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Abstract. Apelin, the endogenous ligand of APJ which is a
member of G protein-coupled receptors, has been shown to be
expressed in a variety of tissues in vivo and to exert significant
biological effects. Studies have indicated that the apelin/APJ
system is involved in the regulation of a variety of physiological
functions and pathological processes, and that it is associated
with cardiovascular diseases (such as atherosclerosis, hyper-
tension, heart failure and myocardial injury), diabetes with
microvascular complications, ischemia reperfusion injury,
tumors, pre-eclampsia, as well as others. The occurrence of
these diseases is closely related to endothelial dysfunction
and the local inflammatory response; however, the occur-
rence of oxidative stress is related to vascular injury, due to
the excessive generation of reactive oxygen species (ROS)
and can lead to vascular damage and a series of inflammatory
reactions. Therefore, this review summarizes the association
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between apelin/APJ, oxidative stress and inflammation-related
diseases. In addition, drugs targeting the apelin/APJ system are
recommended, thus providing a novel therapeutic strategy for
oxidative stress-related inflammatory diseases.
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1. Introduction

ODowd et al firstly discovered a type of receptor protein APJ
related to angiotensin type 1 receptor (AT1) in 1993. This
was a new G protein-coupled receptor (GPCR) family termed
‘orphan receptors’, as the relevant endogenous ligand was not
found at that time (1). In 1998, Tatemoto et al (2) extracted
the endogenous ligand of APJ from the secretions of cattle
stomach tissues, and named apelin (APJ endogenous ligand).
Recent research has found that ELABELA may be the new
endogenous agonist of APJ, and that it plays an important
role in cardiac development (3). The amino acid sequence of
apelin is similar to that of angiotensin II (Ang II), while APJ
and AT1 in the hydrophobic transmembrane region have a
homology of 40-50%, which suggests that apelin/APJ may
be self-contained and affects the relevant biological function
independently (4.,5).
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Apelin/APJ has been shown to be expressed in various
tissues and cells in the human body, particularly in vascular
endothelial cells (ECs) and adipose tissue (6,7). Studies have
found that apelin mRNA is expressed in many tissues in rats,
such as the heart, kidneys, adipose tissue and the central nervous
system [Pope et al (8) and Medhurst ez al (9)], which suggests
that apelin/APJ can affect the pathophysiological function of
the cardiovascular system. The apelin/APJ system has a variety
of biological effects. In the cardiovascular system, apelin/
APJ can strengthen cardiac contractility, relax blood vessels
and lower blood pressure (10,11). In addition, apelin/APJ can
regulate gastrointestinal function and insulin sensitivity, and
can promote cell proliferation, migration and angiogenesis,
thus regulating immune function (12-16).

Oxidative stress is a condition in which the normal dynamic
homeostasis has been overwhelmed by the excessive accumu-
lation of reactive oxygen species (ROS). Oxidative stress is
considered to be one of the underlying mechanisms of inflam-
matory diseases. There are strong links between apelin/APJ
and oxidative stress. Apelin is able to suppress the production
and release of ROS in adipocytes (17), and to alleviate oxidative
stress in cardiomyocytes (18). By contrast, Li er al (19) found
that apelin-13 can promote the generation of ROS in vascular
smooth muscle cells (VSMCs). Consequently, this review
summarizes the role of apelin in regulating oxidative stress-
related inflammatory diseases. Moreover, drugs targeting
apelin/APJ are recommended, thus providing a novel thera-
peutic target for oxidative stress-related inflammatory diseases.

2. Apelin induces atherosclerosis by promoting oxidative
stress

As discussed below, studies have shown that the development
of atherosclerosis (AS) is closely related to VSMC proliferation
and the injury of vascular ECs. Moreover, the injury of vascular
ECs results in monocytes (MCs) adhering to the ECs, as well as
in oxidative stress and inflammation.

Apelin is highly expressed in ECs and VSMCs (20-22). Our
laboratory first discovered and reported that the phosphoryla-
tion of phosphatidylinositol 3-kinase (PI3K) was stimulated
by apelin-13 after binding to APJ, which thereby activated Akt
and its downstream signaling molecule, extracellular regulated
protein kinase 1/2 (ERK1/2), then promoted the synthesis
of cyclin D1, and ultimately induced the proliferation of
VMSCs (23,24). Studies have found that apelin may induce the
expression of nuclear factor-xB (NF-xB)/JNK which may then
induce intercellular adhesion molecule-1 (ICAM-1), vascular
cell adhesion molecule-1 (VCAM-1) and monocyte chemoat-
tractant protein-1 (MCP-1) expression, leading to MCs adhering
to human umbilical vein endothelial cells (HUVECsS) (25,26).

Oxidative stress and inflammation play a key role in the
pathogenesis of AS. Lassegue and Clempus (27) found that
NADPH oxidase (NOX) is the main enzyme which gener-
ates ROS in blood vessels; ROS produced by the enzyme are
involved in the process of occurrence and development of
AS. ROS can inhibit the activity of endothelial nitric oxide
synthase (eNOS) in cells in order to blunt the production of
nitric oxide (NO), while promoting the proliferation of VSMCs
and thrombus formation, ultimately leading to or aggravating
endothelial dysfunction (28,29). The increase in ROS produc-
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tion can promote the expression of a variety of inflammatory
factors and adhesion molecules in ECs, such as MCP-1 and
ICAM-1, VCAM-1, tumor necrosis factor-o (TNF-a) and
interleukin (IL)-1. However, increased inflammatory cytokine
production can also promote the increased production of
ROS (30). Therefore, oxidative stress promotes the develop-
ment of AS by regulating the production of ROS.

Li et al (19) found that apelin-13 promotes the increased
expression of NOX4, and promotes the generation of ROS. When
NOX4 was inhibited, ROS generation and VSMC proliferation
induced by apelin-13 were also inhibited. The phosphorylation
of ERK was decreased, indicating that NOX4, as the upstream
signaling molecule of ERK, is involved in the promoting effects
of apelin-13 on the proliferation of VSMCs. In another study,
Li et al (31) also found that apelin-13 promoted the proliferation
of VMSCs by activating the ERK-Jagged-1/Notch3-cyclin D1
pathway. Li ef al found that apelin-13 promoted the expression
of NOX4 and the increased generation of ROS in VSMC:s (19),
and Lu et al found that apelin-APJ induced ICAM-1, VCAM-1
and MCP-1 expression through the NF-«kB/INK signaling
pathway (26). Therefore, we speculated that apelin and oxida-
tive stress may be involved in the development of AS through
the NOX4-ROS-NF-«B/ERK signaling pathway (Fig. 1).

Both apelin and oxidative stress can regulate the develop-
ment of AS; we thus hypothesized that there is an association
between apelin and oxidative stress. In 2007, Hashimoto et al
reported that AS plaques and NOX were markedly decreased in
the vascular tissue of APJ receptor and apolipoprotein E (apoE)
double knockout mice; thus, the authors suggested that the APJ
receptor is involved in the development of AS through oxidative
stress (32).In 2009, Leeper et al (33) demonstrated that the apelin/
APJ system is a regulatory factor of vascular oxidative stress.
In a rat model of AS induced by a high-cholesterol diet (32),
apelin/APJ was shown to regulate oxidative stress in vascular
tissue, suggesting that apelin is a key factor in the process of AS
caused by a high cholesterol diet; APJ deficiency can protect
blood vessels from generating oxidative stress-related AS, and
can also prevent oxidative stress-induced AS (34). In conclusion,
apelin and oxidative stress can promote the development of AS,
but a deficiency in APJ can prevent the development of AS due
to oxidative stress.

3. Apelin induces hypertension by regulating oxidative stress

Apelin can regulate angiogenesis and adjust blood pressure
through different mechanisms. A previous study demonstrated
the anti-hypertensive effects of apelin; the administration of
apelin-13 to male Wistar rats via intravenous injection reduced
systolic and diastolic blood pressure temporarily (35). The
main mechanism responsible for the reducing effect of apelin
on blood pressure is through eNOS phosphorylation, promoting
the release of NO, and thereby promoting endothelial-dependent
vasodilation. As previously demonstrated, following an intra-
peritoneal injection of apelin-12, apelin-13 and apelin-36 to
anesthetized rats, the mean arterial pressure decreased, and the
results revealed that the anti-hypertensive effects of apelin-12
were the most prominent. Following the exogenous apelin-12
injection into mice, the nitrite levels in plasma transiently
increased. However, in rats treated with the eNOS inhibitor,
NG-nitro-L-arginine methyl ester (L-NAME), prior to the
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Figure 1. Apelin induces the generation of ROS and promotes the formation of AS. ¥, promotion. AS, atherosclerosis; NOX, NADPH oxidase; ROS, reactive
oxygen species; ERK, extracellular regulated protein kinases; NF-kB, nuclear factor-kB; VCAM-1, vascular cell adhesion molecule-1.

injection of apelin-12, no significant change in blood pressure
was observed; thus the anti-hypertensive effects of apelin
rapidly diminished (10,36). Japp et al (37) found that the acute
administration of apelin to humans leads to human peripheral
vascular and coronary vasodilation and increases cardiac
output. In APJ-deficient mice injected with apelin, there was no
significant change in blood pressure (10), suggesting that apelin
needs to develop the function of vasodilation and lower blood
pressure through its APJ receptors. Katugampola et al (20)
found that in the saphenous vein in vitro, apelin combined with
the APJ receptor in vascular smooth muscle, and stimulated
myosin light chain to induce vascular contraction, indicating
that apelin may directly constrict vascular smooth muscle;
however, only in the intact endothelium there was a vasodi-
latory effect when combining apelin with endothelial APJ.
The apelin/APJ system is involved in the regulation of blood
pressure through a variety of mechanisms, and has a certain
connection with the condition that depends on whether the
endothelium is intact or not.

The occurrence of eNOS uncoupling is caused by oxidative
stress (38). L-arginine (L-Arg) as the substrate generated by
eNOS in vivo and tetrahydrobiopterin (BH4) as the co-factor in
short supply, may lead to eNOS dysfunction and the production
of O, but not NO, so as to promote the development of hyper-
tension and the occurrence of vascular complications. ROS are
superoxide anions, and can result in the inactivation of NO,
which is an endothelium-derived relaxing factor, further leading
to detrimental effects on vasodilation, leading to endothelial
dysfunction, and finally giving rise to hypertension (39). Thus,
oxidative stress is involved in the occurrence of hypertension
and has a close association with endothelial dysfunction.

The incidence of hypertension is closely associated with
a significant increase in ROS generation in the human body.

The elevated levels of ROS may be associated with the
occurrence of oxidative stress, directly resulting in vascular
injury and a series of inflammatory reactions, finally causing
hypertension. Thus, the aforementioned apelin-13 can promote
the increased expression of NOX4, and can also promote the
generation of ROS. The NADH/NADPH oxidative system of
the vascular wall can be regulated by Ang II, which can mark-
edly increase the generation of O, and H,0,, causing vascular
injury, increased tension and increased resistance, resulting in
vascular remodeling, and ultimately in elevated blood pres-
sure. Moreover, in the pathogenesis of hypertension, the renin
angiotensin system (RAS) plays an important role. Ang II is
known as one of the strongest vasoconstrictor substances, when
acting on vascular smooth muscle, it can cause the arteriole
contracts of the whole body to increase arterial pressure;
under physiological and pathological conditions, apelin/APJ
has completely opposite effects to the function of RAS; thus,
under such conditions, apelin has an antagonistic effect to that
of Ang I (40,41). In conclusion, it is suggested that apelin can
increase hypertension by regulating the NOX4-Ang II pathway.
Moreover, apelin can also inhibit the oxidative stress which is
involved in the occurrence of hypertension, possibly through
the eNOS/NO pathway (Fig. 2).

4. Apelin, oxidative stress and diabetes with associated
microvascular complications

Some research results have indicated that apelin has a close
association with diabetic microvascular complications, such
as diabetic nephropathy (DN), diabetic retinopathy (DR) and
pathological changes of the nervous system. Oxidative stress
is also thought to be one of the underlying mechanisms of
diabetic microvascular complications (42).


https://www.spandidos-publications.com/10.3892/ijmm.2016.2544
https://www.spandidos-publications.com/10.3892/ijmm.2016.2544

1162 ZHOU et al: ROLE OF Apelin/AP] SYSTEM IN OXIDATIVE STRESS-RELATED INFLAMMATORY DISEASES
Apelin ) Apelin )
! NOXT 1 T T :j\lcj'x.'.'_'. bty
eNOS NF-
4
e PKC/PARPD 1
- | l 1 MCP-1
OZ—IHZOZ’ @ Apoptosis l
Vasodilation

v

Blood pressure

[ -

Blood pressure

| ==

Diabetic
neuropathy Diabetic nephropathy

o .
S ¢

Figure 2. Apelin induces ROS generation, participating in the occurrence of hypertension and diabetes-related microvascular complications. ¥, promotion;
L, inhibition; * (gray), up; ¥ (gray), down. ROS, reactive oxygen species; eNOS, endothelial nitric oxide synthase; PKC, protein kinase C; PARP, poly ADP-
ribose polymerase; MCP-1, monocyte chemoattractant protein-1; AOPP, advanced oxidation protein products.

Glomerular capillary damage directly leads to the occur-
rence of DN; the increase in free radicals and oxidative stress
is one of the causes of DN (43). Furthermore, the inflamma-
tory pathway plays an important role in the pathogenesis of
DN. 8-Hydroxy-2-deoxyguanosine (8-OHdG) is the specific
and main product of DNA oxidative damage, and advanced
oxidation protein products (AOPP) reflects the protein damage
caused by oxidative stress. The levels of AOPP in plasma and
8-OHdG in the urine of patients with DN with large amounts
of albumin in urine were significantly higher than those of
the patinets with normal albumin urine levels (44). The data
suggest that oxidative stress promotes the development of DN.
Hyperglycemia activates NF-«B through ROS to promote the
expression of MCP-1; the expression of MCP-1 in renal tissue is
a marker of the inflammatory occurrence (45,46).

Studies have shown that the subcutaneous injection of
apelin can be effective in preventing the occurrence of renal
enlargement, reducing the expression of MCP-1 and VCAM-1,
and inhibiting the activation of NF-kB (47). Apelin can also
restore the levels of antioxidant enzymes in the kidneys of
diabetic mice, reduce oxidative stress, and prevent damage to
kidneys from oxidative stress (48). Thus, apelin may be a thera-
peutic target in DN by exerting anti-oxidantive effects (Fig. 2).

An important reason for the occurrence of diabetic
neuropathy is the increased formation of advanced glycation
end-products caused by oxidative stress, promoting the apop-
tosis of nerve cells mediated through the phosphoinositide/
protein kinase C (PKC) system and DNA repair enzyme poly
ADP-ribose polymerase (PARP), NF-kB and damage sensory
fibers (49,50). Studies have demonstrated that apelin inhibits
the activation of NF-kB (47), and thus protects nerve cells.
In cortical neurons, apelin can also inhibit the generation of
ROS (51). Thus, apelin can inhibit oxidative stress to prevent
the occurrence of diabetic neuropathy.

DR is the leading cause of human blindness. The close asso-
ciatoin between vascular endothelial growth factor (VEGF) and
proliferative DR is considered to be the most important mecha-
nism responsible for DR (52). Although the inhibition of VEGF
may reduce retinal neogenesis, it cannot completely inhibit the
formation of neovascularization and the proliferation of retinal
cells caused by ischemia. Studies have shown that the mRNA
levels of apelin, APJ and VEGF are all increased in the vascular
tissue membrane in proliferative DR (53), and that VEGF is
involved. It has been proven that apelin promotes the expression
of VEGF (54). Saint-Geniez et al (55) found that apelin/APJ
is involved in retinal angiogenesis in mice, and has a unique
expression pattern. Thus, the function of apelin in promoting
retinal neogenesis is considered to be one of the causes of DR.
Studies have indicated that oxidative stress has a significant
association with the occurrence of DR. The enhancement of
free radical activity and the decrease in antioxidant capacity
are the important mechanisms responsible for DR. Increased
levels of oxygen free radical in vivo leads to an increase in
retinal cell apoptosis, as oxygen free radicals can activate the
caspase family through the mitochondrial pathway, leading to
the increased concentration of intracellular Ca?* in retinal cells,
and inducing apoptosis through the activation of NF-«xB (56,57).
Thus, apelin and oxidative stress are involved in the occurrence
of DR, and the inhibition of the apelin/APJ system in the eyes
may be an effective method to prevent DR (Fig. 2).

5. Apelin regulates oxidative stress by inhibiting ischemia-
reperfusion injury

During the process of ischemia-reperfusion injury, superoxide
anion (O,") synthesis occurs. In addition to superoxide anion,
ROS also play an important role in ischemia-reperfusion
injury. It has been suggested that oxidative stress may have a
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Figure 3. The main mechanism of of action of apelin is to inhibit oxidative stress, regulating ischemia-reperfusion injury. ¥, promotion; L, inhibition; MPTP,

mitochondrial permeability transition pore.

definite association with ischemia-reperfusion injury. The main
mechanisms of the regulation of ischemia-reperfusion injury by
oxidative stress are the functional inactivation of intracellular
DNA, RNA proteins and other substances so as to lead to cell
dysfunction (58-60), mainly through ROS: the overload of ROS
promotes mitochondrial permeability transition pore (MPTP)
opening, which in turn increases the release of mitochondrial
ROS, to form a vicious positive feedback loop between ROS
activation and ROS release. ROS, in combination with lipids
can damage cell membranes and organelle membranes in
myocardial cells, reducing membrane fluidity and perme-
ability; ROS can also attack the genetic material to cause the
cross linking or breaking of DNA and RNA, affecting gene
expression in myocardial cells (Fig. 3).

During the process of ischemia-reperfusion, apelin can
protect myocardial cells against oxidative stress, and reduce the
damage to myocardial cells (Fig. 3). Zeng et al (61) found that
ROS levels in myocardial cells increased following exposure to
hypoxia, and the addition of apelin to the medium 30 min prior
to exposure to hypoxia effectively reduced the levels of ROS.
It has been shown that apelin can activate eNOS and enhance
NO release through reperfusion injury salvage kinase (RISK),
and may thus inhibit mitochondrial oxidative damage and lipid
peroxidation (62). All the above-mentioned results strongly
suggest that apelin plays an antagonistic role in the process of
ischemia-reperfusion, thus exerting a myocardial protective
effect.

6. Apelin regulates oxidative stress, promoting tumor
formation and growth

With the continuous progress in relevant research, the function
of apelin and oxidative stress in tumors has attracted increasing
attention. In 2007, Sorli ef al (63) firstly reported that hypoxia
caused by the hypermorphosis of tumor cells can promote the

expression level of apelin. The hypoxia-induced elevation in
apelin expression is most likely mediated by hypoxia inducible
factors (HIFs) (64). Under a hypoxic environment, increased
levels of ROS induce the expression of HIF in cancer stem
cells (CSCs) (65). ROS are also closely related to tumorigenesis,
and thus it is hypothesized that oxidative stress induced by ROS
is closely associated with tumorigenesis and may be regulated
by apelin. Studies have indicated the involvement of oxidative
stress in the formation and development in bladder cancer, and
there are observed changes in the activity of transcription factors,
such as hypoxia-inducible factor HIF-1a (66). Raina er al (67)
evaluated the efficacy of grape seed extract (GSE) in bladder
cancer and found that GSE-generated oxidative stress induced
marked programmed cell death in human bladder cancer cells.

Although ROS are involved in tumorigenesis, they also
play a role in the treatment of tumors (68), and the mecha-
nisms involved include DNA damage induced by ROS. More
importantly, lipid peroxidation induced by ROS and damage
to DNA or proteins can cause or promote the development of
tumors. Naturally, oxidative stress can stimulate tumorigenesis
and growth, but can also inhibit tumor progression. Apelin
can inhibit the generation of ROS, which suggests that apelin
suppresses tumorigenesis by regulating oxidative stress.
However, studies have found that cancer stem cells, as a type
of cell with the characteristics of stem cells in tumor tissues,
can resist the inhibitory effects of oxidative stress caused by
radiotherapy or chemotherapy (69-71). There is evidence that
compared with ordinary tumor cells, there are fewer oxidation
products of DNA, stronger resistance to oxidative stress, and
higher activation level of the antioxidant stress system, existing
in cancer stem cells (71).

The above-mentioned studies all demonstrate that apelin
and oxidative stress can cause or accelerate tumorigenesis and
growth; apelin and ROS are possible targets for the diagnosis
and treatment of tumors, and for the prediction of prognosis.
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However, the specific molecular mechanisms of action of
apelin and oxidative stress require further investigation.

7. Apelin protects the central nervous system by stimulating
ROS production

A recent study demonstrated that apelin-36 reduced the cerebral
infarct volume and promoted long-term functional recovery
following hypoxic/ischemic (H/I) brain injury. The mecha-
nisms responsible for the protective effects of apelin-36 against
H/I brain injury involved a decrease in the levels of cleaved
caspase-3 and Bax. Apelin-36 also increased the expression
level of phosphorylated Akt; however, with the use of a specific
PI3K inhibitor, the levels of phosphorylated Akt decreased, and
the protective effects of apelin-36 against apoptosis were attenu-
ated (72). This suggests that the PI3K/Akt pathway is at least
partly involved in the anti-apoptotic effects of apelin-36. Thus,
apelin-36 may be a promising therapeutic agent in the treatment
of ischemic brain injury. As apelin can promote the phosphory-
lation of PI3K/Akt and simulate the expression of NOX-ROS,
PI3K/Akt may thus also be associated with ROS. Silva ez al (73)
demonstrated that ROS mediate the phosphatase and tensin
homolog (PTEN)-independent activation of the PI3K/Akt
pathway in some T cell acute lymphoblastic leukemia (T-ALL)
cells. Min et al suggested that ROS may activate PI3K/Akt and
Nrf2 signaling (74). Thus, it can be hypothesized that apelin
induces ROS production, activates PI3K/Akt, and ultimately,
exerts anti-apoptotic and neroprotective effects.

Apelin-13 can also protect against serum deprivation-
induced apoptosis, as apelin-13 not only blocks typical apoptosis,
but also exerts inhibitory effects on the NMDA-induced
increase in intracellular Ca®* levels and excitotoxicity (51).
The study of Khaksari et al (75) demonstrated that apelin-13
protects the brain against ischemia-reperfusion injury and
cerebral edema. In addition, apelin-13 attenuates traumatic
brain injury (TBI)-induced brain damage by suppressing
autophagy (76). Autophagy may be involved in the protective
effects of apelin-13 against damage to neurons in TBI. Another
study found that apelin expectedly had a neuroprotective effect
combined with VEGF, but not alone (77). It is clear that apelin,
which activates the PI3K/Akt signaling pathway, enhances
angiogenesis induced by VEGF (78). All the above-mentioned
data indicate that apelin can protect the brain against ischemia-
reperfusion injury, and the mechanisms involved may be
associated with the activation of the PI3K/Akt pathway and
ROS.

8. Apelin inhibits hypertension in pre-eclampsia by regulating
oxidative stress

Pre-eclampsia is a hypertensive disorder and a complication
of some pregnancies. Studies have shown that apelin is also
closely associated with normal pregnancies and pre-eclampsia.
Compared with normal pregnancies, the RNA and protein
level of apelin are significantly decreased in pre-eclamptic
placentas (79,80). The above findings suggest that the reduced
expression of apelin may be associated with preeclampsia
and the apelinergic system plays an important role in pre-
eclampsia-induced hypertensive maternal disorders. A study
on pregnancy-induced hypertension (PIH) indicated that
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apelin/APJ was poorly stained in the ECs of early-onset PIH
placentas, thus reflecting poor fetal growth (81).

It has been shown that NO signaling is important for placental
function, and in particular for the maintenance of vascular tone.
In the normal placenta, the release of NO depends on the avail-
ability of L-Arg, and when L-Arg bioavailability is reduced, the
synthesis of NO is inhibited, leading to rapid NO degradation
by ROS, for example O,". Downstream NO in smooth muscle
cells during pregnancy, then activates the NO sensitive soluble
form, soluble guanosine cyclase (sGC), which is responsible
for cGMP generation, then activates cGMP-sensitive protein
kinase G (PKG), and subsequently promotes vasodilation (82).
Consistent with laboratory research results, apelin promotes
the phosphorylation of PI3K/Akt, and then activates eNOS,
inducing the generation of NO. However, in pre-eclampsia, the
expression of a group of GPCRs (group I) is reduced, and the
L-Arg availability for NOS may be further minimized, which
leads to the aberrant and rapid NO degradation by ROS, subse-
quently, inducing vasoconstriction through the NO-cGMP-PKG
pathway. Moreover, apelin inhibits ROS formation. Above
all, apelin regulates oxidative stress, inhibiting hypertension
through NO-cGMP pathway in pre-eclampsia (Fig. 4).

9. Apelin regulates oxidative stress in the occurrence of other
inflammatory diseases

In intestinal inflammation, a variety of inflammatory cytokines
can upregulate apelin expression by activating the Jak/STAT3
pathway; apelin upregulation is able to promote the proliferation
of epithelial cells (64,83). The incidence of inflammatory bowel
disease is closely related to the oxidative stress generated by
intestinal epithelia. The incidence of oxidative stress can cause
intestinal epithelial cell damage; ROS can induce the activation
of a variety of signaling pathways to promote intestinal epithe-
lial cell apoptosis, including the PI3K pathway, which plays
an important role in this process (84,85). The Jak/STAT3 and
PI3K/Akt pathways are closely associated with the IL-6 receptor
family; thus, it can be hypothesized that apelin/oxidative stress
promotes the occurrence and development of intestinal inflam-
mation, and may be related to the IL-6 receptor family.

Septicopyemia is a syndrome of systemic inflammatory
response caused by infection. Research has shown that apelin
expression is closely related to septicopyemia. During the
occurrence of septicopyemia, the levels of apelin expression in
serum are not only significantly higher compared with the levels
prior to the occurence of septicopyemia; however, the increase
in apelin expression can antagonize myocardial cell injury
from septicopyemia (86-88). Oxidative stress and inflammation
are closely related to septicopyemia (89). During the course of
septicopyemia, the electron transfer of mitochondrial respira-
tory chain can produce ROS which then leads to oxidative
stress (90). The electron transfer causes myocardial damage
directly; oxidative stress can also result in cell death (91).
However, in this process, lipid peroxidation is significantly
increased. Apelin, as a new-type peptide, has a protective
function, and can attenuate damage to heart tissue and reduce
lipid peroxidation (92). Therefore, apelin can be used for the
diagnosis and treatment of septicopyemia as a promising thera-
peutic agent (93), and can prevent myocardial injury caused by
oxidative stress in the process of septicopyemia.
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Table I. Function of the apelin/APJ system in inflammation-related diseases.

Disease types Experiment models Treatment Pathway Function Authors/(Refs.)
AS VSMCs Exogenous apelin ~ ERK1/2, PI3K/Akt  Exacerbation Li et al (23)
Liu et al (24)
AS HUVECs Exogenous apelin ~ NF-kB/JNK Exacerbation Lu et al (26)
Hypertension Wistar rats Exogenous apelin ~ eNOS/NO Inhibition Lee et al (35)
DN Ove26 mice Exogenous apelin ~ NF-xB Inhibition Day et al (47)
DR Diabetic rats Exogenous apelin ~ VEGF Exacerbation Lu et al (54)
I/R injury Rat heart models Exogenous apelin ~ ROS Cardioprotection  Zeng et al (61)
Tumor TS/A cells Apelin gene Gaseous hypoxia Exacerbation Sorli et al (63)
H/I brain injury ~ H/I brain injury models  Exogenous apelin =~ PI3K/Akt Neuroprotection Gu et al (72)
Intestinal Rat ileum Enteric apelin Jak/STAT?3 Exacerbation Han et al (83)
inflammation
Pyemia Male rats Exogenous apelin ~ Inhibit MCP-1 Cardioprotection  Pan et al (88)
and IL-8

DN, diabetic nephropathy; DR, diabetic retinopathy; I/R injury, ischemia reperfusion injury; H/I brain injury, ischemic brain injury; VSMCs, vas-
cular smooth muscle cells; HUVECs, human umbilical vein endothelial cells; H/I brain injury models, ischemic brain injury models; TS/A
cells, TS/A mammary carcinoma cells; MCP-1, monocyte chemoattractant protein-1; IL-8, interleukin-8; PI3K, phosphatidylinositol 3-kinase;
ERK1/2, extracellular regulated protein kinases 1/2; NF-kB, nuclear factor-«xB.

10. Drugs targeting apelin/AP]J

The above-mentioned research results demonstrate that the
apelin/APJ system plays an important role in the process of
occurrence and development of various diseases (AS, hyper-
tension, diabetes, etc.). Therefore, the apelin/APJ system has
become one of the potential drug targets (94), and drugs targeting
aplelin/APJ may apply to the treatment of several diseases.

Recent studies have reported small molecule agonists and
antagonists targeting APJ. E339-3D6 was the firstly reported
non-peptide agonist of APJ receptor which can inhibit the
release of antidiuretic hormone of water-dependent induction in
rats and reduce arterial blood pressure (95). ML233, as another
small molecule compound ligand of APJ, can selectively inhibit
AT1 receptors, which can promote vasoconstriction through
phospholipase C (96). Both E339-3D6 and ML233 can inhibit
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the release of forskolin-activated rennin induced by the cAMP
pathway, which can play an important role in the development
of hypertension (97).

In addition, studies on APJ receptor antagonists have also
made rapid progress. 4-Oxo-6-((pyrimidin-2-ylthio)methyl)-
4H-pyran-3-yl4-nitrobenzoate (ML221) is the first APJ
receptor antagonists to be found, primarily as tool drug used
to mark APJ receptor (98); later, ALX40-4C as another APJ
receptor antagonists has also been found. ALX40-4C is the
APJ and CXCR4 receptor antagonists containing nine arginine
residues; the drug by combing with APJ receptor can inhibit
ligand-induced intracellular calcium mobilization and receptor
internalization, in order to achieve the effect of lowering blood
pressure (99). Above the small molecules, a number of peptides
based on apelin-13 has led to development of more potent and
stable analogs targeted APJ (100). As showed in the review of
Cao et al (94), the analogs of apelin may directly reduce blood
pressure or by activating Akt-eNOS/NO pathway.

Apelin could regulate the oxidative stress-linked inflam-
mation diseases, so the drugs targeted apelin may apply to the
treatment the diseases. Studies showed that crude drug puerarin
could downregulated expression of apelin and exerted a protec-
tive effect on renal hypertension (101), suggesting that puerarin
may cure oxidative stress-linked blood pressure. In conclusion,
every drugs targeted APJ and apelin, they play an important
role in the research of pharmacological effect on Apelin/APJ
system, and also become the reliable tools to explore the system
on the development mechanism of oxidative stress-mediated
disease.

11. Conclusions and future prospects

Studies have indicated that the apelin/APJ system plays a
certain role in inflammation-related diseases (Table I). Apelin/
APJ regulates oxidative stress in the occurrence of inflamma-
tion-related diseasesl; however, this process is intricate. Thus,
further research into this matter is required.

At a first glance, the effects of apelin and oxidative stress
are similar. On the one hand, vascular endothelial shear stress,
oxidative stress, inflammation and other factors can alter apelin
expression; on the other hand, apelin has an impact on insulin
sensitivity and cardiovascular function, exerting anti-inflam-
matory and antioxidant effects, acting as an adipokine (102).
In addition, the overproduction of ROS can lead to a series of
inflammatory reactions, and apelin can regulate the production
of ROS; thus,there is a close link between apelin, oxidative
stress and inflammation.

In addition, apelin regulates oxidative stress-related
inflammatory diseases. However, there are still certain
contradictions and doubts. For example, the assumption that
apelin inhibits ROS is opposite to the conclusion made by our
research group; apelin and oxidative stress have an opposite
effect on hypertension; the effects of apelin and oxidative
stress on tumorigenesis are not yet fully elucidated; apelin and
oxidative stress promote the occurrence and development of
intestinal inflammation, and this is related to the IL-6 receptor
family. Thus, these contradictory effects may be caused by the
existence of multiple isoforms of apelin (103), the activation
of diverse signaling pathways and different stimuli/factors.
For example, pyr-apelin-13 can reduce renal enlargement and
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inflammation, and improve albumin urine levels in DN (47);
however, there are also studies showing that the angiogenic
effects of apelin may hinder or blunt its beneficial effects on
albumin urine levels (104). Thus, the regulatory effects of
apelin regulates on oxidative stress-related diseases warrant
further investigation.

Finally, the apelin/APJ system is abundantly found, which
suggests that apelin is a critical factor in the occurrence of
various diseases. The apelin/APJ system has a number of
biological functions; for instance, apelin has been shown to
exert cardioprotective effects in renal ischemia-reperfusion
injury (105). In cerebral ischemia-reperfusion, both apelin-13
and apelin-36 can protect neurons and inhibit damage induced by
inflammation by activating the PI3K/Akt pathway (72,106,107).
Furthermore, small molecular compounds may be developed to
target the apelin/APJ system for the treatment of inflammation-
related diseases.

In summary, in this review, we discussed the related func-
tions of the apelin/APJ system, and its effects on oxidative
stress and inflammation-related diseases, and provide a new
theoretical foundation for the study of the occurrence and
development of oxidative stress-related inflammatory diseases.
The apelin/APJ system functions as a double-edged sword
in regulating oxidative stress-related inflammatory diseases.
With the continuous progress made by research, an increasing
number of apelin/APJ functions are being discovered. Thus, the
apelin/APJ system may prove to be a novel therapeutic target in
inflammation-related diseases. Further research is warranted
however, in order to further elucidate the different apelin
subtypes and their related functions. Consequently, the relevant
mechanisms of action of apelin/APJ and its role in oxidative
stress or its antioxidant effects in inflammation-related diseases
need to be further explored in future studies.
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