injury by regulating PFKFB3- 
driven glycolysis induced by NOX4-dependent ROS. J Inflamm Res. 2022;15:2121–2139.44 (C) Changes in Apelin and ELA in the serum of septic patients, whose stability is 
reduced in the septic environment. Reprinted from Coquerel D, Lamoureux J, Chagnon F, et al. Apelin-13 in septic shock: effective in supporting hemodynamics in sheep but 
compromised by enzymatic breakdown in patients. Sci Rep. 2021;11(1):22770.46 *P<0.05, **P<0.01, ****P<0.0001.

Table 1 Summary of Serum Apelin Levels in Patients with Sepsis

Disease Patient Groups 
(Sepsis/Health)

SOFA APACHE 
III

Apelin (Sepsis/Health) Effect References

Early-onset sepsis 50/30 (Neonates) – – 1214.7/ 116.27 pg/mmol Diagnosis [41]
Early-onset sepsis 30/30 (Neonates) – – 65.16/7.969 pg/mL Diagnosis [42]

SICM 39/34 (Adults) – – The plasma level of patients is higher than that of 

healthy people.

Prognosis [43]

Sepsis-associated 

ARDS

34/13 (Adults) – – The plasma level of patients is higher than that of 

healthy people and NS is higher than S.

Prognosis [44]

Sepsis-associated 
ARDS

28/20(Adults) S:7 
NS:15

S: 44 
NS: 58

The plasma level of patients is higher than that of 
healthy people and S is higher than NS.

Prognosis [45]

Sepsis 33/19 (Adults) 8 26 The plasma level of patients is higher than that of 

healthy people.

Prognosis [46]

Sepsis 26/30 (Elderly) – ≥20 380/190 ng/mL; 

S/NS: 210/490 ng/mL

Prognosis [49]

Abbreviations: S, survivors; NS, non-survivors.
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The above studies suggest that Apelin-13 may reduce LPS-induced neuroinflammation and cognitive impairment. 
Whether Apelin improves SAE still needs further investigation, especially in septic models.

Cardioprotective Effects of Apelin
During sepsis, the heart is one of the organs that are vulnerable to damage.60 Cardiac dysfunction is a frequent 
comorbidity in patients with sepsis and is linked to elevated mortality.61,62 Sepsis-induced myocardial dysfunction 
(SIMD) is a reversible cardiac dysfunction typically characterized by reduced myocardial contractility and ventricular 
dilation and is usually treated with positive inotropic drugs.63 Blockage of APJ further exacerbated cardiac dysfunction 
and mortality in septic rats,64 and down-regulation of cardiac Apelin expression was observed in non-surviving septic 
rats.65 These results demonstrated that the Apelin/APJ system may be involved in the amelioration of life-threatening 
septic cardiac dysfunction.

Currently, β-adrenoceptor agonists are recommended to improve cardiac dysfunction in sepsis, and the 
Surviving Sepsis Campaign guidelines recommend the use of dobutamine as the first-line cardiac medication.66 

However, β-adrenoceptor agonists increase myocardial oxygen consumption and increase the incidence of atrial 
fibrillation.67 Furthermore, β-adrenergic receptor sensitivity to catecholamines decreases during sepsis, rendering 
them relatively ineffective.68 In this case, using even large amounts of exogenous β-adrenoceptor agonists 
(including dobutamine) to enhance myocardial contractility will not yield benefits but instead lead to worse 
outcomes. Thus, effective strategies to treat cardiac dysfunction in sepsis are required. Apelin is considered 
a potential candidate for cardiac dysfunction treatment in sepsis, and animal and human experiments have 
confirmed its positive inotropic effect. Crucially, although sepsis reduces the myocardial sensitivity to β- 
adrenergic receptor agonists, the effectiveness of Apelin in cardiac response is heightened during systemic 
inflammatory conditions or polymicrobial infection.64,69 Apelin’s inotropic and vasodilatory effects may provide 
significant therapeutic effects for low-output septic shock (ie, low output and high resistance).

Several studies have demonstrated positive inotropic effects of Apelin peptides in various animal models of heart failure.70–74 

Systemic infusion of [Pyr1]-Apelin-13 in heart failure patients resulted in a decrease in blood pressure and systemic vascular 
resistance and an increase in cardiac index of approximately 10%.26 Cardiac output improved with increasing infusion time, with 
an ejection fraction increase of about 10%. Walley et al had proposed Apelin as a new treatment to improve SIMD.75 Some 
studies showed that the delivery of Apelin in septic rodents was effective in attenuating myocardial injury and improving cardiac 
function.43,46,76–78 Rat cardiomyocytes co-cultured with various inflammatory factors exhibited decreased contractility.79 Apelin 
has been shown to enhance myocardial contractility by reducing the production of inflammatory factors in rats43,80 (Figure 4C 
and D). One study reported that mild apoptosis of cardiomyocytes can cause severe structural and functional damage to the heart, 
leading to cardiac dysfunction.81 In addition to increasing myocardial contractility by reducing inflammatory factors, Apelin also 
reduces cardiomyocyte apoptosis in septic rats, thereby improving cardiac function43,64 (Figure 4B). The Apelin/ELA-APJ 
system showed a positive effect on hemodynamic stability in animal models of sepsis46,69,77 (Figure 4A). Apelin and ELA also 
significantly improved the left ventricular pressure-volume (P-V) relationship and reduced arterial elasticity (Ea) in experimental 
animal models of septic shock, which is beneficial for improving ventricular-arterial decoupling.69 Notably, in a rat model of 
sepsis, Apelin-13 showed superior performance compared with dobutamine (inotropes commonly used in sepsis), with higher 
responsiveness, significantly improved left ventricular function, and higher survival rate; dobutamine was associated with further 
myocardial damage and less responsiveness.64 These studies indicate that targeting the Apelin/APJ system may be a promising 
strategy to treat cardiac dysfunction in sepsis.

Protective Effect of Apelin on Blood Vessels
During sepsis and septic shock, endothelial cells undergo severe damage and the vascular integrity and tone are 
disrupted,82 which causes and enhance vascular leakage. Therefore, maintenance of the vascular barrier is critical to 
improve the prognosis of sepsis patients.83–85

Damage to the major component vascular endothelial calmodulin (VE-Cad) may disrupt adherens junctions (AJ) and 
lead to loss of the endothelial barrier.86,87 LPS decreases VE-Cad expression in pulmonary vessels and increases its 
phosphorylation, which leads to an increase in vascular permeability.88 One study showed that the increase of ROS 
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promotes the phosphorylation of VE-Cad.89 Another report in mice demonstrated that Apelin-13 restored the expression 
of VE-Cad and reduced the phosphorylation of VE-Cad, thereby reducing LPS-induced pulmonary vascular leakage.90 

Apelin activates the AMPK pathway to promote mitochondrial biogenesis, reduce ROS production and inhibit VE-Cad 
phosphorylation, thereby reducing pulmonary vascular leakage. In addition to reducing VE-Cad phosphorylation, Apelin 
has been reported to reduce NF-κB p65 entry into the nucleus in cultured human umbilical vein endothelial cells 
(HUVECs), thereby attenuating LPS-induced permeability.91 Additionally, Apelin and ELA were recently reported to 
reduce vascular endothelial growth factor (VEGF) and inflammatory factor production, thereby reducing sepsis-induced 
increased vascular permeability in rats.69 Notably, the effect of Apelin/ELA-system to relieve vascular leakage further 
contributes to the maintenance of plasma volume and hemodynamic stability.69

Protective Effect of Apelin on the Lungs
The large amounts of inflammatory factors released in sepsis damage the pulmonary capillary endothelial cells and type II 
alveolar epithelial cells, inducing pulmonary edema and alveolar atrophy. This cascade of events ultimately leads to ALI/ARDS. 

Figure 4 The protective effect and mechanism of apelin on cardiac function. (A) Apelin increases MAP, CO, cardiac contractility, and improves hemodynamics in sheep with 
septic shock. Reprinted from Coquerel D, Lamoureux J, Chagnon F, et al. Apelin-13 in septic shock: effective in supporting hemodynamics in sheep but compromised by 
enzymatic breakdown in patients. Sci Rep. 2021;11(1):22770.46 (B) Apelin attenuates myocardial hydrolysis and neutralizes apoptosis in septic rats. ©2022. Spandidos 
Publications. Reprinted from Luo Q, Liu G, Chen G, et al. Apelin protects against sepsis-induced cardiomyopathy by inhibiting the TLR4 and NLRP3 signaling pathways. IntJ 
Mol Med. 2018;42(2):1161–1167.43 (C) Apelin improves pyroptosis-related protein expression. (D) Potential mechanism of apelin protecting myocardial injury in sepsis. 
*P<0.05, ***P<0.001 compared with control; ###P<0.001 compared with CLP group (Upward black/red arrows indicate enhancement, downward black arrows indicate 
decrease, the horizontal red line indicates inhibition).
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The main manifestations are increased pulmonary vascular permeability, hypoxemia, and respiratory distress.92 LPS-induced 
ALI/ARDS and pulmonary fibrosis mimic sepsis-related pulmonary ALI and pulmonary fibrosis.93

Exogenous Apelin-13 was reported to attenuate the inflammatory response by reducing NF-κB and NLRP3 inflam-
masome, thereby improving ALI in mice94 (Figure 5D). Apelin-13 suppressed pulmonary inflammatory responses by 
inhibiting the upregulation of NADPH oxidase 4 (NOX4) and reducing ROS production and ROS-activated fructose- 
2,6-bisphosphate kinase 3-mediated glycolysis, thereby attenuating ALI in septic mice44 (Figure 5A–C). Previous studies 
have shown that endothelial-mesenchymal transition (EndMT) is a common disease-causing mechanism leading to lung 
fibrosis and inhibition of EndMT may be beneficial in the alleviation of lung fibrosis.95 The Apelin/APJ system can 
alleviate the fibrotic process in multiple organs; for example, Apelin/APJ reduces myocardial fibrosis by inhibiting the 
activation of cardiac fibroblasts and blocking TGF-β signaling to reduce fibrosis in the renal interstitium.96,97 Studies 
have shown that Apelin may be able to alleviate sepsis-induced lung fibrosis through inhibition of the TGF-β/Smad 
signaling pathway in mice.45 In recent times, there has been significant attention on angiotensin-converting enzyme 2 
(ACE2) as the cellular receptor for the causative virus of the SARS-CoV-2 coronavirus disease pandemic.98 ACE2 
competes with angiotensin-converting enzyme 2 in the conversion of Angiotensin II to Angiotensin-(1–7), leading to 
anti-inflammatory, anti-vasoconstrictive, and anti-fibrotic effects,99,100 (ACE2) can effectively alleviate ALI and pul-
monary fibrosis.101 Apelin was shown to promote ACE2 expression, thereby reducing endothelial-mesenchymal 

Figure 5 Apelin protects against septic lung injury. (A) Apelin reduces lung inflammation and edema, lung sections from various groups were examined at both 200x and 
400x original magnifications, revealing intramural neutrophils within the alveolar walls, indicated by arrows in H&E-stained images. (B) Apelin reduces the expression of 
inflammatory factors in the lungs. (C) Apelin reduces the expression of NOX4 and alleviates oxidative stress, thereby reducing the activation of fructose-2,6-bisphosphate 
kinase 3. Copyright ©2022. Dove Medical Press. The above all figures are reprinted from Yuan Y, Wang W, Zhang Y, et al. Apelin-13 attenuates lipopolysaccharide-induced 
inflammatory responses and acute lung injury by regulating PFKFB3-driven glycolysis induced by NOX4-dependent ROS. J Inflamm Res. 2022;15:2121–2139.44 (D) Apelin 
protects the lungs by reducing inflammation, oxidative stress, and fibrosis. *P<0.05 compared with control; #P<0.05 compared with LPS group. (Upward red arrows indicate 
increase, downward black/red arrows indicate decrease, the horizontal red line indicates inhibition).
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transition and preventing sepsis-associated pulmonary fibrosis in mice.93 Additionally, inhibition of APJ exacerbated 
pulmonary fibrosis. This is further evidence of the protective role of the Apelin/APJ system against organ damage in 
sepsis. Together, these investigations indicate that activation of the Apelin/APJ system may have a protective effect 
against septic ALI and pulmonary fibrosis (Figure 5D).

Protective Effects of Apelin in the Liver
Inflammation and oxidative stress are the main mechanisms leading to liver injury in sepsis.102 In animal models of sepsis, 
liver injury can be attenuated by inhibiting the inflammatory response and scavenging ROS.103 Several studies have 
demonstrated the anti-inflammatory and antioxidant effects of Apelin.104,105 Zhou et al106 explored the protective effects of 
a novel long-acting Fc-Apelin fusion protein on LPS-induced liver injury in septic mice (Figure 6). The authors found that Fc- 
Apelin significantly reduced the level of alanine aminotransferase (ALT) in septic mice (Figure 6A) and reduced hepatic cell 
apoptosis and ROS generation (Figure 6C). Additionally, Fc-Apelin alleviated the infiltration of hepatic macrophages and 
decreased the expressions of IL-6 and TNF-α in the liver (Figure 6B). However, systemic IL-6 was not significantly reduced as 

Figure 6 Apelin reduces septic liver damage. (A) Apelin reduces the levels of AST and IL-6 in the serum of mice with septic shock. (B) Apelin improves hepatic edema and 
macrophage infiltration in septic shock mice, reducing the expression of inflammatory factors.(C) Apelin alleviates hepatocyte apoptosis in septic shock mice and LPS- 
induced apoptosis in Huh-7 cells; TUNEL staining is shown in green, and DAPI staining is shown in blue. The above all figures are reprinted from Zhou H, Yang R, Wang W, 
et al. Fc-apelin fusion protein attenuates lipopolysaccharide-induced liver injury in mice. Sci Rep. 2018;8(1):11428.106 (D) Mechanism diagram illustrating the protective effects 
of Apelin on septic liver injury. *P<0.05, **P<0.01, ***P<0.001, n.s, no significant difference (Upward red arrows indicate increase, downward black arrows indicate decrease, 
the horizontal red line indicates inhibition).
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in the liver, and the reasons still need clarification. Thus, Apelin has great potential in the treatment of liver injury caused by 
sepsis, although the mechanisms remain to be elucidated.

Protective Effect of Apelin on the Kidney
Acute kidney injury (AKI) is very common in sepsis and is often associated with more severe hemodynamic disturbance, 
cardio-renal syndrome, and an increased need for mechanical ventilation and vasopressors.107–109 AKI in sepsis is character-
ized by a sudden decline in renal function, indicated by increased serum creatinine and oliguria.110,111

Apelin-13 improved renal function in sheep with septic shock in a dose-dependent manner, restoring the kidney’s 
ability to excrete urine and creatinine.46 Apelin and ELA were both shown to exert protective effects in multiple kidney 
disease models,36 and the effects of ELA may be superior.112 In a septic rat model, both Apelin-13 and ELA improved 
water intake and urine output. However, ELA significantly reduced AKI and renal inflammation, whereas Apelin-13 did 
not appear to be effective in preventing renal injury.69 Apelin-13 also improved AKI in septic rats by reducing renal 
artery resistance and increasing creatinine clearance through countering the renin-angiotensin system (RAS).113 ELA was 
fused with the Fc domain of human immunoglobulin IgG to generate Fc-ELA-21. Fc-ELA-21 was examined for 
treatment of LPS-induced AKI in septic mice and showed a longer half-life compared with ELA (Figure 7); it reduced 
renal tubular apoptosis, macrophage infiltration and inflammatory cytokine expression and improved AKI.114

Body Fluid Homeostasis Regulation by Apelin
The Apelin/APJ system and AVP co-localize in hypothalamic supraoptic and paraventricular nuclei and exhibit 
a reciprocal regulatory relationship.115,116 These findings are in line with clinical research results in healthy individuals, 
showing plasma osmolality changes paralleling reciprocal vasopressin and Apelin changes. Blood AVP level increases 
and Apelin level decreases under hypertonic saline stimulation. Conversely, blood AVP levels decrease and Apelin levels 
increase after water loading reduces osmotic pressure.117 The cross-modulation of osmotic stimulation by Apelin and 
AVP has important physiological significance; it can prevent renal water excretion after dehydration and promote water 
excretion after water load to maintain body fluid homeostasis. This has very important clinical implications for the 
management of fluid resuscitation in patients with septic shock.

Disordered fluid homeostasis is common in septic progression and the resuscitation process.118 Multiple studies have 
shown that the Apelin/APJ system may be involved in maintaining fluid homeostasis.34,115,119–121 An increase in water 
intake and urine output in septic rats in response to both Apelin-13 and ELA was observed. ELA prevents plasma volume 
loss without altering AVP level, whereas Apelin-13 reduces plasma AVP level and changes urine balance toward 
unwanted aquaresis, which results in a loss of plasma volume69 (Figure 7F). Apelin-13 and ELA reduced vascular 
permeability in several major organs, which also played a role in maintaining fluid homeostasis.69 These findings suggest 
that ELA and Apelin-13 have contrasting effects on the cardio-renal axis primarily through counter-regulation in the 
vasopressinergic system. Additionally, Apelin prevents the reduction of plasma volume by regulating fluid homeostasis, 
which facilitates the amelioration of hemodynamic disturbances.69 These effects further support its potential as 
a therapeutic target for sepsis.

Summary of the Protective Effects of the Apelin/APJ System Against Sepsis
Much effort has been invested into exploring the protective mechanism of the Apelin/APJ system in sepsis, and multiple 
mechanisms have been implicated in its protective effects, including reducing inflammatory factors and ROS, enhancing 
myocardial contractility, and reducing vascular permeability (Table 2). It is important to mention that most studies have 
been conducted in animal models and human studies are rare. The protective effect of ELA on sepsis has also been 
reported. Apelin levels in the plasma of septic patients have been reported to be higher than those of healthy individuals 
and to predict prognostic outcome. Some evidence also shows that Apelin can increase ACE2 expression and inhibit 
TGF-β/Smad signaling to reduce sepsis-associated pulmonary fibrosis. Notably, Apelin can alleviate LPS-induced 
neuroinflammation, which provides a valuable basis for further study of Apelin in the treatment of SAE. ELA has 
also been proven to attenuate septic kidney injury. Together these findings indicate that the Apelin-ELA/APJ system may 
be a potential therapeutic target in sepsis.

https://doi.org/10.2147/JIR.S436169                                                                                                                                                                                                                                    

DovePress                                                                                                                                                 

Journal of Inflammation Research 2024:17 322

Song et al                                                                                                                                                             Dovepress

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Agonists and Antagonists That Target the Apelin/APJ System
In spite of the close association of the Apelin/APJ system with several physiological processes and diseases, no drugs 
have been identified that directly activate or inhibit APJ. Because the half-life of Apelin in the body is several minutes,122 

the bioavailability is low. Therefore, the identification of peptide analogs and small molecules with high biological 
activity and long half-lives is very important. Additionally, from a clinical perspective, ideal agonists and antagonists 
should not only be degradation resistant but also should be biased towards G protein signaling to avoid receptor 
desensitization caused by activation of the β-arrestin signaling pathway.

Figure 7 The role of ELA in alleviating AKI and regulating body fluid homeostasis. (A) ELA increases creatinine clearance and rescues kidney function in mice with septic shock. 
(B–D) ELA reduced the expression of renal inflammatory factors and the infiltration of macrophages, and reduced renal edema (Red arrows indicate vacuolation and yellow 
arrows indicate nuclear pyknosis in the LPS group). (E) ELA alleviates tubular cell apoptosis in septic shock mice; green represents TUNEL staining, and blue represents DAPI 
staining. The above all figures are reprinted from Xu F, Zhou H, Wu M, et al. Fc-Elabela fusion protein attenuates lipopolysaccharide-induced kidney injury in mice. Biosci Rep. 
2020;40(9).114 (F) The protective mechanism of ELA on the kidneys and the regulating mechanism of body fluids.*P<0.05, ***P<0.001, n.s, no significant difference (Upward 
black/red arrows indicate increase, downward black arrows indicate decrease, The horizontal red line and the vertically downward red line indicate inhibition).
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To prolong the half-life of Apelin peptides and increase their biological activities, extensive research has been 
performed and several Apelin analogues have been developed. M007 is a cyclic peptidomimetic with a longer half-life 
than endogenous peptides such as Apelin-13, −36 and −17. Compared with [Pyr 1]-Apelin-13, the effects of M007 in 
enhancing myocardial contractility, dilating blood vessels and lowering blood pressure in rats are stronger.123 M007 also 
significantly increased cardiac output in human volunteers.123 A longer half-life is observed for another Apelin mimetic 
peptide that binds anti-serum albumin domain antibodies in rats.124 In vivo, it lowers blood pressure and increases 
myocardial contractility, stroke volume, and cardiac output. Encapsulating [Pyr1]-Apelin-13 in lipid nanocarriers 
significantly prolonged the half-life, and the protective effect of the encapsulated form on ischemia and perfusion injury 
is better than that of non-encapsulated [Pyr1]-Apelin-13 in rats.125 E339-3D6 is the first reported non-peptide APJ 
agonist that induces the production of intracellular cAMP and the internalization of APJ.126 Furthermore, E339-3D6 
induces vasodilation in isolated rat aortas. However, the relatively large molecular weight of E339-3D6 and the difficulty 
of its synthesis and isolation make it difficult to apply to clinical practice.126 A new small-molecule agonist ML233 was 
later developed using high-throughput screening technology, but its stability in human plasma was shown to be very poor 
and it exhibited hepatotoxicity.127,128 Another non-peptide APJ agonist, CMF-019, was developed with a high affinity for 
APJ and biased activation of the G protein signaling pathway; it has been proven to enhance myocardial contractility in 

Table 2 Summary of the Animal Experiments

Organs Dose Animals Mode Mechanism References

Brain 2μg/ day 
7 day (i.c.v)

Rat LPS 
i.c.v

↓TNF-α, IL-1β; 
↓p-NF-κB, p-IKKB

[56]

Brain 2μg/day 

7 day (i.c.v)

Rat LPS 

i.c.v

↓GFAP, IBA-1; ↓TNF-α, IL-1β; 

↓GR, ↓GR nucleus translocation

[57]

Heart 2 mg/kg/day 

4 day (i.p)

Rat CLP ↓IL-6, TNF-α, IL-β; ↓NLRP3 

↓TLR4, p-P65, p-IκBα
[43]

Heart 12.5 nmol/kg/h 
6 day (iv)

Sheep FP ↑myocardial contractility; [46]

Heart 0.25 μg/kg/min 

24 h (iv)

Rat CLP ↓myocardial myeloperoxidase activity; ↓iNOS; 

↓cleaved-caspase-3; 
↓p-p38 and p-ERK1/2 MAPK

[64]

Lung 2 mg/kg/day 
3 day (i.p)

Mouse Burn ↓IL-1β, IL-6, TNF-α and MCP-1; 
↓ICAM-1 and VCAM-1; ↓p-Akt

[80]

Lung 10 nmol/kg (i.p) Mouse LPS 

i.t

↓TNF-α, IL-6, IL-1β; 

↓NOX4; ↓ROS; 
↓6-phosphofructo-2-kinase; 

↓glycolysis

[76]

Lung 100 nmol/kg/day, 
14 d (i.p)

Mouse LPS 
i.p

↓endothelial-to-mesenchymal transition; 
↓TGF-β1, Smad

[45]

Lung 20 nmol/kg/day, 

28 d (i.p)

Mouse LPS 

i.p

↓ACE2 ubiquitination; 

↑ACE2; ↓endothelial-to-mesenchymal transition

[93]

Lung 10 nmol/kg (i.p) 

inject 2 hours in advance

Mouse LPS 

i.p

↓IL-6, IL-1β, TNF-α; 

↑VE-cadherin; ↓F-actin; ↑mitochondrial biogenesis; 

activating AMPK pathway

[90]

Kindy 1mg/kg/day 

5 day (i.p)

Mouse LPS 

i.p

↓IL-6, IL-1β, TNF-α; ROS; 

↓apoptosis 

activating PIK/Akt pathway

[114]

Liver 1mg/kg/day 

5 day (i.p)

Mouse LPS 

i.p

↓IL-6; ↓apoptosis; ↓ROS 

↓macrophage infiltration

[106]

Vessel 15µg/kg/hr (apelin-13), 39µg/kg/hr 
(ELA), 72 h (iv)

Rat CLP ↓TNF-α, ↓VEGF [69]

Abbreviations: LPS, Lipopolysaccharide; CLP, Cecal ligation and puncture; FP, Fecal peritonitis; i.c.v, Intracerebroventricular injection; i.p, Intraperitoneal injection; i.t, 
intratracheal instillation; iv, intravenous injection.
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rats.129 AMG-986 and BMS-986224, two oral small molecule agonists, have also been shown to increase cardiac output 
in rats.130–132 Substantial evidence suggests that these two small molecule agonists have high therapeutic potential in the 
treatment of a variety of heart diseases.132–134 In a recent clinical trial, AMG-986 demonstrated good tolerability in 
healthy individuals but it had no pharmacodynamic effects in patients with HF.134

ALX40-4C is the first reported peptidic antagonist of APJ. In an in vitro study, ALX40-4C was shown to inhibit 
APJ-mediated membrane fusion and intracellular Ca2+ elevation in a dose-dependent manner.135 The F13A peptide 
antagonist of APJ was obtained by mutating the C-terminal phenylalanine of Apelin-13 to alanine; F13A inhibited 
many Apelin-13-induced physiological effects in animal models.136 ML221 is the first non-peptide APJ antagonist 
reported to prevent pathologic retinal angiogenesis in ischemic retinopathy in mice and is expected to be a drug 
candidate for the treatment of ischemic retinopathy.137 With further in-depth study of the Apelin/APJ system, more 
APJ agonists and antagonists will be developed. APJ agonists and antagonists are safe and well-targeted, and thus 
drugs that target Apelin/APJ system will have clinical value. The feasibility of Apelin as a new drug for chronic HF 
was indicated by the results of the first human trial. Most APJ agonists and antagonists are currently still in preclinical 
research and further research will be required to explore their utility in the treatment of sepsis.

Potential for Improvements of APJ Agonists for Sepsis
Over the past 20 years, the physiological structures of Apelin and APJ have been revealed and APJ agonists have been 
developed. Typically, GPCR activation activates both G protein–dependent and –independent signaling pathways, 
regardless of the structure of the ligand. However, some ligands selectively activate or inhibit certain signaling pathways, 
resulting in biased signaling.138 In this case, the strategic design of drugs may help ensure specific and desired results 
with minimized side effects. A biased APJ agonist MM07 was previously developed for application in heart failure. This 
agonist selectively activates the G protein pathway and avoids activation of the β-arrestin pathway.123

Studies have indicated that APJ receptor signaling involves activation of Gαi, triggering adenylyl cyclase inhibition, 
resulting in cAMP inhibition and subsequent physiological effects.139,140 APJ also binds other G protein trimers, 
especially Gq, thereby activating the phospholipase C (PLC) and AMP-activated protein kinase (AMPK) signaling 
pathways.23,141 Several endogenous APJ ligands (such as Apelin-17, Apelin-36, ELA-32, and ELA-21) have been shown 
to produce a certain bias in the conduction of β-arrestin signaling.13,25 Overexpression of β-arrestin exacerbates 
immunosuppression, cardiac dysfunction, and mortality in septic mice.142 The development of APJ receptor agonists 
that preferentially activate the G protein signaling pathway is crucial for the targeted treatment of sepsis, and these 
agonists may show reduced adverse effects.

Summary
Sepsis is a global public health problem and has a high mortality rate. Apelin has shown promising outcomes in pre- 
clinical studies of sepsis and heart failure clinical research. In this review, we presented a brief overview of the functions 
of the Apelin/APJ system and discussed the potential of Apelin and ELA to treat sepsis. The Apelin/APJ system may be 
a promising new target for the treatment of sepsis, some candidate agonists and antagonists have been developed, with 
promising preclinical research results. Apelin has been proven to have inotropic and vasodilatory effects in healthy 
individuals and patients with chronic heart failure; however, whether Apelin exerts these effects in septic patients remains 
unclear. Studies on the treatment of sepsis with Apelin and ELA have been pursued in animal models and cell lines; 
clinical research results are currently lacking. Thus, further studies are required to determine the applicability of Apelin 
as a potential drug for the treatment of sepsis.
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