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Simple Summary: The pituitary gland is a key endocrine gland in all classes of vertebrates, including
mammals, and it is an important part of hypothalamus–pituitary–target organ hormonal regulatory
axes. In response to hypothalamic stimuli, the pituitary gland secretes a number of hormones
involved in the regulation of metabolism, stress reactions and environmental adaptation, growth and
development, as well as reproductive processes and lactation. The pituitary gland also responds to a
complex of other peripheral signals, including adipose-tissue-derived factors. These substances are
a broad group of peptides known as adipocytokines or adipokines that act as endocrine hormones
mainly involved in energy homeostasis. Adipokines and their receptors are expressed in many
tissues, including the pituitary gland, suggesting that they have a direct effect on this gland. This
review is an overview of the existing knowledge of the relationship between chosen adipose-derived
factors and endocrine functions of the pituitary gland, with an emphasis on the pituitary control of
reproductive processes.

Abstract: The pituitary gland is a key endocrine gland in all classes of vertebrates, including mammals.
The pituitary gland is an important component of hypothalamus–pituitary–target organ hormonal
regulatory axes and forms a functional link between the nervous system and the endocrine system. In
response to hypothalamic stimuli, the pituitary gland secretes a number of hormones involved in the
regulation of metabolism, stress reactions and environmental adaptation, growth and development, as
well as reproductive processes and lactation. In turn, hormones secreted by target organs at the lowest
levels of the hormonal regulatory axes regulate the functions of the pituitary gland in the process
of hormonal feedback. The pituitary also responds to other peripheral signals, including adipose-
tissue-derived factors. These substances are a broad group of peptides known as adipocytokines
or adipokines that act as endocrine hormones mainly involved in energy homeostasis. Adipokines,
including adiponectin, resistin, apelin, chemerin, visfatin, and irisin, are also expressed in the
pituitary gland, and they influence the secretory functions of this gland. This review is an overview
of the existing knowledge of the relationship between chosen adipose-derived factors and endocrine
functions of the pituitary gland, with an emphasis on the pituitary control of reproductive processes.
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1. Introduction

Reproductive success in animals depends largely on the physiological mechanisms
controlling hormonal and metabolic homeostasis. Studies in recent years have paid a
lot of attention to novel endocrine factors affecting the proper course of the oestrous
cycle, implantation, pregnancy, and reproductive outcomes, especially in farm animals.
Furthermore, it is postulated that hormones and cytokines involved in energy balance
maintenance are also important players in the modulation of female reproduction [1]. White
adipose tissue (WAT), besides being a place of energy storage, seems to be the biggest
source of biologically active compounds, including so-called adipokines. This huge family
of hormones, exerting pleiotropic effects on various tissues and organs, is proposed to
form a hormonal link between energy metabolism, inflammatory response, and female
reproductive processes. Although most studies focus on the role of adipokines in the
control of ovary function [2], their influence on the pituitary gland is also of importance.
With the exception of leptin, the influence of which on pituitary functions seems to be
relatively well known (approximately 200 publications in the past 5 years), the role of newly
discovered adipokines in the control of pituitary functions is known to a much lesser extent.

The pituitary is a small endocrine gland with a key role in the regulation of
hypothalamus–pituitary–target gland axes. It forms a physical link between neural stimuli
and the endocrine system. The gland secretes several trophic hormones, which are involved
in the regulation of metabolism, stress reactions and environmental adaptation, growth
and development, as well as reproductive processes and lactation. Besides being a source
of hormones, the pituitary gland is also sensitive and responds to many various peripheral
signals that modulate its functioning. This study focuses on the role of recently discovered
adipokines, such as adiponectin, resistin, apelin, chemerin, visfatin, and irisin, in the control
of the anterior pituitary function with a particular emphasis on the functions of this gland
in the control of reproductive physiology.

2. Adiponectin

Adiponectin (ADIPOQ, ACRP30, apM1) was first described in the mid-1990s [3–6].
In 1995, Schrerer et al. [3] depicted a protein produced by adipocytes as the adipocyte
complement-regulated protein of 30 kDa (ACRP30), the secretion of which increased under
the influence of insulin. The concentration of adiponectin in plasma, reaching several
dozen µg/mL, is many times (1000 times) higher than that of other peptide hormones
and is inversely associated with body fat distribution [3,7]. The primary product of the
adiponectin gene (AdipoQ), which is adiponectin (30 kDa in its full length), undergoes
proteolytic cleavage to globular adiponectin, which can assemble into trimeric forms and
higher-order structures [8,9]. In plasma, adiponectin occurs primarily in homomultimeric
forms: trimers (low molecular weight), hexamers (medium molecular weight), and various
high-molecular-weight multimers composed of 12 to 18 adiponectin molecules [10,11].
Initially, it was believed that the source of adiponectin was exclusively differentiating
adipocytes [3]. Subsequent studies conducted in humans, rodents, pigs, and birds have
shown that adiponectin is also synthesised by other cells and tissues, e.g., the skeletal mus-
cles [12,13], hypothalamus, pituitary gland [13–17], cardiomyocytes [18], osteoblasts [19],
gonads [13,15,20,21], uterus and placenta [22–26], and adrenal glands and liver [13,27].
Adiponectin has pleiotropic effects. This adipokine can control energy homeostasis, insulin
sensitivity, and feeding behaviour, and it plays an important role in the regulation of
autonomic and neuroendocrine functions [28–32]. Adiponectin exerts its biological effects
mainly through two types of specific receptors, ADIPOR1 and ADIPOR2 (encoded by two
distinct genes, ADIPOR1 and ADIPOR2, respectively), which were identified and charac-
terised in 2003 by Yamauchi’s team [33]. ADIPOR1’s gene expression is high in the skeletal
muscle, whereas the ADIPOR2 transcript is predominantly expressed in the liver. In subse-
quent experiments, high expression levels for both genes were also found in the pancreatic
beta cells [34]. It is currently known that adiponectin receptors are universally expressed in
human and animal bodies. The presence of ADIPOR1 and ADIPOR2 proteins or the mRNAs
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of their genes were found, among others, in the adipose tissue [35], central nervous sys-
tem [14,16,36,37], reproductive system [15,20,22,24–26], heart, lungs, liver, kidneys [35,38],
and endocrine glands [34,39]. The effects that adiponectin exerts through ADIPOR1 and
ADIPOR2 are different. It has been shown that in mice, the action of adiponectin through
ADIPOR1 appears to reduce glucose tolerance, motor activity, and energy expenditure
and promotes an increase in adiposity. In turn, ADIPOR2 activation increases glucose
tolerance, motor activity, and energy expenditure, reduces plasma cholesterol levels, and
increases resistance to high-fat-diet-induced obesity [40]. In 2004, the extracellular protein
T-cadherin was identified as the third adiponectin receptor, which may act as a coreceptor
binding hexameric and high-molecular-weight adiponectin multimers [41]. This receptor
most likely functions as an adiponectin-binding protein and does not directly participate in
adiponectin intracellular signalling. It seems that T-cadherin/adiponectin interactions are
of great importance in vascular homeostasis and cardioprotection [42,43].

In the pituitary gland, the expression of genes and proteins of the adiponectin system
components (adiponectin, ADIPOR1, and ADIPOR2) has been examined in humans [14],
pigs [17,37], rodents [32,39,44], and birds [13,15,45]. In humans, a high expression of
adiponectin system proteins was observed in the anterior pituitary (in GH-, FSH-, LH-,
and TSH-producing cells). Adiponectin and its receptors’ proteins were not colocalised
with PRL- and ACTH-immunoreactive cells. In the intermediate lobe of the pituitary gland,
adiponectin was detected in gonadotrophs (LH- and FSH-positive cells) and thyrotrophs,
but neither the presence of ADIPOR1 nor ADIPOR2 was detected [14]. In turn, in pigs,
the expressions of genes and proteins of adiponectin and its receptors were found in both
the anterior and posterior lobes of the pituitary gland [17,37]. The expressions of proteins
and genes of the adiponectin system components in the pituitary gland are related, among
others, to the reproductive status of animals. In the beaver pituitary, the expressions
of ADIPOR1 and ADIPOR2 were higher in males in relation to females and were the
lowest during the reproductive season [39]. The expressions of genes and proteins of
the adiponectin system in the pig pituitary changed during the oestrous cycle and were
generally higher during the luteal phase than the follicular phase [17,37]. It has been shown
that adiponectin can directly influence the secretion of pituitary hormones, although the
results of these studies are ambiguous. In rat pituitary cell cultures, adiponectin inhibited
GH and LH release [32]. On the other hand, it was observed that adiponectin stimulated
GH secretion from isolated rat somatotroph cells [46]. Adiponectin did not affect basal LH
secretion but increased basal FSH release by isolated porcine anterior pituitary cells [17].
In the murine AtT-20 pituitary corticotroph cell line and rat pituitary corticotroph cells,
adiponectin stimulated basal ACTH secretion [47]. In turn, the pituitary cells isolated
from macaques and baboons, under the influence of adiponectin, decreased ACTH and
GH secretion and increased PRL secretion, with no changes in gonadotrophin and TSH
release [48].

3. Resistin

Resistin, also known as FIZZ3 (found in Inflammatory Zone 3) [49] or adipose tissue-
specific secretory factor (ADSF), is encoded by the RETN gene, and was first described in
the 2000–2001 period by three independent groups of researchers [49–51]. Resistin belongs
to a group of cysteine-rich proteins generally referred to as resistin-like molecules (RELMs),
four of which have been identified in mice (resistin, RELMα, RELMβ, and RELMγ). In
humans, two proteins of the RELM family are known: resistin and RELMγ [52]. There is
a fairly low similarity between human and mouse resistin (59%), and both proteins also
differ in the main place of production; in mice, it is produced in the white adipose tissue,
while in humans, the main sites of resistin synthesis are peripheral mononuclear blood
cells, macrophages, and bone marrow [53].

Resistin is a secretory peptide that interacts with cells through a membrane recep-
tor, although none of the postulated resistin receptors are specific for this adipokine.
It has been suggested that these may be Toll-like4 receptors (TLR4) acting through the
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MAPK pathway, and the phosphorylation of ERK, P38, and JNK lead to an increase in
the expression of NF-κB [54–57]. Other signalling pathways associated with the TLR4
receptor are the PI3kinase/Akt—NF-κB pathway and the AMP-activated kinase (AMPK)
pathway [58]. Another postulated receptor is an isoform of the extracellular matrix protein—
delta-decorin—which is formed as a result of the proteolysis of decorin. The binding of
resistin to delta-decorin activates the signalling cascade of protein kinase A and cyclic
AMP, leading to the activation of the pro-inflammatory NF-κB transcription factor, as was
found in murine progenitor adipocytes [59]. In mouse adipocyte progenitor cells, another
putative receptor for resistin was found—receptor tyrosine kinase-like orphan receptor 1
(ROR1)—with the non-canonical WNT pathway with the WNT5a protein as an activating
factor leading to the inhibition of ROR1 tyrosine phosphorylation, the modulation of the
MAP kinase pathway, as well as Glut4 and Glut1 expression in 3T3-L1 cells [60]. In rodents,
resistin inhibits AMP-activated kinase (AMPK) and induces an anti-inflammatory mediator
suppressor of cytokine signalling-3 (SOCS-3). SOCS-3 may mediate resistin-induced insulin
resistance and cytokine production, as it is a factor that reduces the insulin response of
adipocytes [61].

Resistin was named due to its ability to block insulin and, consequently, impair
glucose homeostasis in rodents [50]. As a result of obesity in mouse experimental models,
the production of resistin in the adipose tissue increases. Silencing the resistin gene in
mice alleviates symptoms of metabolic syndrome, such as hepatic steatosis, increased
serum cholesterol, and very low-density lipoprotein levels. On the other hand, in mice
expressing human resistin, glucose tolerance and hepatic insulin resistance have been
demonstrated under chronic inflammatory conditions, as well as an increased production
of pro-inflammatory cytokines (TNF-α, IL-1, and MCP-1) [62]. The pro-inflammatory
effects of human resistin have been confirmed in other tissues, suggesting its association
with diseases such as type 2 diabetes, rheumatoid arthritis, chronic kidney disease, sepsis,
and coronary atherosclerosis [63,64]. The main effort in the study of resistin action is
concentrated on its peripheral influences on the metabolic and inflammatory state of
different organs. However, the influence of resistin on metabolic homeostasis mechanisms
cannot be excluded through its influence on the activity of metabolic control centres in
the hypothalamus and pituitary gland, as the presence of resistin and the possibility of
its synthesis have been found in rodents [65,66]. The immunolocalisation of the protein
showed its highest presence in the arcuate nucleus of the hypothalamus and the anterior
and intermediate pituitary gland. In the pituitary gland, resistin expression has been
shown to be dependent on the arcuate nucleus of the hypothalamus and changes with
age. The destruction of the neurons of the arcuate nucleus significantly diminishes the
expression of resistin in the pituitary gland [65]. In the hypothalamus, a shorter form of
resistin (s-resistin), which is the intracellular form and is not secreted, was found [67]. The
inhibition of s-resistin synthesis resulted in an increase in the activity of leptin signalling
pathways and an insulin pathway in the rat hypothalamus. As a result, improvements in
glycemia and insulin sensitivity and a decrease in inflammatory parameters were found in
rats. Resistin administered intraventricularly or directly into the hypothalamus causes an
increase in blood glucose levels, liver insulin resistance, and the production of cytokines
TNF-α, IL-6, and SOCS-3 [68].

An increase in the secretion of GH and ACTH by resistin has been demonstrated
in vitro in cultures of primary cells of the anterior pituitary gland of macaques and ba-
boons [48] and a somatotroph cell line [69], and this effect is caused by intracellular sig-
nalling pathways similar to GHRH. These findings further strengthen the involvement of
the hypothalamo-pituitary system in the development of the metabolic syndrome. The in-
hibition of LH secretion by resistin was found in the mouse cell line of LβT2 gonadotrophs
by increasing the phosphorylation of AMP1K and Erk1/2 [70]. Peripherally administered
resistin has a much greater effect on the secretion of hormones in the anterior pituitary
gland. For example, in sheep, during a long day, the administration of resistin causes an
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increase in the secretion of LH, FSH, and PRL, while during a short day, the decreased
secretion of LH and increased FSH and PRL secretion were found [71].

4. Apelin

The first results from research on components of the apelin system (apelin plus its
receptor) appeared 30 years ago. In 1993, the apelin receptor (APJ) was cloned and de-
scribed. Despite the high similarity of the structure of APJ to the angiotensin II receptor,
this receptor had no affinity for angiotensin and was initially designated as an orphan
receptor [72]. Only five years later, a natural receptor ligand, called apelin, was isolated
from the bovine stomach [73]. The apelin gene (APLN) encodes an adipokine precursor
called preproapelin (made of 77 amino acids), which then undergoes post-translational
modifications to proapelin (apelin-55). Mature active forms of apelin, including apelin-36,
-17, and -13, and the pyroglutamylated isoform of apelin 13 (pyr-apelin-13), unlike the
precursor, are monomers without disulfide bridges between cysteines. The most biolog-
ically active form seems to be apelin-13 [73–75]. In humans and rats, pyr-apelin-13 is
the main isoform in the blood plasma, CNS, and cardiovascular system [76–78]. In the
lungs and reproductive system of rats, apelin-36 predominates, while in mammary glands,
apelin-36 and pyr-apelin-13 are the most abundant forms [79]. The source of many apelin
isoforms (e.g., apelin-55, -36, 17, and -13) is the bovine colostrum and human and bovine
milk [80–82]. Similarly to apelin, apelin eceptors are widely distributed in the CNS and
peripheral tissues. The expression of the gene encoding the apelin receptor (APLNR) and
the presence of the APJ protein have been detected in various structures of the brain,
circulatory system, gastrointestinal tract, and reproductive system of humans, mice, and
rats [83–88]. It is now known that apelin has a number of diverse physiological functions,
including an influence on energy homeostasis and the cardiovascular system, and the
regulation of the adipoinsular axis with anti-obesity and anti-diabetic properties (for a
review, see [89]). Apelin has been classified as an adipokine hormone for quite a long
time [90]. The reason for this classification was the detection of apelin mRNA and protein
in the adipose tissue of humans, rats, and mice [79,80,85,90,91]. In the white adipose tissue,
apelin inhibits adipogenesis of pre-adipocytes and lipolysis in adipocytes; on the other
hand, it enhances brown fat adipogenesis and the browning of white adipocytes [92,93].
Apelin protein and APLN mRNA were detected in the rat pituitary [74,83,94,95].

Apelin (apelin-17 and apelin-36) was observed in the anterior pituitary cells as well
as in the pituitary intermediate lobe (apelin-17) [83] and in the posterior pituitary (apelin-
36) [95]. In the pituitary gland of male rats, apelin was detected in the anterior part,
mainly in corticotrophs, and to a lesser extent in somatotrophs [83]. In a few cells, the
colocalisation of apelin and LH was observed, but FSH-, PRL-, and TSH-immunoreactive
cells are devoid of apelin [83]. APLNR mRNA has been detected in the pituitary of rats
and mice [83,88,94,96]. APLNR was highly expressed in the rat anterior and intermediate
pituitary [83,96], and it was expressed in lower amounts in the posterior lobe [83]. A high
expression of APLNR was found in rat corticotrophs [83]. In the mouse pituitary, the
expression of this gene and the density of apelin binding sites were high in the anterior
part, moderate in the posterior part, and lowest in the intermediate part [88].

Apelin (apelin-17) in an ex vivo perfusion system increased ACTH secretion by rat
corticotrophs [83]. In turn, in mice and rats, the i.c.v. administration of pyr-apelin-13
resulted in increases in the ACTH and corticosterone plasma levels, and in rats, it resulted
in decreases in the prolactin, FSH, and LH plasma concentrations [97,98]. The authors of
both of these publications suggested that the effect of apelin on the secretion of pituitary
hormones may be mediated by hypothalamic CRH and AVP. In other studies in rats, a
decrease in plasma FSH, LH, and testosterone was also observed after the intraperitoneal
administration of apelin-13 [99]. Similar results were obtained in studies on ruminants. In
sheep, apelin-13 (administered i.v.) induced significant increases in the concentrations of
ACTH, aldosterone, and cortisol in plasma [100].
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5. Chemerin

The expression of the gene encoding chemerin (TIG2, tazarotene-induced gene 2) was
initially detected in psoriatic skin lesions in humans [101]. Currently, this gene is also called
RARRES2 (retinoic acid receptor responder 2) [102]. Chemerin, a product of RARRES2, was
identified in 2003 as an endogenous ligand of chemokine-like receptor 1 (CMKLR1), also
called ChemR23 or chemerin receptor 1 [103,104]. Additionally, chemerin is a ligand of two
other receptors, GPR1 and CCLR2 [105,106]. Originally, chemerin was described as the
factor recruiting leukocytes to inflammatory sites and regulating the immune response and
was classified as a chemokine [103]. Later, Goralski et al. [107] observed an unexpectedly
high level of chemerin and CMKLR1 expression in human and mouse adipocytes, as well
as the regulatory role of the adipokine in adipogenesis, and adipocyte lipid and glucose
metabolism. This suggests that chemerin can be classified as a biologically active adipokine.
The expressions of RARRES2 mRNA and chemerin protein are not limited to the skin and
adipose tissue. Chemerin expression was also found in the endocrine tissues, gonads,
liver, pancreas, and cardiovascular system in humans, rodents, pigs, cows, and turkeys.
The expression of chemerin receptors is similarly widespread in the body (for a review,
see [102]).

The first report on the expression of chemerin in the pituitary was published by
Wittamer et al. [103], where the presence of RARRES2 and CMKLR1 mRNA was detected
in the human pituitary gland. The chemerin transcript was also detected in the pituitary
glands of chimpanzees and baboons [108], and the expression of RARRES2 and CMKLR1
was detected in the pituitary glands of mice [109]. Extensive studies of chemerin and its
receptors’ gene and protein expression were performed in female pigs. The expression of
the chemerin gene and protein was detected in both the anterior and posterior pituitary.
The localisation of chemerin protein in various types of pituitary endocrine cells was
also examined. Chemerin protein was detected in pig somatotrophs, thyrotropes, and
gonadotrophs, but not in corticotrophs [110]. Subsequent studies showed that chemerin
receptors (CMKLR1, GPR1, and CCRL2) are present in both the anterior and posterior
pituitary of pigs. The presence of the CCRL2 protein was detected in somatotrophs,
thyrotrophs, and gonadotrophs, while the CMKLR1 protein was present in thyrotrophs
and gonadotrophs. Interestingly, the presence of the GPR1 protein was not demonstrated
in any of the types of cells examined, despite the presence of GPR1 in homogenised isolates
from the entire pituitary gland [111]. The expression of the chemerin system (chemerin and
receptors) in the pig pituitary, and especially in the gonadotrophs, may be related to the
regulation of reproductive processes in these animals. It was shown that the abundance of
chemerin mRNA transcript and protein in the anterior and posterior lobes changed during
the oestrous cycle and early pregnancy, with the highest abundance of chemerin protein
in the anterior pituitary on days 2–3 and 10–12 of the oestrous cycle and in days 10–11 of
pregnancy. In the case of the posterior pituitary, the relative abundance of chemerin protein
was less on days 14–16 compared with other phases of the cycle and was enhanced on days
15–16 of pregnancy [110]. Similarly, the expression of receptor genes and proteins in both
parts of the pituitary fluctuates during the oestrous cycle and pregnancy, which could be
related to changes in the endocrine status of female pigs [111]. The connection of chemerin
with reproductive processes regulated by the pituitary gland (at the pituitary level) is also
indicated by the fact that chemerin influenced the basal and stimulated (insulin, GnRH)
the secretion of LH and FSH by the isolated pituitary cells. This effect varied depending on
the phase of the oestrus cycle when the tissues were collected [110].

6. Visfatin

Nicotinamide phosphoribosyltransferase (NAMPT) is a protein that has the activ-
ity of both an intracellular enzyme (iNAMPT) and an extracellular cytokine/adipokine
(eNAMPT) [112]. The adipokine eNAMPT, originally referred to as pre-B-cell colony-
enhancing factor (PBEF), was originally isolated as a presumptive cytokine that enhances
the maturation of B-cell precursors [113]. Fukuhara et al. [114] identified PBEF gene mRNA
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in human visceral fat and named its product visfatin. Visfatin is a 52 kDa protein secreted
in mammals not only from adipose tissue [115,116] but also from a number of other tissues,
including the central nervous system and gonads [117–119]. To date, specific receptors
for visfatin have not been definitively identified, and published research results are often
contradictory. It has been shown that visfatin can bind to the insulin receptor [114,120] or
TLR4 [121]. Additionally, more and more studies indicate that visfatin binds to C-C motif
chemokine receptor type 5 [122,123].

Maillard et al. [70] demonstrated visfatin expression in the pituitary glands of female
mice and the murine gonadotroph cell line LβT2. Celichowski et al. [124] observed the
expression of the visfatin gene in the pituitary glands and isolated corticotrophs of male
rats. Furthermore, in male sheep, Dupré et al. [125] showed the expression of visfatin
in the intermediate part of the pituitary gland. A dependence of visfatin expression on
the stage of the oestrous cycle was also found in the anterior and posterior lobe of the
porcine pituitary. The adipokine was present in all types of pituitary endocrine cells, and
its secretion was affected by GnRH, FSH, LH, and insulin, depending on the phase cycle;
LH stimulated visfatin secretion on days 2–3, and GnRH on days 14–16, whereas FSH and
insulin stimulated visfatin secretion on days 17–19 of the cycle, which strongly suggests
that visfatin is locally produced in the porcine pituitary in a way that is reliant on the
hormonal milieu, which is typical for the reproductive status of pigs [126].

There are few reports regarding the influence of visfatin on endocrine pituitary func-
tions. In vitro studies showed that visfatin inhibited basal LH secretion by the mouse
LβT2 cell line [70]. Visfatin stimulated ACTH secretion by the isolated rat corticotrophs,
but not by the mouse pituitary corticotroph AtT-20 cell line [124]. The intraperitoneal
administration of visfatin enhanced the mRNA abundance of the proopiomelanocortin
gene (POMC) in the pituitary gland of rats [127]. In turn, in pigs, visfatin administered
in vitro affected LH and FSH release and stimulated the pituitary cells’ proliferation in a
manner dependent on the phase of the oestrous cycle. The adipokine influenced the cells
acting through the insulin receptor and AKT/PI3K, MAPK/ERK1/2, and AMPK signalling
pathways [128].

7. Irisin

Irisin, named after the Greek messenger goddess Iris, is a novel 12.5-kDa polypeptide
hormone with 112 amino acids, which was identified in 2012 by Boström et al. [129]. The
adipokine is the product of type 1 membrane protein cleavage encoded by the fibronectin
type III domain-containing 5 (FNDC5) precursor gene [129]. Until now, no specific receptor
for irisin has been identified. The results of recent studies have demonstrated that in fat
cells and osteocytes, irisin exerts its action by binding to the members of the αv integrins
family, with the highest affinity to αv/β5 integrins. The treatment of osteocytes with
irisin significantly stimulated the phosphorylation level of focal adhesion kinase (FAK),
the major intracellular signal molecule responsible for integrin signalling. It is also known
that irisin treatment in several cell types activates various signalling pathways, including
cAMP/PKA, AMPK, Akt/PI3K, MAPK/ERK1/2, p38, and IKK/NF-κB [130–136].

In addition to skeletal muscle as well as subcutaneous and visceral adipose tissue,
irisin is expressed in tissues of the hypothalamic–pituitary–gonadal (HPG) axis, including
the rat and tilapia pituitary [134,137,138]. It is suggested that FNDC5 gene expression can
be controlled by tissue- and sex-specific regulatory mechanisms. In monkeys, the FNDC5
transcript levels were significantly higher in the female muscles, posterior hypothalamus,
and whole pituitary than in the corresponding male tissues [139].

Similarly to other adipokines, irisin is likely to have pleiotropic properties. It has been
implicated in the regulation of fat and energy metabolism. Adipokine has been suggested to
be induced by exercise and can protect against diet-induced obesity, mediated by browning
of the white adipose tissue, thus increasing thermogenesis and energy expenditure [129].
Irisin has potential multiple favourable effects on glucose homeostasis and insulin sensi-
tivity by promoting energy expenditure, glucose uptake, and glycogenolysis, as well as
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by reducing gluconeogenesis, adipogenesis, and lipid accumulation [140]. Many studies
have confirmed the anti-inflammatory, anti-apoptotic, anti-oxidative, and pro-angiogenic
potential of irisin [141–143]. It seems possible that the final effect of irisin action may be
partly achieved through a functional relationship with other adipokines [144,145]. Irisin,
like other adipokines [17,146–148], could be an energy sensor involved in regulating female
fertility. The contents of FNDC5 mRNA and irisin in central and peripheral tissues rise
during postnatal development and correlate with the timing of puberty [149].

The findings regarding the effect of irisin on the secretion of pituitary gonadotrophins
are contradictory. In an in vivo study, irisin enhanced the LH plasma level and decreased
the FSH serum concentration in female rats [150,151]. In other studies on the same
model, irisin administered intraperitoneally increased the LH and FSH levels in the blood
plasma [152]. Female mice lacking irisin showed decreased levels of LH and FSH in relation
to wild-type animals [153]. In turn, in male rats, irisin added i.c.v. decreased the LH and
FSH levels [154]. Based on in vitro studies, it was shown that irisin increased the expres-
sion of LH and FSH in the pituitary cells by improving the stability of transcription [138].
Moreover, Poretsky et al. [155] showed that irisin infused into the murine pituitary mPit12
cell line stimulates LH production. Irisin showed an opposing influence on gonadotrophin
secretion when it was used in combination with GnRH—the adipokine suppressed the
stimulatory effect of GnRH in cultures of tilapia pituitary cells [138] and murine mPit12
cell lines [155].

8. Conclusions

The influence of adipokines on the selected secretory functions of the pituitary gland is
mainly known in rodents, but it is only known to a very limited extent in other species. Their
effect on other functions of the pituitary gland, as well as the mechanism of adipokines’
action in gland cells, remains almost completely unknown. The impact of adipokines on the
posterior pituitary gland also remains completely unexplored. This is also an indication for
further research aimed at completing the missing knowledge about the role of adipokines
in the pituitary gland. Nevertheless, the numerous publications cited above indicate that
pituitary functions are modified by adipokines, hormones whose main role is to regulate
energy homeostasis (Figure 1 and Table 1). Therefore, it seems that the pituitary gland is one
of the places where the integration of the regulation of energy and endocrine homeostasis
takes place.

Table 1. The impact of adipokines on secretory functions of the pituitary.

Type of Experiment Adipokine GH PRL ACTH TSH LH FSH Citation

Rat pituitary primary cell
culture

Adiponectin ↓, ↑ ↔ ↔, ↑ ↔ ↓ ↔ [32,46,47]
Resistin ↑ ND ND ND ND ND [69]
Visfatin ND ND ↑ ND ND ND [124]

Pig pituitary cell culture
Adiponectin ND ND ND ND ↔ ↑ [17]

Chemerin ND ND ND ND ↓, ↑# ↑, ↔# [110]
Visfatin ND ND ND ND ↑, ↔# ↓, ↔# [126]

Baboon and macaque primary
pituitary cell culture

Adiponectin ↓ ↑ ↓ ↔ ↔ ↔ [48]
Resistin ↑ ↔ ↑ ↔ ↔ ↔ [48]

Mouse primary pituitary cell
culture

Resistin ND ND ND ND ↓ ND [70]
Visfatin ND ND ND ND ↔ ND [70]

Cell lines:
AtT-20 Adiponectin ↑ [47]

Visfatin ↔ [124]
LβT2 Resistin ↓ [70]
LβT2 Visfatin ↓ [70]

mPit12 Irisin ↑ [155]
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Table 1. Cont.

Type of Experiment Adipokine GH PRL ACTH TSH LH FSH Citation

Infusion in the following:
Female sheep Resistin ND ↑ ND ND ↑, ↓ * ↑ [71]

Apelin ND ND ↑ ND ND ND [100]
Female rats Irisin ND ND ND ND ↑ ↓, ↑ [150–152]
Male rats Apelin ↔ ↓ ↑ ↔ ↓ ↓ [98,99]

Irisin ND ND ND ND ↓ ↓ [154]
Male mice Apelin ND ND ↑ ND ND ND [97]

Abbreviation: ↑—increased secretion or plasma concentration; ↓—decreased secretion or plasma concentration;
↔—lack of impact; ND—not determined; *—the effect of adipokine depends on the reproductive stage; #—the
effect of adipokine depends on the phase of the oestrous cycle.
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B.; et al. New Aspects of Corpus Luteum Regulation in Physiological and Pathological Conditions: Involvement of Adipokines
and Neuropeptides. Cells 2022, 11, 957. [CrossRef] [PubMed]

3. Scherer, P.E.; Williams, S.; Fogliano, M.; Baldini, G.; Lodish, H.F. A novel serum protein similar to C1q, produced exclusively in
adipocytes. J. Biol. Chem. 1995, 270, 26746–26749. [CrossRef] [PubMed]

4. Hu, E.; Liang, P.; Spiegelman, B.M. AdipoQ is a novel adipose-specific gene dysregulated in obesity. J. Biol. Chem. 1996, 271,
10697–10703. [CrossRef] [PubMed]

5. Maeda, K.; Okubo, K.; Shimomura, I.; Funahashi, T.; Matsuzawa, Y.; Matsubara, K. cDNA cloning and expression of a novel
adipose specific collagen-like factor, apM1 (AdiPose Most abundant Gene transcript 1). Biochem. Biophys. Res. Commun. 1996, 221,
286–289. [CrossRef] [PubMed]

6. Nakano, Y.; Tobe, T.; Choi-Miura, N.H.; Mazda, T.; Tomita, M. Isolation and characterization of GBP28, a novel gelatin-binding
protein purified from human plasma. J. Biochem. 1996, 120, 803–812. [CrossRef] [PubMed]

7. Gavrila, A.; Chan, J.L.; Yiannakouris, N.; Kontogianni, M.; Miller, L.C.; Orlova, C.; Mantzoros, C.S. Serum adiponectin levels are
inversely associated with overall and central fat distribution but are not directly regulated by acute fasting or leptin administration
in humans: Cross-sectional and interventional studies. J. Clin. Endocrinol. Metab. 2003, 88, 4823–4831. [CrossRef]

8. Fruebis, J.; Tsao, T.S.; Javorschi, S.; Ebbets-Reed, D.; Erickson, M.R.; Yen, F.T.; Bihain, B.E.; Lodish, H.F. Proteolytic cleavage
product of 30-kDa adipocyte complement-related protein increases fatty acid oxidation in muscle and causes weight loss in mice.
Proc. Natl. Acad. Sci. USA 2001, 98, 2005–2010. [CrossRef]

9. Shapiro, L.; Scherer, P.E. The crystal structure of a complement-1q family protein suggests an evolutionary link to tumor necrosis
factor. Curr. Biol. 1998, 8, 335–338. [CrossRef]

10. Tsao, T.S.; Murrey, H.E.; Hug, C.; Lee, D.H.; Lodish, H.F. Oligomerization state-dependent activation of NF-kappa B signaling
pathway by adipocyte complement-related protein of 30 kDa (Acrp30). J. Biol. Chem. 2002, 277, 29359–29362. [CrossRef]

11. Waki, H.; Yamauchi, T.; Kamon, J.; Ito, Y.; Uchida, S.; Kita, S.; Hara, K.; Hada, Y.; Vasseur, F.; Froguel, P.; et al. Impaired
multimerization of human adiponectin mutants associated with diabetes. Molecular structure and multimer formation of
adiponectin. J. Biol. Chem. 2003, 278, 40352–40363. [CrossRef] [PubMed]

12. Yang, B.; Chen, L.; Qian, Y.; Triantafillou, J.A.; McNulty, J.A.; Carrick, K.; Clifton, L.G.; Han, B.; Geske, R.; Strum, J.; et al. Changes
of skeletal muscle adiponectin content in diet-induced insulin resistant rats. Biochem. Biophys. Res. Commun. 2006, 341, 209–217.
[CrossRef] [PubMed]

13. Maddineni, S.; Metzger, S.; Ocón, O.; Hendricks, G., 3rd; Ramachandran, R. Adiponectin gene is expressed in multiple tissues in
the chicken: Food deprivation influences adiponectin messenger ribonucleic acid expression. Endocrinology 2005, 146, 4250–4256.
[CrossRef] [PubMed]

14. Psilopanagioti, A.; Papadaki, H.; Kranioti, E.F.; Alexandrides, T.K.; Varakis, J.N. Expression of adiponectin and adiponectin
receptors in human pituitary gland and brain. Neuroendocrinology 2009, 89, 38–47. [CrossRef] [PubMed]

15. Li, C.; Li, Q.; Li, J.; Zhang, N.; Li, Y.; Li, Y.; Li, H.; Yan, F.; Kang, X.; Liu, X.; et al. Expression and localization of adiponectin and its
receptors (AdipoR1 and AdipoR2) in the hypothalamic-pituitary-ovarian axis of laying hens. Theriogenology 2021, 159, 35–44.
[CrossRef]

16. Kaminski, T.; Smolinska, N.; Maleszka, A.; Kiezun, M.; Dobrzyn, K.; Czerwinska, J.; Szeszko, K.; Nitkiewicz, A. Expression of
adiponectin and its receptors in the porcine hypothalamus during the oestrous cycle. Reprod. Domest. Anim. 2014, 49, 378–386.
[CrossRef]

17. Kiezun, M.; Smolinska NMaleszka, A.; Dobrzyn, K.; Szeszko, K.; Kaminski, T. Adiponectin expression in the porcine pituitary
during the estrous cycle and its effect on LH and FSH secretion. Am. J. Physiol. Endocrinol. Metab. 2014, 307, E1038–E1046.
[CrossRef]

18. Piñeiro, R.; Iglesias, M.J.; Gallego, R.; Raghay, K.; Eiras, S.; Rubio, J.; Diéguez, C.; Gualillo, O.; González-Juanatey, J.R.; Lago, F.
Adiponectin is synthesized and secreted by human and murine cardiomyocytes. FEBS Lett. 2005, 579, 5163–5169. [CrossRef]

19. Berner, H.S.; Lyngstadaas, S.P.; Spahr, A.; Monjo, M.; Thommesen, L.; Drevon, C.A.; Syversen, U.; Reseland, J.E. Adiponectin and
its receptors are expressed in bone-forming cells. Bone 2004, 35, 842–849. [CrossRef]

20. Ocón-Grove, O.M.; Krzysik-Walker, S.M.; Maddineni, S.R.; Hendricks, G.L., 3rd; Ramachandran, R. Adiponectin and its receptors
are expressed in the chicken testis: Influence of sexual maturation on testicular ADIPOR1 and ADIPOR2 mRNA abundance.
Reproduction 2008, 136, 627–638. [CrossRef]

21. Maleszka, A.; Smolinska, N.; Nitkiewicz, A.; Kiezun, M.; Chojnowska, K.; Dobrzyn, K.; Szwaczek, H.; Kaminski, T. Adiponectin
Expression in the Porcine Ovary during the Oestrous Cycle and Its Effect on Ovarian Steroidogenesis. Int. J. Endocrinol. 2014,
2014, 957076. [CrossRef] [PubMed]

22. Kim, S.T.; Marquard, K.; Stephens, S.; Louden, E.; Allsworth, J.; Moley, K.H. Adiponectin and adiponectin receptors in the mouse
preimplantation embryo and uterus. Hum. Reprod. 2011, 26, 82–95. [CrossRef] [PubMed]

https://doi.org/10.1530/JME-16-0212
https://www.ncbi.nlm.nih.gov/pubmed/28057770
https://doi.org/10.3390/cells11060957
https://www.ncbi.nlm.nih.gov/pubmed/35326408
https://doi.org/10.1074/jbc.270.45.26746
https://www.ncbi.nlm.nih.gov/pubmed/7592907
https://doi.org/10.1074/jbc.271.18.10697
https://www.ncbi.nlm.nih.gov/pubmed/8631877
https://doi.org/10.1006/bbrc.1996.0587
https://www.ncbi.nlm.nih.gov/pubmed/8619847
https://doi.org/10.1093/oxfordjournals.jbchem.a021483
https://www.ncbi.nlm.nih.gov/pubmed/8947845
https://doi.org/10.1210/jc.2003-030214
https://doi.org/10.1073/pnas.98.4.2005
https://doi.org/10.1016/S0960-9822(98)70133-2
https://doi.org/10.1074/jbc.C200312200
https://doi.org/10.1074/jbc.M300365200
https://www.ncbi.nlm.nih.gov/pubmed/12878598
https://doi.org/10.1016/j.bbrc.2005.12.172
https://www.ncbi.nlm.nih.gov/pubmed/16414018
https://doi.org/10.1210/en.2005-0254
https://www.ncbi.nlm.nih.gov/pubmed/15976057
https://doi.org/10.1159/000151396
https://www.ncbi.nlm.nih.gov/pubmed/18698133
https://doi.org/10.1016/j.theriogenology.2020.10.020
https://doi.org/10.1111/rda.12282
https://doi.org/10.1152/ajpendo.00299.2014
https://doi.org/10.1016/j.febslet.2005.07.098
https://doi.org/10.1016/j.bone.2004.06.008
https://doi.org/10.1530/REP-07-0446
https://doi.org/10.1155/2014/957076
https://www.ncbi.nlm.nih.gov/pubmed/24790602
https://doi.org/10.1093/humrep/deq292
https://www.ncbi.nlm.nih.gov/pubmed/21106494


Animals 2024, 14, 353 11 of 16

23. Caminos, J.E.; Nogueiras, R.; Gallego, R.; Bravo, S.; Tovar, S.; García-Caballero, T.; Casanueva, F.F.; Diéguez, C. Expression and
regulation of adiponectin and receptor in human and rat placenta. J. Clin. Endocrinol. Metab. 2005, 90, 4276–4286. [CrossRef]

24. Dobrzyn, K.; Smolinska, N.; Kiezun, M.; Szeszko, K.; Maleszka, A.; Kaminski, T. The effect of estrone and estradiol on the
expression of the adiponectin system in the porcine uterus during early pregnancy. Theriogenology 2017, 88, 183–196. [CrossRef]
[PubMed]

25. Smolinska, N.; Dobrzyn, K.; Maleszka, A.; Kiezun, M.; Szeszko, K.; Kaminski, T. Expression of adiponectin and adiponectin
receptors 1 (AdipoR1) and 2 (AdipoR2) in the porcine uterus during the oestrous cycle. Anim. Reprod. Sci. 2014, 146, 42–54.
[CrossRef] [PubMed]

26. Smolinska, N.; Maleszka, A.; Dobrzyn, K.; Kiezun, M.; Szeszko, K.; Kaminski, T. Expression of adiponectin and adiponectin
receptors 1 and 2 in the porcine uterus, conceptus, and trophoblast during early pregnancy. Theriogenology 2014, 82, 951–965.
[CrossRef] [PubMed]

27. Paschke, L.; Zemleduch, T.; Rucinski, M.; Ziolkowska, A.; Szyszka, M.; Malendowicz, L.K. Adiponectin and adiponectin receptor
system in the rat adrenal gland: Ontogenetic and physiologic regulation, and its involvement in regulating adrenocortical growth
and steroidogenesis. Peptides 2010, 31, 1715–1724. [CrossRef]

28. Banerjee, S.; Chaturvedi, C.M. Neuroendocrine mechanism of food intake and energy regulation in Japanese quail under
differential simulated photoperiodic conditions: Involvement of hypothalamic neuropeptides, AMPK, insulin and adiponectin
receptors. J. Photochem. Photobiol. B 2018, 185, 10–23. [CrossRef]

29. Hoyda, T.D.; Samson, W.K.; Ferguson, A.V. Adiponectin depolarizes parvocellular paraventricular nucleus neurons controlling
neuroendocrine and autonomic function. Endocrinology 2009, 150, 832–840. [CrossRef]

30. Kubota, N.; Terauchi, Y.; Kubota, T.; Kumagai, H.; Itoh, S.; Satoh, H.; Yano, W.; Ogata, H.; Tokuyama, K.; Takamoto, I.; et al.
Pioglitazone ameliorates insulin resistance and diabetes by both adiponectin-dependent and -independent pathways. J. Biol.
Chem. 2006, 281, 8748–8755. [CrossRef]

31. Kubota, N.; Yano, W.; Kubota, T.; Yamauchi, T.; Itoh, S.; Kumagai, H.; Kozono, H.; Takamoto, I.; Okamoto, S.; Shiuchi, T.; et al.
Adiponectin stimulates AMP-activated protein kinase in the hypothalamus and increases food intake. Cell Metab. 2007, 6, 55–68.
[CrossRef] [PubMed]

32. Rodriguez-Pacheco, F.; Martinez-Fuentes, A.J.; Tovar, S.; Pinilla, L.; Tena-Sempere, M.; Dieguez, C.; Castaño, J.P.; Malagon, M.M.
Regulation of pituitary cell function by adiponectin. Endocrinology 2007, 148, 401–410. [CrossRef] [PubMed]

33. Yamauchi, T.; Kamon, J.; Ito, Y.; Tsuchida, A.; Yokomizo, T.; Kita, S.; Sugiyama, T.; Miyagishi, M.; Hara, K.; Tsunoda, M.; et al.
Cloning of adiponectin receptors that mediate antidiabetic metabolic effects. Nature 2003, 423, 762–769, Erratum in Nature 2004,
431, 1123. [CrossRef] [PubMed]

34. Kharroubi, I.; Rasschaert, J.; Eizirik, D.L.; Cnop, M. Expression of adiponectin receptors in pancreatic beta cells. Biochem. Biophys.
Res. Commun. 2003, 312, 1118–1122. [CrossRef] [PubMed]

35. Lord, E.; Ledoux, S.; Murphy, B.D.; Beaudry, D.; Palin, M.F. Expression of adiponectin and its receptors in swine. J. Anim. Sci.
2005, 83, 565–578. [CrossRef] [PubMed]

36. Guillod-Maximin, E.; Roy, A.F.; Vacher, C.M.; Aubourg, A.; Bailleux, V.; Lorsignol, A.; Pénicaud, L.; Parquet, M.; Taouis, M.
Adiponectin receptors are expressed in hypothalamus and colocalized with proopiomelanocortin and neuropeptide Y in rodent
arcuate neurons. J. Endocrinol. 2009, 200, 93–105. [CrossRef] [PubMed]

37. Kiezun, M.; Maleszka, A.; Smolinska, N.; Nitkiewicz, A.; Kaminski, T. Expression of adiponectin receptors 1 (AdipoR1) and
2 (AdipoR2) in the porcine pituitary during the oestrous cycle. Reprod. Biol. Endocrinol. 2013, 11, 18, Erratum in Reprod. Biol.
Endocrinol. 2013, 11, 95. [CrossRef]

38. Dai, M.H.; Xia, T.; Zhang, G.D.; Chen, X.D.; Gan, L.; Feng, S.Q.; Qiu, H.; Peng, Y.; Yang, Z.Q. Cloning, expression and chromosome
localization of porcine adiponectin and adiponectin receptors genes. Domest. Anim. Endocrinol. 2006, 30, 117–125. [CrossRef]

39. Kaminska, B.; Czerwinska, J.; Bogacka, I.; Chojnowska, K.; Smolinska, N.; Dobrzyn, K.; Kiezun, M.; Zaobidna, E.; Myszczynski,
K.; Nowakowski, J.J.; et al. Sex- and season-dependent differences in the expression of adiponectin and adiponectin receptors
(AdipoR1 and AdipoR2) in the hypothalamic-pituitary-adrenal axis of the Eurasian beaver (Castor fiber L.). Gen. Comp. Endocrinol.
2020, 298, 113575. [CrossRef]

40. Bjursell, M.; Ahnmark, A.; Bohlooly, Y.M.; William-Olsson, L.; Rhedin, M.; Peng, X.R.; Ploj, K.; Gerdin, A.K.; Arnerup, G.; Elmgren,
A.; et al. Opposing effects of adiponectin receptors 1 and 2 on energy metabolism. Diabetes 2007, 56, 583–593. [CrossRef]

41. Hug, C.; Wang, J.; Ahmad, N.S.; Bogan, J.S.; Tsao, T.S.; Lodish, H.F. T-cadherin is a receptor for hexameric and high-molecular-
weight forms of Acrp30/adiponectin. Proc. Natl. Acad. Sci. USA 2004, 101, 10308–10313. [CrossRef] [PubMed]

42. Parker-Duffen, J.L.; Nakamura, K.; Silver, M.; Kikuchi, R.; Tigges, U.; Yoshida, S.; Denzel, M.S.; Ranscht, B.; Walsh, K. T-cadherin
is essential for adiponectin-mediated revascularization. J. Biol. Chem. 2013, 288, 24886–24897. [CrossRef] [PubMed]

43. Denzel, M.S.; Scimia, M.C.; Zumstein, P.M.; Walsh, K.; Ruiz-Lozano, P.; Ranscht, B. T-cadherin is critical for adiponectin-mediated
cardioprotection in mice. J. Clin. Investig. 2010, 120, 4342–4352. [CrossRef] [PubMed]

44. Wilkinson, M.; Brown, R.; Imran, S.A.; Ur, E. Adipokine gene expression in brain and pituitary gland. Neuroendocrinology 2007, 86,
191–209. [CrossRef] [PubMed]

45. Ramachandran, R.; Ocón-Grove, O.M.; Metzger, S.L. Molecular cloning and tissue expression of chicken AdipoR1 and AdipoR2
complementary deoxyribonucleic acids. Domest. Anim. Endocrinol. 2007, 33, 19–31. [CrossRef] [PubMed]

https://doi.org/10.1210/jc.2004-0930
https://doi.org/10.1016/j.theriogenology.2016.09.023
https://www.ncbi.nlm.nih.gov/pubmed/28234230
https://doi.org/10.1016/j.anireprosci.2014.02.001
https://www.ncbi.nlm.nih.gov/pubmed/24598213
https://doi.org/10.1016/j.theriogenology.2014.07.018
https://www.ncbi.nlm.nih.gov/pubmed/25129870
https://doi.org/10.1016/j.peptides.2010.06.007
https://doi.org/10.1016/j.jphotobiol.2018.05.020
https://doi.org/10.1210/en.2008-1179
https://doi.org/10.1074/jbc.M505649200
https://doi.org/10.1016/j.cmet.2007.06.003
https://www.ncbi.nlm.nih.gov/pubmed/17618856
https://doi.org/10.1210/en.2006-1019
https://www.ncbi.nlm.nih.gov/pubmed/17038552
https://doi.org/10.1038/nature01705
https://www.ncbi.nlm.nih.gov/pubmed/12802337
https://doi.org/10.1016/j.bbrc.2003.11.042
https://www.ncbi.nlm.nih.gov/pubmed/14651988
https://doi.org/10.2527/2005.833565x
https://www.ncbi.nlm.nih.gov/pubmed/15705753
https://doi.org/10.1677/JOE-08-0348
https://www.ncbi.nlm.nih.gov/pubmed/18971219
https://doi.org/10.1186/1477-7827-11-18
https://doi.org/10.1016/j.domaniend.2005.06.006
https://doi.org/10.1016/j.ygcen.2020.113575
https://doi.org/10.2337/db06-1432
https://doi.org/10.1073/pnas.0403382101
https://www.ncbi.nlm.nih.gov/pubmed/15210937
https://doi.org/10.1074/jbc.M113.454835
https://www.ncbi.nlm.nih.gov/pubmed/23824191
https://doi.org/10.1172/JCI43464
https://www.ncbi.nlm.nih.gov/pubmed/21041950
https://doi.org/10.1159/000108635
https://www.ncbi.nlm.nih.gov/pubmed/17878708
https://doi.org/10.1016/j.domaniend.2006.04.004
https://www.ncbi.nlm.nih.gov/pubmed/16697136


Animals 2024, 14, 353 12 of 16

46. Steyn, F.J.; Boehme, F.; Vargas, E.; Wang, K.; Parkington, H.C.; Rao, J.R.; Chen, C. Adiponectin regulate growth hormone secretion
via adiponectin receptor mediated Ca(2+) signalling in rat somatotrophs in vitro. J. Neuroendocrinol. 2009, 21, 698–704. [CrossRef]
[PubMed]

47. Chen, M.; Wang, Z.; Zhan, M.; Liu, R.; Nie, A.; Wang, J.; Ning, G.; Ma, Q. Adiponectin regulates ACTH secretion and the HPAA
in an AMPK-dependent manner in pituitary corticotroph cells. Mol. Cell Endocrinol. 2014, 383, 118–125. [CrossRef]

48. Sarmento-Cabral, A.; Peinado, J.R.; Halliday, L.C.; Malagon, M.M.; Castaño, J.P.; Kineman, R.D.; Luque, R.M. Adipokines (Leptin,
Adiponectin, Resistin) Differentially Regulate All Hormonal Cell Types in Primary Anterior Pituitary Cell Cultures from Two
Primate Species. Sci. Rep. 2017, 7, 43537. [CrossRef]

49. Holcomb, I.N.; Kabakoff, R.C.; Chan, B.; Baker, T.W.; Gurney, A.; Henzel, W.; Nelson, C.; Lowman, H.B.; Wright, B.D.; Skelton,
N.J.; et al. FIZZ1, a novel cysteine-rich secreted protein associated with pulmonary inflammation, defines a new gene family.
EMBO J. 2000, 19, 4046–4055. [CrossRef]

50. Steppan, C.M.; Bailey, S.T.; Bhat, S.; Brown, E.J.; Banerjee, R.R.; Wright, C.M.; Patel, H.R.; Ahima, R.S.; Lazar, M.A. The hormone
resistin links obesity to diabetes. Nature 2001, 409, 307–312. [CrossRef]

51. Kim, K.H.; Lee, K.; Moon, Y.S.; Sul, H.S. A cysteine-rich adipose tissue-specific secretory factor inhibits adipocyte differentiation.
J. Biol. Chem. 2001, 276, 11252–11256. [CrossRef] [PubMed]

52. Gerstmayer, B.; Küsters, D.; Gebel, S.; Müller, T.; Van Miert, E.; Hofmann, K.; Bosio, A. Identification of RELMgamma, a novel
resistin-like molecule with a distinct expression pattern. Genomics 2003, 81, 588–595. [CrossRef] [PubMed]

53. Steppan, C.M.; Brown, E.J.; Wright, C.M.; Bhat, S.; Banerjee, R.R.; Dai, C.Y.; Enders, G.H.; Silberg, D.G.; Wen, X.; Wu, G.D.; et al. A
family of tissue-specific resistin-like molecules. Proc. Natl. Acad. Sci. USA 2001, 98, 502–506. [CrossRef] [PubMed]

54. Tarkowski, A.; Bjersing, J.; Shestakov, A.; Bokarewa, M.I. Resistin competes with lipopolysaccharide for binding to toll-like
receptor 4. J. Cell Mol. Med. 2010, 14, 1419–1431. [CrossRef] [PubMed]

55. Al Hannan, F.; Culligan, K.G. Human resistin and the RELM of Inflammation in diabesity. Diabetol. Metab. Syndr. 2015, 7, 54.
[CrossRef] [PubMed]

56. Shen, Y.H.; Zhang, L.; Gan, Y.; Wang, X.; Wang, J.; LeMaire, S.A.; Coselli, J.S.; Wang, X.L. Up-regulation of PTEN (phosphatase
and tensin homolog deleted on chromosome ten) mediates p38 MAPK stress signal-induced inhibition of insulin signaling. A
cross-talk between stress signaling and insulin signaling in resistin-treated human endothelial cells. J. Biol. Chem. 2006, 281,
7727–7736. [CrossRef] [PubMed]

57. Mu, H.; Ohashi, R.; Yan, S.; Chai, H.; Yang, H.; Lin, P.; Yao, Q.; Chen, C. Adipokine resistin promotes in vitro angiogenesis of
human endothelial cells. Cardiovasc. Res. 2006, 70, 146–157. [CrossRef]

58. Banerjee, R.R.; Rangwala, S.M.; Shapiro, J.S.; Rich, A.S.; Rhoades, B.; Qi, Y.; Wang, J.; Rajala, M.W.; Pocai, A.; Scherer, P.E.; et al.
Regulation of fasted blood glucose by resistin. Science 2004, 303, 1195–1198. [CrossRef]

59. Daquinag, A.C.; Zhang, Y.; Amaya-Manzanares, F.; Simmons, P.J.; Kolonin, M.G. An isoform of decorin is a resistin receptor on
the surface of adipose progenitor cells. Cell Stem. Cell 2011, 9, 74–86. [CrossRef]

60. Sánchez-Solana, B.; Laborda, J.; Baladrón, V. Mouse resistin modulates adipogenesis and glucose uptake in 3T3-L1 preadipocytes
through the ROR1 receptor. Mol. Endocrinol. 2012, 26, 110–127. [CrossRef]

61. Steppan, C.M.; Wang, J.; Whiteman, E.L.; Birnbaum, M.J.; Lazar, M.A. Activation of SOCS-3 by resistin. Mol. Cell Biol. 2005, 25,
1569–1575. [CrossRef] [PubMed]

62. Park, H.K.; Qatanani, M.; Briggs, E.R.; Ahima, R.S.; Lazar, M.A. Inflammatory induction of human resistin causes insulin
resistance in endotoxemic mice. Diabetes 2011, 60, 775–783. [CrossRef] [PubMed]

63. Park, H.K.; Ahima, R.S. Resistin in rodents and humans. Diabetes Metab. J. 2013, 37, 404–414. [CrossRef] [PubMed]
64. Filková, M.; Haluzík, M.; Gay, S.; Senolt, L. The role of resistin as a regulator of inflammation: Implications for various human

pathologies. Clin. Immunol. 2009, 133, 157–170. [CrossRef]
65. Morash, B.A.; Willkinson, D.; Ur, E.; Wilkinson, M. Resistin expression and regulation in mouse pituitary. FEBS Lett. 2002, 526,

26–30. [CrossRef]
66. Wilkinson, M.; Wilkinson, D.; Wiesner, G.; Morash, B.; Ur, E. Hypothalamic resistin immunoreactivity is reduced by obesity in the

mouse: Co-localization with alpha-melanostimulating hormone. Neuroendocrinology 2005, 81, 19–30. [CrossRef]
67. Rodríguez, M.; Pintado, C.; Moltó, E.; Gallardo, N.; Fernández-Martos, C.M.; López, V.; Andrés, A.; Arribas, C. Central s-resistin

deficiency ameliorates hypothalamic inflammation and increases whole body insulin sensitivity. Sci. Rep. 2018, 8, 3921. [CrossRef]
68. Muse, E.D.; Lam, T.K.; Scherer, P.E.; Rossetti, L. Hypothalamic resistin induces hepatic insulin resistance. J. Clin. Investig. 2007,

117, 1670–1678. [CrossRef]
69. Rodríguez-Pacheco, F.; Vázquez-Martínez, R.; Martínez-Fuentes, A.J.; Pulido, M.R.; Gahete, M.D.; Vaudry, H.; Gracia-Navarro, F.;

Diéguez, C.; Castaño, J.P.; Malagón, M.M. Resistin regulates pituitary somatotrope cell function through the activation of multiple
signaling pathways. Endocrinology 2009, 150, 4643–4652. [CrossRef]

70. Maillard, V.; Elis, S.; Desmarchais, A.; Hivelin, C.; Lardic, L.; Lomet, D.; Uzbekova, S.; Monget, P.; Dupont, J. Visfatin and resistin
in gonadotroph cells: Expression, regulation of LH secretion and signalling pathways. Reprod. Fertil. Dev. 2017, 29, 2479–2495.
[CrossRef]

71. Biernat, W.; Kirsz, K.; Szczesna, M.; Zieba, D.A. Resistin regulates reproductive hormone secretion from the ovine adenohypoph-
ysis depending on season. Domest. Anim. Endocrinol. 2018, 65, 95–100. [CrossRef] [PubMed]

https://doi.org/10.1111/j.1365-2826.2009.01887.x
https://www.ncbi.nlm.nih.gov/pubmed/19500219
https://doi.org/10.1016/j.mce.2013.12.007
https://doi.org/10.1038/srep43537
https://doi.org/10.1093/emboj/19.15.4046
https://doi.org/10.1038/35053000
https://doi.org/10.1074/jbc.C100028200
https://www.ncbi.nlm.nih.gov/pubmed/11278254
https://doi.org/10.1016/S0888-7543(03)00070-3
https://www.ncbi.nlm.nih.gov/pubmed/12782128
https://doi.org/10.1073/pnas.98.2.502
https://www.ncbi.nlm.nih.gov/pubmed/11209052
https://doi.org/10.1111/j.1582-4934.2009.00899.x
https://www.ncbi.nlm.nih.gov/pubmed/19754671
https://doi.org/10.1186/s13098-015-0050-3
https://www.ncbi.nlm.nih.gov/pubmed/26097512
https://doi.org/10.1074/jbc.M511105200
https://www.ncbi.nlm.nih.gov/pubmed/16418168
https://doi.org/10.1016/j.cardiores.2006.01.015
https://doi.org/10.1126/science.1092341
https://doi.org/10.1016/j.stem.2011.05.017
https://doi.org/10.1210/me.2011-1027
https://doi.org/10.1128/MCB.25.4.1569-1575.2005
https://www.ncbi.nlm.nih.gov/pubmed/15684405
https://doi.org/10.2337/db10-1416
https://www.ncbi.nlm.nih.gov/pubmed/21282361
https://doi.org/10.4093/dmj.2013.37.6.404
https://www.ncbi.nlm.nih.gov/pubmed/24404511
https://doi.org/10.1016/j.clim.2009.07.013
https://doi.org/10.1016/S0014-5793(02)03108-3
https://doi.org/10.1159/000084871
https://doi.org/10.1038/s41598-018-22255-3
https://doi.org/10.1172/JCI30440
https://doi.org/10.1210/en.2009-0116
https://doi.org/10.1071/RD16301
https://doi.org/10.1016/j.domaniend.2018.07.001
https://www.ncbi.nlm.nih.gov/pubmed/30086525


Animals 2024, 14, 353 13 of 16

72. O’Dowd, B.F.; Heiber, M.; Chan, A.; Heng, H.H.; Tsui, L.C.; Kennedy, J.L.; Shi, X.; Petronis, A.; George, S.R.; Nguyen, T. A human
gene that shows identity with the gene encoding the angiotensin receptor is located on chromosome 11. Gene 1993, 136, 355–360.
[CrossRef] [PubMed]

73. Tatemoto, K.; Hosoya, M.; Habata, Y.; Fujii, R.; Kakegawa, T.; Zou, M.X.; Kawamata, Y.; Fukusumi, S.; Hinuma, S.; Kitada, C.; et al.
Isolation and characterization of a novel endogenous peptide ligand for the human APJ receptor. Biochem. Biophys. Res. Commun.
1998, 251, 471–476. [CrossRef] [PubMed]

74. Lee, D.K.; Cheng, R.; Nguyen, T.; Fan, T.; Kariyawasam, A.P.; Liu, Y.; Osmond, D.H.; George, S.R.; O’Dowd, B.F. Characterization
of apelin, the ligand for the APJ receptor. J. Neurochem. 2000, 74, 34–41. [CrossRef] [PubMed]

75. Lee, D.K.; Saldivia, V.R.; Nguyen, T.; Cheng, R.; George, S.R.; O’Dowd, B.F. Modification of the terminal residue of apelin-13
antagonizes its hypotensive action. Endocrinology 2005, 146, 231–236. [CrossRef]

76. Zhen, E.Y.; Higgs, R.E.; Gutierrez, J.A. Pyroglutamyl apelin-13 identified as the major apelin isoform in human plasma. Anal.
Biochem. 2013, 442, 1–9. [CrossRef] [PubMed]

77. Maguire, J.J.; Kleinz, M.J.; Pitkin, S.L.; Davenport, A.P. [Pyr1]apelin-13 identified as the predominant apelin isoform in the human
heart: Vasoactive mechanisms and inotropic action in disease. Hypertension 2009, 54, 598–604. [CrossRef]

78. De Mota, N.; Reaux-Le, G.A.; El Messari, S.; Chartrel, N.; Roesch, D.; Dujardin, C.; Kordon, C.; Vaudry, H.; Moos, F.; Llorens-
Cortes, C. Apelin, a potent diuretic neuropeptide counteracting vasopressin actions through inhibition of vasopressin neuron
activity and vasopressin release. Proc. Natl. Acad. Sci. USA 2004, 101, 10464–10469. [CrossRef]

79. Kawamata, Y.; Habata, Y.; Fukusumi, S.; Hosoya, M.; Fujii, R.; Hinuma, S.; Nishizawa, N.; Kitada, C.; Onda, H.; Nishimura,
O.; et al. Molecular properties of apelin: Tissue distribution and receptor binding. Biochim. Biophys. Acta 2001, 1538, 162–171.
[CrossRef]

80. Habata, Y.; Fujii, R.; Hosoya, M.; Fukusumi, S.; Kawamata, Y.; Hinuma, S.; Kitada, C.; Nishizawa, N.; Murosaki, S.; Kurokawa, T.;
et al. Apelin, the natural ligand of the orphan receptor APJ, is abundantly secreted in the colostrum. Biochim. Biophys. Acta 1999,
1452, 25–35. [CrossRef]

81. Mesmin, C.; Fenaille, F.; Becher, F.; Tabet, J.C.; Ezan, E. Identification and characterization of apelin peptides in bovine colostrum
and milk by liquid chromatography-mass spectrometry. J. Proteome Res. 2011, 10, 5222–5231. [CrossRef]

82. Aydin, S. The presence of the peptides apelin, ghrelin and nesfatin-1 in the human breast milk, and the lowering of their levels in
patients with gestational diabetes mellitus. Peptides 2010, 31, 2236–2240. [CrossRef] [PubMed]

83. Reaux-Le Goazigo, A.; Alvear-Perez, R.; Zizzari, P.; Epelbaum, J.; Bluet-Pajot, M.T.; Llorens-Cortes, C. Cellular localization of
apelin and its receptor in the anterior pituitary: Evidence for a direct stimulatory action of apelin on ACTH release. Am. J. Physiol.
Endocrinol. Metab. 2007, 292, E7–E15. [CrossRef] [PubMed]

84. O’Carroll, A.M.; Don, A.L.; Lolait, S.J. APJ receptor mRNA expression in the rat hypothalamic paraventricular nucleus: Regulation
by stress and glucocorticoids. J. Neuroendocrinol. 2003, 15, 1095–1101. [CrossRef] [PubMed]

85. Medhurst, A.D.; Jennings, C.A.; Robbins, M.J.; Davis, R.P.; Ellis, C.; Winborn, K.Y.; Lawrie, K.W.; Hervieu, G.; Riley, G.; Bolaky,
J.E.; et al. Pharmacological and immunohistochemical characterization of the APJ receptor and its endogenous ligand apelin. J.
Neurochem. 2003, 84, 1162–1172. [CrossRef] [PubMed]

86. Matsumoto, M.; Hidaka, K.; Akiho, H.; Tada, S.; Okada, M.; Yamaguchi, T. Low stringency hybridization study of the dopamine
D4 receptor revealed D4-like mRNA distribution of the orphan seven-transmembrane receptor, APJ, in human brain. Neurosci.
Lett. 1996, 219, 119–122. [CrossRef]

87. Hosoya, M.; Kawamata, Y.; Fukusumi, S.; Fujii, R.; Habata, Y.; Hinuma, S.; Kitada, C.; Honda, S.; Kurokawa, T.; Onda, H.; et al.
Molecular and functional characteristics of APJ. Tissue distribution of mRNA and interaction with the endogenous ligand apelin.
J. Biol. Chem. 2000, 275, 21061–21067. [CrossRef]

88. Pope, G.R.; Roberts, E.M.; Lolait, S.J.; O’Carroll, A.M. Central and peripheral apelin receptor distribution in the mouse: Species
differences with rat. Peptides 2012, 33, 139–148. [CrossRef]

89. Shin, K.; Kenward, C.; Rainey, J.K. Apelinergic System Structure and Function. Compr. Physiol. 2017, 8, 407–450. [CrossRef]
90. Boucher, J.; Masri, B.; Daviaud, D.; Gesta, S.; Guigné, C.; Mazzucotelli, A.; Castan-Laurell, I.; Tack, I.; Knibiehler, B.; Carpéné, C.;

et al. Apelin, a newly identified adipokine up-regulated by insulin and obesity. Endocrinology 2005, 146, 1764–1771. [CrossRef]
91. Tatemoto, K.; Takayama, K.; Zou, M.X.; Kumaki, I.; Zhang, W.; Kumano, K.; Fujimiya, M. The novel peptide apelin lowers blood

pressure via a nitric oxide-dependent mechanism. Regul. Pept. 2001, 99, 87–92. [CrossRef] [PubMed]
92. Than, A.; Cheng, Y.; Foh, L.C.; Leow, M.K.; Lim, S.C.; Chuah, Y.J.; Kang, Y.; Chen, P. Apelin inhibits adipogenesis and lipolysis

through distinct molecular pathways. Mol. Cell Endocrinol. 2012, 362, 227–241. [CrossRef] [PubMed]
93. Than, A.; He, H.L.; Chua, S.H.; Xu, D.; Sun, L.; Leow, M.K.; Chen, P. Apelin Enhances Brown Adipogenesis and Browning of

White Adipocytes. J. Biol. Chem. 2015, 290, 14679–14691. [CrossRef] [PubMed]
94. O’Carroll, A.M.; Selby, T.L.; Palkovits, M.; Lolait, S.J. Distribution of mRNA encoding B78/apj, the rat homologue of the human

APJ receptor, and its endogenous ligand apelin in brain and peripheral tissues. Biochim. Biophys. Acta 2000, 1492, 72–80. [CrossRef]
[PubMed]

95. Brailoiu, G.C.; Dun, S.L.; Yang, J.; Ohsawa, M.; Chang, J.K.; Dun, N.J. Apelin-immunoreactivity in the rat hypothalamus and
pituitary. Neurosci. Lett. 2002, 327, 193–197. [CrossRef] [PubMed]

96. De Mota, N.; Lenkei, Z.; Llorens-Cortès, C. Cloning, pharmacological characterization and brain distribution of the rat apelin
receptor. Neuroendocrinology 2000, 72, 400–407. [CrossRef]

https://doi.org/10.1016/0378-1119(93)90495-O
https://www.ncbi.nlm.nih.gov/pubmed/8294032
https://doi.org/10.1006/bbrc.1998.9489
https://www.ncbi.nlm.nih.gov/pubmed/9792798
https://doi.org/10.1046/j.1471-4159.2000.0740034.x
https://www.ncbi.nlm.nih.gov/pubmed/10617103
https://doi.org/10.1210/en.2004-0359
https://doi.org/10.1016/j.ab.2013.07.006
https://www.ncbi.nlm.nih.gov/pubmed/23872001
https://doi.org/10.1161/HYPERTENSIONAHA.109.134619
https://doi.org/10.1073/pnas.0403518101
https://doi.org/10.1016/S0167-4889(00)00143-9
https://doi.org/10.1016/S0167-4889(99)00114-7
https://doi.org/10.1021/pr200725x
https://doi.org/10.1016/j.peptides.2010.08.021
https://www.ncbi.nlm.nih.gov/pubmed/20813143
https://doi.org/10.1152/ajpendo.00521.2005
https://www.ncbi.nlm.nih.gov/pubmed/16896162
https://doi.org/10.1046/j.1365-2826.2003.01102.x
https://www.ncbi.nlm.nih.gov/pubmed/14622440
https://doi.org/10.1046/j.1471-4159.2003.01587.x
https://www.ncbi.nlm.nih.gov/pubmed/12603839
https://doi.org/10.1016/S0304-3940(96)13198-0
https://doi.org/10.1074/jbc.M908417199
https://doi.org/10.1016/j.peptides.2011.12.005
https://doi.org/10.1002/cphy.c170028
https://doi.org/10.1210/en.2004-1427
https://doi.org/10.1016/S0167-0115(01)00236-1
https://www.ncbi.nlm.nih.gov/pubmed/11384769
https://doi.org/10.1016/j.mce.2012.07.002
https://www.ncbi.nlm.nih.gov/pubmed/22842084
https://doi.org/10.1074/jbc.M115.643817
https://www.ncbi.nlm.nih.gov/pubmed/25931124
https://doi.org/10.1016/S0167-4781(00)00072-5
https://www.ncbi.nlm.nih.gov/pubmed/11004481
https://doi.org/10.1016/S0304-3940(02)00411-1
https://www.ncbi.nlm.nih.gov/pubmed/12113910
https://doi.org/10.1159/000054609


Animals 2024, 14, 353 14 of 16

97. Newson, M.J.; Roberts, E.M.; Pope, G.R.; Lolait, S.J.; O’Carroll, A.M. The effects of apelin on hypothalamic-pituitary-adrenal
axis neuroendocrine function are mediated through corticotrophin-releasing factor- and vasopressin-dependent mechanisms. J.
Endocrinol. 2009, 202, 123–129. [CrossRef]

98. Taheri, S.; Murphy, K.; Cohen, M.; Sujkovic, E.; Kennedy, A.; Dhillo, W.; Dakin, C.; Sajedi, A.; Ghatei, M.; Bloom, S. The effects
of centrally administered apelin-13 on food intake, water intake and pituitary hormone release in rats. Biochem. Biophys. Res.
Commun. 2002, 291, 1208–1212. [CrossRef]

99. Tekin, S.; Erden, Y.; Sandal, S.; Etem Onalan, E.; Ozyalin, F.; Ozen, H.; Yilmaz, B. Effects of apelin on reproductive functions:
Relationship with feeding behavior and energy metabolism. Arch. Physiol. Biochem. 2017, 123, 9–15. [CrossRef]

100. Charles, C.J.; Rademaker, M.T.; Richards, A.M. Apelin-13 induces a biphasic haemodynamic response and hormonal activation in
normal conscious sheep. J. Endocrinol. 2006, 189, 701–710. [CrossRef]

101. Nagpal, S.; Patel, S.; Jacobe, H.; DiSepio, D.; Ghosn, C.; Malhotra, M.; Teng, M.; Duvic, M.; Chandraratna, R.A. Tazarotene-induced
gene 2 (TIG2), a novel retinoid-responsive gene in skin. J. Investig. Dermatol. 1997, 109, 91–95. [CrossRef] [PubMed]

102. Kennedy, A.J.; Davenport, A.P. International Union of Basic and Clinical Pharmacology CIII: Chemerin Receptors CMKLR1
(Chemerin1) and GPR1 (Chemerin2) Nomenclature, Pharmacology, and Function. Pharmacol. Rev. 2018, 70, 174–196. [CrossRef]
[PubMed]

103. Wittamer, V.; Franssen, J.D.; Vulcano, M.; Mirjolet, J.F.; Le Poul, E.; Migeotte, I.; Brézillon, S.; Tyldesley, R.; Blanpain, C.; Detheux,
M.; et al. Specific recruitment of antigen-presenting cells by chemerin, a novel processed ligand from human inflammatory fluids.
J. Exp. Med. 2003, 198, 977–985. [CrossRef] [PubMed]

104. Meder, W.; Wendland, M.; Busmann, A.; Kutzleb, C.; Spodsberg, N.; John, H.; Richter, R.; Schleuder, D.; Meyer, M.; Forssmann,
W.G. Characterization of human circulating TIG2 as a ligand for the orphan receptor ChemR23. FEBS Lett. 2003, 555, 495–499.
[CrossRef] [PubMed]

105. Barnea, G.; Strapps, W.; Herrada, G.; Berman, Y.; Ong, J.; Kloss, B.; Axel, R.; Lee, K.J. The genetic design of signaling cascades to
record receptor activation. Proc. Natl. Acad. Sci. USA 2008, 105, 64–69. [CrossRef]

106. Zabel, B.A.; Nakae, S.; Zúñiga, L.; Kim, J.Y.; Ohyama, T.; Alt, C.; Pan, J.; Suto, H.; Soler, D.; Allen, S.J.; et al. Mast cell-expressed
orphan receptor CCRL2 binds chemerin and is required for optimal induction of IgE-mediated passive cutaneous anaphylaxis. J.
Exp. Med. 2008, 205, 2207–2220. [CrossRef]

107. Goralski, K.B.; McCarthy, T.C.; Hanniman, E.A.; Zabel, B.A.; Butcher, E.C.; Parlee, S.D.; Muruganandan, S.; Sinal, C.J. Chemerin, a
novel adipokine that regulates adipogenesis and adipocyte metabolism. J. Biol. Chem. 2007, 282, 28175–28188. [CrossRef]

108. González-Alvarez, R.; Garza-Rodríguez, L.; Delgado-Enciso, I.; Treviño-Alvarado, V.M.; Canales-Del-Castillo, R.; Martínez-De-
Villarreal, L.E.; Lugo-Trampe, Á.; Tejero, M.E.; Schlabritz-Loutsevitch, N.E.; Rocha-Pizaña Mdel, R.; et al. Molecular evolution
and expression profile of the chemerine encoding gene RARRES2 in baboon and chimpanzee. Biol. Res. 2015, 48, 31. [CrossRef]

109. Roh, S.; Kitayama, S.; Ardiyanti, A.; Suzuki, Y.; Yamauchi, E.; Katom, D.; Yi, K.; So, K.; Hagino, A.; Katoh, K. The changes of
chemerin and chemerin receptor to regulate lipid metabolism in liver and pituitary gland. FASEB J. 2013, 27, 630.20. [CrossRef]

110. Kisielewska, K.; Rytelewska, E.; Gudelska, M.; Kiezun, M.; Dobrzyn, K.; Bogus-Nowakowska, K.; Kaminska, B.; Smolinska, N.;
Kaminski, T. Relative abundance of chemerin mRNA transcript and protein in pituitaries of pigs during the estrous cycle and
early pregnancy and associations with LH and FSH secretion during the estrous cycle. Anim. Reprod. Sci. 2020, 219, 106532.
[CrossRef]

111. Kisielewska, K.; Rytelewska, E.; Gudelska, M.; Kiezun, M.; Dobrzyn, K.; Bogus-Nowakowska, K.; Kaminska, B.; Smolinska, N.;
Kaminski, T. Expression of chemerin receptors CMKLR1, GPR1 and CCRL2 in the porcine pituitary during the oestrous cycle and
early pregnancy and the effect of chemerin on MAPK/Erk1/2, Akt and AMPK signalling pathways. Theriogenology 2020, 157,
181–198. [CrossRef] [PubMed]

112. Carbone, F.; Liberale, L.; Bonaventura, A.; Vecchiè, A.; Casula, M.; Cea, M.; Monacelli, F.; Caffa, I.; Bruzzone, S.; Montecucco,
F.; et al. Regulation and Function of Extracellular Nicotinamide Phosphoribosyltransferase/Visfatin. Compr. Physiol. 2017, 7,
603–621. [CrossRef] [PubMed]

113. Samal, B.; Sun, Y.; Stearns, G.; Xie, C.; Suggs, S.; McNiece, I. Cloning and characterization of the cDNA encoding a novel human
pre-B-cell colony-enhancing factor. Mol. Cell Biol. 1994, 14, 1431–1437. [CrossRef] [PubMed]

114. Fukuhara, A.; Matsuda, M.; Nishizawa, M.; Segawa, K.; Tanaka, M.; Kishimoto, K.; Matsuki, Y.; Murakami, M.; Ichisaka, T.;
Murakami, H.; et al. Visfatin: A protein secreted by visceral fat that mimics the effects of insulin. Science 2005, 307, 426–430.
[CrossRef]

115. Revollo, J.R.; Grimm, A.A.; Imai, S. The regulation of nicotinamide adenine dinucleotide biosynthesis by Nampt/PBEF/visfatin
in mammals. Curr. Opin. Gastroenterol. 2007, 23, 164–170. [CrossRef] [PubMed]

116. Revollo, J.R.; Grimm, A.A.; Imai, S. The NAD biosynthesis pathway mediated by nicotinamide phosphoribosyltransferase
regulates Sir2 activity in mammalian cells. J. Biol. Chem. 2004, 279, 50754–50763. [CrossRef] [PubMed]

117. Kaminski, T.; Kiezun, M.; Zaobidna, E.; Dobrzyn, K.; Wasilewska, B.; Mlyczynska, E.; Rytelewska, E.; Kisielewska, K.; Gudelska,
M.; Bors, K.; et al. Plasma level and expression of visfatin in the porcine hypothalamus during the estrous cycle and early
pregnancy. Sci. Rep. 2021, 11, 8698. [CrossRef] [PubMed]

118. Palin, M.F.; Labrecque, B.; Beaudry, D.; Mayhue, M.; Bordignon, V.; Murphy, B.D. Visfatin expression is not associated with
adipose tissue abundance in the porcine model. Domest. Anim. Endocrinol. 2008, 35, 58–73. [CrossRef]

https://doi.org/10.1677/JOE-09-0093
https://doi.org/10.1006/bbrc.2002.6575
https://doi.org/10.1080/13813455.2016.1211709
https://doi.org/10.1677/joe.1.06804
https://doi.org/10.1111/1523-1747.ep12276660
https://www.ncbi.nlm.nih.gov/pubmed/9204961
https://doi.org/10.1124/pr.116.013177
https://www.ncbi.nlm.nih.gov/pubmed/29279348
https://doi.org/10.1084/jem.20030382
https://www.ncbi.nlm.nih.gov/pubmed/14530373
https://doi.org/10.1016/S0014-5793(03)01312-7
https://www.ncbi.nlm.nih.gov/pubmed/14675762
https://doi.org/10.1073/pnas.0710487105
https://doi.org/10.1084/jem.20080300
https://doi.org/10.1074/jbc.M700793200
https://doi.org/10.1186/s40659-015-0020-0
https://doi.org/10.1096/fasebj.27.1_supplement.630.20
https://doi.org/10.1016/j.anireprosci.2020.106532
https://doi.org/10.1016/j.theriogenology.2020.07.032
https://www.ncbi.nlm.nih.gov/pubmed/32814246
https://doi.org/10.1002/cphy.c160029
https://www.ncbi.nlm.nih.gov/pubmed/28333382
https://doi.org/10.1128/mcb.14.2.1431-1437.1994
https://www.ncbi.nlm.nih.gov/pubmed/8289818
https://doi.org/10.1126/science.1097243
https://doi.org/10.1097/MOG.0b013e32801b3c8f
https://www.ncbi.nlm.nih.gov/pubmed/17268245
https://doi.org/10.1074/jbc.M408388200
https://www.ncbi.nlm.nih.gov/pubmed/15381699
https://doi.org/10.1038/s41598-021-88103-z
https://www.ncbi.nlm.nih.gov/pubmed/33888798
https://doi.org/10.1016/j.domaniend.2008.01.008


Animals 2024, 14, 353 15 of 16

119. Chen, H.; Xia, T.; Zhou, L.; Chen, X.; Gan, L.; Yao, W.; Peng, Y.; Yang, Z. Gene organization, alternate splicing and expression
pattern of porcine visfatin gene. Domest. Anim. Endocrinol. 2007, 32, 235–245. [CrossRef]

120. Peng, Q.; Jia, S.H.; Parodo, J.; Ai, Y.; Marshall, J.C. Pre-B cell colony enhancing factor induces Nampt-dependent translocation of
the insulin receptor out of lipid microdomains in A549 lung epithelial cells. Am. J. Physiol. Endocrinol. Metab. 2015, 308, E324–E333.
[CrossRef]

121. Camp, S.M.; Ceco, E.; Evenoski, C.L.; Danilov, S.M.; Zhou, T.; Chiang, E.T.; Moreno-Vinasco, L.; Mapes, B.; Zhao, J.; Gursoy, G.;
et al. Unique Toll-Like Receptor 4 Activation by NAMPT/PBEF Induces NFκB Signaling and Inflammatory Lung Injury. Sci. Rep.
2015, 5, 13135. [CrossRef] [PubMed]

122. Ratnayake, D.; Nguyen, P.D.; Rossello, F.J.; Wimmer, V.C.; Tan, J.L.; Galvis, L.A.; Julier, Z.; Wood, A.J.; Boudier, T.; Isiaku, A.I.; et al.
Macrophages provide a transient muscle stem cell niche via NAMPT secretion. Nature 2021, 591, 281–287. [CrossRef] [PubMed]

123. Torretta, S.; Colombo, G.; Travelli, C.; Boumya, S.; Lim, D.; Genazzani, A.A.; Grolla, A.A. The Cytokine Nicotinamide Phosphori-
bosyltransferase (eNAMPT; PBEF; Visfatin) Acts as a Natural Antagonist of C-C Chemokine Receptor Type 5 (CCR5). Cells 2020,
9, 496. [CrossRef] [PubMed]

124. Celichowski, P.; Jopek, K.; Szyszka, M.; Milecka, P.; Tyczewska, M.; Sakhanova, S.; Szaflarski, W.; Malendowicz, L.K.; Ruciński, M.
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