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A B S T R A C T

Apelin and its G protein-coupled receptor APJ are specifically expressed in endocrine organs.
As well known, the hypothalamus is the regulatory center of endocrine activity, which combined with the

pituitary and other gonads form regulatory axes involved in endocrine function. Evidence to date has shown that
the apelin/APJ system plays an important role in mediating these axes, such as food intake, acute stress, steroid
release, as well as, an anti-depressant-like activity. Here we review the effect of the apelin/APJ system on
hypothalamic-pituitary-thyroid, hypothalamic-pituitary-adrenal and hypothalamic-pituitary-gonadal axes.
Although the apelinergic system exerts a positive effect on these axes, there are contradictory reports on the role
of apelin in endocrine disease caused by hypothalamic-pituitary disorders. Thus, as research continues to evolve
we expect that apelin-related drugs can be used as a treatment for clinical diseases resulting from hypothalamic-
pituitary dysfunction.

1. Introduction

In 1993，O'Dowd et al. identified a novel G protein-coupled re-
ceptor in a human gene, named APJ. In their study, they found that APJ
receptors were widely expressed in the following rat brain tissues, such
as striatum, hippocampus, cerebellum and cortex [1]. Besides, APJ was
also detected in the white matter region of the human brain [2]. These
findings indicate that endogenous ligands of the APJ receptor may play
a pivotal role in the transmission of information in the brain. However,
little is known about endogenous ligand for APJ receptor for a long
time. It was not until that Tatemoto and colleagues established a cell
model that can express the APJ receptor, which used as a bait to catch
its corresponding ligand. Finally, they isolated a ligand for the APJ
receptor from the stomach extract of cattle and was given the name
apelin. Moreover, they also found that the precursor protein of apelin is
composed of 77 amino acids, which can be cleaved into different sub-
units by endopeptidase. Among them, apelin-13 and apelin-17 have the
most obvious activity [3]. In addition, the N-terminus of apelin can also
be modified by glutamate to form pGlu-apelin-13, which has been re-
ported to have the most active against APJ receptor in vitro [4].

The endocrine system consists of many endocrine organs, including
the hypothalamus, pituitary, thyroid gland, adrenal gland, islet, ovary,
etc. All these glands play a crucial role in the regulation of the body's

nerves and fluids. A growing number of studies have shown that apelin
and APJ specific distributed in central gland. A study by O'Carroll et al.
reported that B78/apj, a homologue of the human APJ receptor in rat,
was striking distribution in the cells from the anterior pituitary, hy-
pothalamic paraventricular nucleus as well as the supraoptic nucleus
[5]. Similar findings have been found in De et al. research [6]. In ad-
dition, apelin/APJ system also exists in peripheral gland organs, like
thyroid, adrenal gland, islet, ovary [7,8]. Herein, we explore the in-
terrelationship between the apelin/APJ system and endocrine organs.

A mounting number of researches have reported that endocrine
system play a vital role in regulating the physiological and pathological
processes of the body, i.e. food and water intake, stress response, im-
munologic homeostasis [9–11]. So far, the endocrine system is mainly
regulated by three signal axes, which are the hypothalamic-pituitary-
thyroid axis (HPT), the hypothalamic-pituitary-adrenal axis (HPA), the
hypothalamic-pituitary-gonadal axis (HPG), respectively. In recent
years, apelin/APJ system is reported to participate in the regulation of
endocrine signals, which affect the biological functions, such as food
intake, acute stress, and antidepressant-like actions [12,13].

2. The role of apelin in hypothalamus–pituitary-thyroid axis

HPT is an important axis for maintaining the level of thyroid
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hormone in the body. Studies have found that the thyrotropin-releasing
hormone (TRH) was secreted by the hypothalamic paraventricular
nuclei (PVN), which is the initial state of activating HPT axis [14]. Once
activated, TRH enhances the secretion of thyroid-stimulating hormone
(TSH) from the pituitary, which undergoes blood circulation and ulti-
mately enhances the synthesis and secretion of thyroid hormone (TH).
Of note, when the TH reaches a certain level in the blood, the expres-
sion of thyrotropin-releasing hormone receptor (TRHR) gene can be
activated, thereby inhibiting the production of TSH [15]. It is reported
that apelinergic system is involved in regulating HPT axis.

An investigation on immunohistochemical analysis of apelin in li-
zards revealed that apelin was localized in endothelial cells of the
thyroid gland [7]. Gürel et al. showed that the levels of apelin were
much higher in patients with hypothyroidism and hyperthyroidism
compare with the health subjects [16]. In contrast, apelin levels was
found to lower in patients with subclinical hypothyroidism (SCH)
compare with the control group, while treatment of 12-weeks of le-
vothyroxine, the levels of apelin increased significantly [17]. In addi-
tion, addition of apelin and thyroxin (T4) would play a protective role
in (propylthiouracil) PTU-induced hypothyroid rats [18]. In conclusion,
there is still little known about the reasons for this contradictory results,
we still need more evidences to identify the relationship between apelin
and HPT axis (Table.1).

3. The role of apelin in the hypothalamic-pituitary-adrenal axis

HPA axis is mainly consist of three parts, which are important lo-
cations for hormone production. It is reported that PVN can secrete
antidiuretic hormone (ADH) and corticotropin releasing hormone(CRH,
also named CRF)，furthermore, the anterior pituitary gland is found to
release adrenocorticotropic hormone (ACTH), in addition, adrenal
cortex can synthesize glucocorticoids under the influence of ACTH.
Therefore, the mutual regulation of these hormones is involved in
biological functions such as the control of stress responses, energy
storage and consumption [19,20]. Apelin is reported to play a reg-
ulatory role in HPA axis. Taheri et al. demonstrated that exogenous
administration of apelin-13 (10 nmol) significantly increased the levels
of ACTH and corticosterone in plasma at 30min compare with the
control group. Besides, apelin-13 also stimulated the release of CRH and
vasopressin (AVP) from hypothalamic explants [21]. Moreover,

addition of apelin-17greatly improved the release of ACTH in an ex vivo
perifusion system of anterior pituitaries [22]. Newson et al. showed that
pGlu-apelin-13 (1mg/kg i.c.v.) supplementation induced the increasing
of ACTH and corticosterone (CORT), on the contrary, pretreatment of
alpha-helical CRF (9–41) (a type of CRF receptor antagonist) or in mice
with loss of AVP V1b receptors function, the effects of these two hor-
mones would diminish. These data indicating that apelin appeared to
play an important role in regulating HPA function via both CRF and
AVP [23]. When injection of lipopolysaccharide (LPS) to APJ knockout
(APJ KO) male mice, Newson et al. demonstrated that the level of ACTH
has markedly impared compared with wildtype mice, however, the
female APJ KO has no effect. They infer the reason may be related to
gender specific with the regulation of APJ. In addition, hypoglycemia
significantly increased ACTH and did not increase in APJ KO male mice.
Therefore, all their findings indicate that APJ has gender specific in the
process of activating HPA axis [12]. Additionally, studies have showed
that HPA axis is associate with depression [24,25]. Recently, apelin is
discovered to ameliorate chronic water-immersion restraint stress
(WIRS)-induced depression-like phenotype through reducing nuclear
translocation of hippocampal glucocorticoid receptor (GR) and in-
creasing brain-derived neurotrophic factor (BDNF) expression [13].
Therefore, apelinergic is expected to become a potential target for
regulating the HPA axis.

4. The role of apelin in the hypothalamic-pituitary-adrenal axis

4.1. The role of apelin in hypothalamic-pituitary-ovary axis

The ovaries are female reproductive organs, which mainly secreting
estrogen (E), progesterone (P) and a small amount of androgen. As
mentioned before, APJ receptor is abundantly expressed in rat ovarian
corpus luteum (CL), furthermore, a reported from Shimizu et al. showed
that APJ receptor in granulosa cells, as well as the APJ receptor and
apelin in theca tissues, those were all expressed in the ovary of bovine
[26]. All these findings suggest that apelin may contribute to regulate
ovarian function. Shirasuna et al. demonstrated that the expression of
apelin mRNA significantly increased from early to late CL, which later
decreased in regressed CL. However, the expression of APJ mRNA en-
hanced from early to mid-CL, furthermore, it remained up-regulated in
late and regressed CL. In addition, they also found prostaglandin F(2)

Table 1
Apelin/APJ is involved in hypothalamic-pituitary axis.

Hypothalamic-pituitary axis Experiment models Treatment Pathways Effects References

Hypothalamic-pituitary-thyroid
axis

Patients with SCH Levothyroxine ↑Apelin Protect 17

PTU-induced hypothyroid
rats

Apelin and T4 ↑Heart rate
↑QRS voltage

Protect 18

Hypothalamic-pituitary-adrenal
axis

Wistar rats Apelin-13 ↑ACTH
↑CORT

↑Water intake 21

Mice pGlu-apelin-13 ↑CRF
↑AVP

↑ACTH
↑CORT

23

APJ KO mice LPS;Insulin-induced hypoglycaemia;FS
stressors

↑ACTH
↑CORT

Protect 12

SD rats Apelin-13 TrkB-BDNF Antidepressant 13
Hypothalamic-pituitary-ovary axis Ovarian GC Apelin PI3/Akt ↑GC proliferation 28

Co-cultures of Gc and Tc Apelin MAPK/ERK; Akt/
PI3

↑Cell proliferation 29

OVCAR-3 cells Apelin ↑PPARg ↑Cell progression 36
OVISE cells Apelin ↑ P53 ↑Cell growth 37
Ovarian cancer model Overexpression of APJ ↑STAT3 ↑Cell aggressive 38

Hypothalamic-pituitary-testis axis Rats Apelin-13 ↑LH secretion ↑Testosterone release 44

SCH: subclinical hypothyroidism; PTU: propylthiouracil; ACTH: adrenocorticotropic hormone; CORT: corticosterone; CRF: corticotropin releasing factor; AVP: va-
sopressin; LPS: lipopolysaccharides;
FS: forced swim; SD rats: Sprague–Dawley rats; GC: ovarian granulosa cells; Tc: theca; APJ KO mice: APJ.
knockout mice; OVCAR-3: epithelial ovarian cancer cell line; OVISE cells: ovarian clear cell carcinoma cell lines; PPARg: peroxisome proliferator-activated receptor g;
STAT3: Signal transducers and activators of transcription; LH: luteinizing hormone;
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(alpha) (PGF(2)(alpha)) was able to induce luteolysis, which stimulated
the mRNA expression of apelin and APJ at 0.5-2 h and 2 h respectively.
Notably, the apelin/APJ was blocked from 4 h during PGF(2)(alpha)-
induced luteolysis. These results indicating that apelin/APJ not only
participated in the maturation of follicle, but also an intrinsic regulator
of corpus luteum formation [27]. Recently, apelin has been reported to
involve in regulating the above process by activating a series of sig-
naling pathways. Shuang et al. discovered that apelin up-regulated the
proliferation of granulosa cells (GCs) by PI3/Akt signaling [28]. Rak
et al. found that apelin enhanced ovarian cells proliferation via acti-
vating AMPK/ERK and Akt/PI3 singal pathways. Moreover, they also
observed that apelin abolished IGF1- and follicle stimulating hormone
(FSH)-induced steroid secretion [29]. Of note, addition of apelin to
maturation medium, which contain IGF1 (10–8M) but not FSH
(10–8M), it was observed that apelin attenuated the progression of
meiotic at the germinal vesicle stage [30]. Thus, apelin has an im-
portant biological function in control of hypothalamic-pituitary-ovary
axis.

Besides this, polycystic ovary syndrome (PCOS) is a syndrome of
endocrine disorders induced by hypothalamic-pituitary-ovarian axis
dysfunction, which characterized by sparse ovulation or anovulation,
luteinizing hormone (LH) secretion, high androgen or insulin re-
sistance, as well as polycystic ovary [31]. Researches have shown that
apelin seems to be correlated to the progress of PCOS. It is reported that
the levels of serum apelin in pateints with PCOS appeared to lower than
that of the control subjects [32,33]. However, in other studies, re-
searchers get the opposite results [34,35]. We speculate on the reasons
for these different conclusions may result from the difference of study
subjects. It seems that PCOS patients with higher apelin levels are
complicated by obesity.

Ovarian tumors are one of the common malignant diseases of female
reproductive organs, which often classified into three categories,

epithelial ovarian tumors, granulosa cell tumors, germ cell tumors, re-
spectively. Among them, epithelial cell tumors account for the vast
majority. Hoffmann et al. indicated that the levels of APJ mRNA were
higher in epithelial cancer cells compared with granulosa cell tumor
cells. However, the expression and secretion of apelin were higher in
granulocyte tumor cells than in other types of ovarian cancer.
Moreover, they also found that BPA, an exogenous estrogen, which
promoted the expression of apelin in epithelial ovarian cancer cell line
OVCAR-3 by activating peroxisome proliferator-activated receptor g
(PPARg) [36]. In addition, ovarian cancer can also be classified into
several subtypes depending on the histotypes, including high-grade
serous (HGSC), clear-cell (OCCC), endometrioid (EC), lowgrade serous
(LGSC), as well as mucinous carcinoma. A study from the Yi et al. group
showed that apelin much higher in OCCC than other types. Further-
more, apelin promoted the development of ovarian cancer via in-
hibiting the activation of P53 in OCCC tumors [37]. Recently, Neela-
kantan et al. demonstrated that the APJ expression of malignant cells in
HGSC were significantly higher than that in normal ovarian epithelial
cells. In their study, they also discovered that high APJ expression
promoted the progression and metastasis of HGSC and shortened the
survival period. The mechanism may be associate with activating the
downstream STAT3 signal [38].

Besides, it is recent immunostaining showed that a strong expres-
sion of apelin in secretory phase of glandular cells during ectopic and
ectopic endometrial [39]. Overall, these findings correlated with pre-
vious data suggested that apelin/APJ exert an important impact on
hypothalamic-pituitary-ovary axis, and it might be an attractive novel
therapeutic target for treating ovarian diseases (Fig.1).

4.2. The role of apelin in hypothalamic-pituitary-testis axis

The testis is an important reproductive organ in men. It is reported

Fig. 1. Apelin/APJ system signal pathways in hypothalamic-pituitary-ovary axis.
Apelin promotes ovarian cells proliferation though PI3K/Akt, MAPK/ERK, Akt/PI3 signal pathways. On the other hand, apelin enhances the ovarian cancer cells
proliferation by inhibition of P53.
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that testosterone secretion by Leydig cells (LC) in the testis is essential
for maintaining male physiological function, such as.

male genital differentiation, development of secondary sexual
characteristics, as well as maintain spermatogenesis [40–42]. In mam-
mals, testosterone is primarily regulated by the hypothalamus-.

pituitary. It is demonstrated that Gonadotropin-releasing hormone
(GnRH) released from the hypothalamus, which stimulated the release
of FSH and LH from the anterior pituitary. Subsequently, LH enters into
the bloodstream to reach the testis, binds to the membrane receptors on
the interstitial cells, and promotes the synthesis and secretion of tes-
tosterone. In addition, testosterone levels in plasma can also negatively
regulate the secretion of LH, thereby maintaining the normal physio-
logical concentration of testosterone in the body. In the past, the ex-
pression of apelin in testicular tissue has been confirmed [43]. There-
fore, the effect of apelin on the testis has become a new focus for
researchers. An investigation from Sandal et al. indicated that high-dose
apelin-13 were lower in testosterone levels compared with the control
subject. Moreover, histology demonstrated that the number of Leydig
cells were significantly reduced in high doses of apelin-13 than that of
other group. The mechanism may be related to the inhibition of LH
release by apelin [44]. Thus, apelin may also play an important role in
male infertility.

5. Conclusion and future directions

In conclusion, apelin/APJ system, as a novel activity regulator, is
involved in the regulation of neurohumoral fluid in the endocrine
system, especially the hypothalamic-pituitary axis. In this review, we
summarize the expression of apelin and APJ in the hypothalamus, pi-
tuitary, thyroid, adrenal, ovarian, and testicular tissues. In addition, we
further explored its effect on endocrine diseases by affecting these
signal axes. It is worthy of our attention that the difference in apelin
concentration and stimulation time may lead to conflicting results. The
possible mechanism are related to the distribution of hormone tissues,
the time and frequency of the pulses, as well as the state of the body.
However, most of the results indicated that apelin may play a positive
role in regulating the above hormones. Further data are also needed to
support this idea. Therefore, targeting for diseases caused by hy-
pothalamic-pituitary axis disorders, apelin may become a new treat-
ment for such diseases.
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