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Abstract: Phoenixin (PNX) neuropeptide is a cleaved product of the Smim20 protein. Its most
common isoforms are the 14- and 20-amino acid peptides. The biological functions of PNX are
mediated via the activation of the GPR173 receptor. PNX plays an important role in the central
nervous system (CNS) and in the female reproductive system where it potentiates LH secretion and
controls the estrus cycle. Moreover, it stimulates oocyte maturation and increases the number of
ovulated oocytes. Nevertheless, PNX not only regulates the reproduction system but also exerts
anxiolytic, anti-inflammatory, and cell-protective effects. Furthermore, it is involved in behavior,
food intake, sensory perception, memory, and energy metabolism. Outside the CNS, PNX exerts
its effects on the heart, ovaries, adipose tissue, and pancreatic islets. This review presents all the
currently available studies demonstrating the pleiotropic effects of PNX.

Keywords: adipocytes; c4orf52; food intake; GPR173; metabolism; phoenixin; reproduction;
smim?20; thirst

1. Introduction

The diverse biological effects of neuropeptides are of wide interest to researchers.
Different identification strategies allow the discovery of novel peptides, including identification
from biological activities, receptor or genomic approaches [1]. Based on bioinformatic analyses of
evolutionary conserved sequences peptides, Samson et al., in 2008 discovered neuronostatin [2] and
five years later, the same team identified phoenixin (PNX) [3]. Although it has not yet been ten
years since then, many studies have shown that PNX exerts a variety of biological effects. It is worth
noting that initial PNX studies focused on its role in the reproduction system [3,4], however no less
important effects were observed, e.g., in memory and anxiety [5,6], as well as in glucose and lipid
metabolism [7,8]. Some of these bioactivities exhibit features similar to other neuropeptides like
orexins [9], ghrelin [10], or kisspeptin [11]. Moreover, in the hypothalamus, PNX is co-expressed with
nesfatin-1 [12]. It could not be excluded that PNX effects are dependent on its interaction with other
neuropeptides. Considering the broad spectrum of PNX activities and its expanding research area,
in this review, we describe all currently known PNX biological effects.

2. Characterisation of Phoenixin and GPR173 Receptor

Phoenixin neuropeptide was identified in 2013 by Yosten et al. [3] It was discovered by a
bioinformatic algorithm based on the Human Genome Report data used for predicting unidentified
and highly conserved peptide sequences. PNX is cleaved from the C-terminal small integral membrane
protein 20 (Smim20), also known as C4orf52 [13]. Smim20 is a component of the mitochondrial
translation regulation assembly intermediate of the cytochrome c oxidase complex, involved in the

Int. ]. Mol. Sci. 2020, 21, 8378; d0i:10.3390/ijms21218378 www.mdpi.com/journal/ijms


http://www.mdpi.com/journal/ijms
http://www.mdpi.com
https://orcid.org/0000-0002-2198-6046
https://orcid.org/0000-0002-9572-7151
https://orcid.org/0000-0002-1948-6544
https://orcid.org/0000-0003-4059-1362
http://www.mdpi.com/1422-0067/21/21/8378?type=check_update&version=1
http://dx.doi.org/10.3390/ijms21218378
http://www.mdpi.com/journal/ijms

Int. ]. Mol. Sci. 2020, 21, 8378 20f15

biogenesis of cytochrome c oxidase, and stabilizes the COX1 subunit [14]. The most common isoforms
of PNX are amidated peptides composed of 14 and 20 amino acids (Figure 1) [3]. However, 17-, 26-, 36-,
and 42-amino acid isoforms of PNX have also been predicted [3,15]. Phoenixin-14 amide (PNX-14) and
phoenixin-20 amide (PNX-20) exhibit similar biological activities, whereas the nonamidated PNX is
inactive [3]. The amino acid sequence of PNX is closely species-conserved and is identical in humans,
rats, mice, bovines, and pigs. Only one amino acid differs in PNX-20 between humans and rodents [3].
The high degree of the conservation of peptide sequences across species indicates that PNX might
be evolutionarily significant. During evolution, genomes of all organisms undergo mutations that
change the amino acid sequences and in turn the peptide functions. In general, the resulting two
organisms will be evolutionarily distant from each other, with an increased occurrence of amino acid
substitutions. A small percentage of differences in the identity of PNX between different species may
indicate a significant function of the peptide that is slightly mutated. A neuropeptide that undergoes
minor interspecies mutations is neuropeptide Y [16].
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IDVQPPGLKVWSDPF -NH, Phoenixin-14

Figure 1. Amino acid sequence of PNX precursor peptide—Smim20 and two main PNX isoforms:
PNX-20 and PNX-14.

The highest expression of PNX in rats was detected in the hypothalamus [3]. PNX is present
in the paraventricular nucleus (PVN), supraoptic nucleus (SON), zona incerta, arcuate nucleus
(Arc), dorsal hypothalamus, and ventromedial hypothalamus (VMH). In addition, this peptide was
observed in the median eminence (ME) and the posterior as well as the anterior pituitary gland [3].
The neurosecretory hypothalamus magnocellular neurons secrete the PNX peptide into the blood [12].
On the other hand, the PNX present in the circulatory system may be secreted by other tissues.
For example, both adipocytes and pancreatic islets of rat have been shown to secrete PNX [7,8].

PNX was found to be highly expressed in the spinal cord [3,13]. The peptide was also detected in
the peripheral tissues such as the heart [3,17], thymus, esophagus, stomach [3], duodenum, jejunum,
colon [3,18], pancreatic islets [8,18], adipose tissue [7,19], ovaries [19,20], and epidermis and dermis of
the skin [15]. The spectrometric mass technique identified the differences in the expression between
the PNX-14 and PNX-20 isoforms. Although the brain is dominated by the PNX-20 peptide, the more
ubiquitous isoform expressed in the spinal cord and heart is PNX-14 [3,13].

A list of areas and tissues where PNX is expressed is provided in Table 1.

Table 1. The semi-quantitative estimation of phoenixin-like immunoreactivity (PNX-li) and Smim20 and
GPR173 mRNA expression in rat (R), mouse (M), human (H), pig (P), zebrafish (Zf), Scatophagus argus
(Sa). —, no expression; +, low expression level; ++, medium expression level; +++, high expression level.

Area PNX-li  Smim20 mRNA  GPR173 mRNA Species Publications
Central nervous system
Hypothalamus (without nucleus division) +++ +++ +++ Sa, R, Zf [17,19,21-24]
Periventricular Nucleus +4++ +++ R [3,4]
Paraventricular Nucleus +++ ++ R [3,4,12]
Zona Incerta ++ R [3]
Ventromedial Hypothalamus ++ +++ R [3,4,12]
Supraoptic Nucleus +++ +++ R [3,4,18,25,26]
Lateral Hypothalamus ++ ++ R [3,4,12]
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Table 1. Cont.

Area PNX-li  Smim20 mRNA  GPR173 mRNA Species Publications
Substantia Nigra ++ R [3]
Edinger—Westphal Nucleus ++ R [3]
Nucleus Tractus Solitarius ++ R [3,13,18]
Central Amygdaloid Nucleus +++ +++ R [4,18,26]
Arcuate Nucleus + ++ R [4,18,26]
Raphe Pallidus + R [18,26]
Area Postrema ++ R [18]
Median Eminence ++ R [3]
Pituitary ++ Sa [3,21]
Anterior Pituitary Lobe + R [3]
Posterior Pituitary Lobe + R [3]
Cerebrum + R [3]
Pons + R [3]
Spinal Cord +++ R,M, P [13,18,26,27]
Dorsal Root Ganglion +++ , M [13,15]
Peripheral tissues
Heart +++ ++ R, Sa, Zf (3,1 32’3]]7’2] !
Thymus ++ R [3]
Lung ++ R [3]
Gill + + Sa, Zf [21,23]
Oesophagus ++ R [3]
Stomach ++ R, Sa [3,21]
Duodenum ++ ++ R, Zf [3,18,23]
Jejunum +++ R [3,18]
Tleum ++ R [3,18]
Colon —/+ R [3,18]
Pancreas ++ R [3,8,18]
Liver ++ Zf [23]
Adipocytes ++ ++ ++ R,M [7,19]
Kidney ++ R, Sa [3,21]
Spleen ++ R, Sa [3,21]
Ovary + o r H, ;2; R 120,21,23,24]
Opvarian follicles ++ ++ ++ H,R [19,20]
Testis + + Sa, R, Zf [17,21,23]
Muscle + R, Sa [21,28]
Skin ++ ++ M, Zf [15,23]

A deductive ligand-receptor matching strategy identified G protein-coupled receptor 173 (GPR173)
as a putative receptor of PNX. Stein et al., demonstrated that siRNA-downregulated GPR173 mRNA
expression attenuated PNX-stimulated LH secretion induced by GnRH in female rats [4]. Consistently,
the PNX activation of GPR173 was confirmed in the pituitary cells [4], GnRH- and kisspeptin-positive
neurons [29], granulosa cells [20], and murine microglial BV2 cells [30]. GPR173 belongs to the Super
Conserved Receptor Expressed in the Brain (SREB) family and is also termed as SREB3. The SREB
family consists of three members: GPR27 (SREB1) and GPR85 (SREB2) in addition to GPR173. However,
it was predicted that PNX interacts not only with GPR173 but also with other orphan receptors such as
GPR15 and GPR25 [29]. Similar to PNX, GPR173 is predominantly expressed in the brain and in the
gonadal areas [31].

In summary, PNX is a neuropeptide that is expressed and secreted not only in the CNS but also in
the peripheral tissues. Its main isoforms are 14- and 20-amino acid peptides, which exhibit similar
biological activity, and their expression is tissue-dependent. GPR173 is identified as a putative PNX
receptor; however, the selective binding of PNX to this receptor has yet to be confirmed.

3. Phoenixin in Reproduction System

In the pioneering study that identified PNX, it was termed as a novel reproductive peptide [3].
PNX was found to be expressed in the anterior pituitary gland; however, the same study showed
that PNX-20 could not modulate the secretion of LH from the pituitary cultures of female rats in vitro.
It was observed that PNX-20 potentiated GnRH-stimulated LH secretion from those cultures. Moreover,
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in the pituitary gland, PNX increased the expression of the GnRH receptor and potentiated the
GnRH receptor expression induced by GnRH. On the other hand, Stein et al., demonstrated that
intracerebroventricular (icv) injection of PNX-20 simulated LH release in rats [4]. In the same in vivo
model in male rats, PNX not only induced LH secretion but also increased the serum concentrations of
FSH and testosterone without causing any changes in the level of GnRH [32]. Overall, these studies
showed that the effects of PNX on the pituitary gland differed in vitro and in vivo, but their results
collectively suggested that this peptide may be involved in controlling gonadotropin secretion.

Consistently, there is evidence indicating that PNX may play a role in controlling the estrous cycle
in females. Yosten et al., showed that in Sprague-Dawley female rats, siRNA-mediated downregulation
of PNX expression in the pituitary gland delayed the next estrous cycle by 2.3 days, which was
associated with a prolonged diestrus 2 stage [3]. Furthermore, the downregulation of GPR173 mRNA
expression in the pituitary gland was shown to be accompanied by a prolonged diestrus phase [4].

There is evidence that PNX affects not only the pituitary gland but also hypothalamic neurons.
In the mHypoA-GnRH/GFP cell line representing GnRH population cells, PNX increases GnRH and
GnRH receptor (GnRHR) mRNA expression, as well as GnRH secretion [29]. Treen et al., show that these
findings are dependent on the cAMP/PKA pathway and are involved with regulation of transcription
factors cAMP response element binding protein (CREB), C/ebp-, and Oct-1 [29].

The effects of PNX on the hypothalamus and pituitary and its modulatory effects on the secretion
of LH and GnRH indicate that it is involved in the hypothalamic—pituitary—gonadal axis. PNX is
expressed in the ovary [19] and ovarian follicles [20]. Moreover, the expression of Smim20 increases
during maturation. It was found that PNX-14 simulates the proliferation of human granulosa HGrCl1
cells and maturation of ovarian follicles, and increases the number of ovulated oocytes [20]. In addition,
PNX stimulates the expression of follicle development-related genes including FshR, LhR, and Kitl in
human granulosa cells. The peptide also enhances estradiol production in granulosa cells by activating
the cAMP/PKA pathway and stimulating the phosphorylation of CREB [20].

There is evidence that the effects of PNX on the secretion of reproductive hormones are mediated
by its interaction with other peptides involved in reproduction. A study showed that nesfatin-1
may potentiate the effects of PNX-14 on the release of reproductive hormones such as LH, FSH,
and testosterone in male rats [32]. Of note, nesfatin-1 is an anorexic neuropeptide involved in
energy metabolism and glucose homeostasis [33]. PNX is highly co-expressed with nesfatin-1 in the
hypothalamus [12]. Furthermore, icv injection of PNX-14 activates nesfatin-1 immunoreactive neurons
in the brain [34]. Although nesfatin-1 is involved in reproduction [35], its interaction with PNX in the
reproductive system is not clear. PNX-20 also modulates the hypothalamic neuropeptide, kisspeptin.
In the mHypoA-Kiss/GFP-3 cell line, PNX increased the expression of Kiss1 mRNA by cAMP/protein
kinase A pathway and stimulated the phosphorylation of CREB [29]. It is worth noting that the
contribution of PNX to controlling reproduction was also confirmed in fishes. It was found that in
spotted scat (Scatophagus argus) PNX-14 stimulates expression of GnRHR, Lh and Fsh [36].

Several studies investigated the blood PNX levels in the reproductive system diseases.
Increased PNX levels were observed in women who suffered from polycystic ovary syndrome
(PCOS) [37]. This disease is characterized by elevated levels of LH and progesterone [38,39].
Furthermore, an increased nesfatin-1 level is also observed in PCOS [37]. In PCOS patients, a higher
concentration of LH positively correlates with the PNX level [19,37]. Moreover, positive correlations
have been observed for PNX with other reproductive hormones, including testosterone and
progesterone [37]. Consistently, increased expression of the PNX precursor, Smim20, was observed in
the ovaries, particularly in the periovarian adipose tissue, of PCOS female rats compared to healthy
female rats. The ovaries of PCOS females displayed an increased production of PNX, which was
associated with increased phosphorylation of ERK1/2 as well as PKA and Akt [19]. Nevertheless, it is
rather unknown whether increased PNX levels in the circulation contributes to the development of
PCOS or vice versa.
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In summary, PNX plays a significant role in the reproductive system. In females, PNX stimulates
LH secretion and modulates the duration of the diestrus stage. In addition, in the ovaries, it simulates
the maturation of the ovarian follicles and increases the number of ovulated oocytes. Increased PNX
levels are observed in PCOS females, which correlates with elevated levels of LH and progesterone.

4. Phoenixin in the Regulation of Food Intake and Thirst

PNX peptide was detected in the brain areas involved in controlling appetite such as the Arc,
PVN, VMH, and the nucleus of the solitary tract (NTS). Therefore, several studies investigated
the role of PNX in controlling food intake. Shalla et al., found that icv administration of PNX-14
during the light phase stimulated food intake but decreased intermeal intervals in adult male
Sprague-Dawley rats [40]. The study also reported that PNX-14 increased the eating rate as well as
the meal duration, but reduced intake during the dark phase. In addition, the authors of the study
aimed to evaluate the effect of intraperitoneal (ip) injection on feeding behavior. However, intravenous
PNX-14 administration was not found to have any effect on food intake measured during the light
as well as the dark phase. Stimulation of food intake by PNX in rats was additionally confirmed by
an independent study. Friedrich et al., reported that icv administration of PNX-14 stimulated food
intake in rats [34]. A more detailed study was conducted on the SON and PVN and the medial part of
the NTS. PNX administration was accompanied by an increased amount of immune-reactive c-Fos
positive cells, c-Fos/nesfatin-1, and NUCB2/nesfatin-1 cells. Of note, in contrast to PNX-14, nesfatin-1
suppressed food intake [41]. Therefore, it was postulated that activation of nesfatin-1-positive neurons
may be caused by gastric distension induced by increased food intake and/or contribute to meal
termination [34]. Importantly, the orexigenic action of PNX described in rodents was also confirmed
in fishes. In spotted scat, fasting stimulated Smim20 mRNA expression while it was reduced after
refeeding in the hypothalamus [21]. Therefore, the authors of the work speculated that in spotted scat,
PNX may be an orexigenic factor [21]. Nevertheless, a recent study found a complex role for PNX in
the regulation of food intake. Rajeswari et al., reported that in zebrafish, fasting (7 days) suppressed
Smim20 mRNA expression in the brain [42]. Moreover, the same study showed that ip injection of
PNX-20 suppressed food intake [42]. Interestingly, inhibition of food intake was accompanied by an
increased expression of Cart mRNA in the hypothalamus and suppressed the expression of ghrelin
in the gut and hypothalamus [42]. However, as suggested by the authors, it cannot be excluded that
the observed downregulation of food intake resulted from the different type of PNX administration
(ip) [42]. There is limited knowledge on the role of PNX in controlling appetite in humans. However,
it is worth noting that the blood PNX levels were decreased in malnourished anorectic patients and
increased during body weight normalization [43]. Considering other orexigenic peptides such as
ghrelin [44] and neuropeptide Y [45] that are elevated in patients who suffer from anorexia nervosa,
this observation was surprising. Nevertheless, since PNX is produced in fat cells [7], lower PNX
levels in anorexia nervosa may result from a reduced content in adipose tissue [43]. Furthermore,
as pointed out by the authors of this work, the central level of PNX in anorexic patients remains
unknown [43]. When discussing the role of PNX in reproduction, it is worth mentioning that there
is evidence indicating that expression of Smim20 and PNX putative receptor (GPR173) mRNA is
modulated by nutritional and chemical factors. For example, it was found that Smim20 mRNA was
upregulated by palmitate, DHA and oleate and in murine immortalized hypothalamic neurons [46].
The authors of this work suggested that stimulation of PNX production by nutritional factors such
as fatty acids may be a signal to promote reproductive processes. The mechanism by which these
factors alter Smim20 expression is not clear, but there is evidence that this process is not regulated
by cAMP, NO, PKC or neuroinflammation [46]. On the other hand, expression of Smim20 mRNA
expression is downregulated by bisphenol A. However, this effect was observed in male hypothalamic
cell lines, only. By contrast, bisphenol A promoted Smim20 mRNA expression in female hypothalamic
cell line. In addition, Smim20 mRINA expression is also downregulated by bisphenol A in vivo in
female Wistar rats [47]. Sex- and cell-depended effects of bisphenol A on Smim20 mRNA expression
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remains unknown. It was also found that GPR173 expression in murine hypothalamic cell lines is
downregulated by palmitate or bisphenol A via a p38-dependent manner [22]. However, more research
is needed to elucidate the physiological relevance of this finding.

In addition to the modulation of food intake, PNX is implicated in thirst regulation. The study
conducted by Shalla et al. [40] showed that in the light phase, PNX-20 increased water intake, but the
difference was not statistically significant (p = 0.105). However, stimulation of water intake by PNX
was documented by a recent study. It was found that PNX-20 administration stimulated water intake
in both male and female rats [25]. Interestingly, PNX stimulation of water intake was attenuated by
the angiotensin receptor blocker [25]. Nevertheless, the molecular mechanism of this effect is unclear.
Importantly, GPR173 receptors, which are putative receptors of PNX, are differentially expressed
during the estrous cycle, which may suggest a potential role for PNX in fluid retention during different
physiological conditions [25].

In summary, rodent studies collectively showed that centrally administrated PNX stimulates food
intake. On the other hand, PNX was found to suppress appetite in zebrafish [42]. Thus, more research
including human studies is needed to elucidate the role of PNX in the regulation of food intake.
Moreover, rodent studies clearly proved that PNX promotes water intake.

5. Phoenixin in Memory and Anxiety

Based on the fact that PNX regulates GnRH production in the CNS and that GnRH is involved in
learning and memory, the role of PNX in these processes was explored. Jiang et al. demonstrated that
icv injection of PNX-14 prolonged the retention of object memory and facilitated object recognition
memory in mice [5]. In addition, memory-enhancing effects were observed when PNX-14 was injected
into the hippocampus. However, these effects were reduced when a GnRHR antagonist (Cetrorelix)
was used [5]. Memory impairment and cognitive disturbances accompany Alzheimer’s disease (AD).
One of the major hypotheses regarding the causes of AD is the accumulation of amyloid (3 (Af) in the
brain [48]. In addition to scopolamine-induced cognitive dysfunctions, as well as memory impairment
induced by icv injection of A3 in mice, PNX-14 significantly ameliorated the memory deficiency and
location recognition memory [5]. In addition, it was found that plasma PNX levels did not correlate
with any of the cognitive and metabolic parameters in AD patients. In mild cognitive impairment,
plasma PNX concentration negatively correlates with logical memory, whereas it positively correlates
with metabolic parameters including body mass index (BMI), systolic blood pressure, and high-density
lipoprotein level [49]. However, it should be noted that gender differences were not taken into
consideration in the study.

The role of PNX in behavior has also been studied in the context of anxiety. In behavioral tests used
to evaluate anxiety disorder-related behaviors in rodents, elevated plus maze test, and open-field test,
icv injection of PNX-14 dose-dependently increased the anxiolytic effects in mice [6]. Moreover, not only
PNX-14 but also icv injection of PNX-20 induces anxiolytic effects, which may prove the significant role of
PNXas an antianxiety agent [6]. However, Yuruye et al., did not observe any differences in the open-field
test study in mice treated with PNX-14 [49]. Interestingly, the anxiolytic effects of PNX in mice are
dependent on the GnRHR. Jiang et al., reported that Cetrorelix attenuated these effects [6]. Consistently,
in a human study, Hofmann et al., showed that plasma PNX levels were negatively correlated with
anxiety scores in obese men [50]. However, considering that PNX-20 simulates vasopressin but not
oxytocin secretion, the antianxiety effects of PNX appear surprising. Both hormones are involved
in anxiety and social behaviors but present opposite effects. Vasopressin stimulates anxiety- and
depression-related behaviors, whereas oxytocin acts anxiolytically and as an anti-depressive agent [51].
Of note, kisspeptin-13 (KP-13), the neuropeptide stimulating GnRH secretion, displays increased
spontaneous locomotor activity and potentiates anxiety in rats [52]. On the other hand, KP-13 enhances
memory formation and extends memory retention induced by A in mice, in a GPR54 (KP-13 receptor)-
and GnRHR-dependent manner [53]. It is worth noting that although PNX is co-expressed with
nesfatin-1in the hypothalamus, it exerts an opposite effect in terms of anxiety. There is evidence showing
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that nesfatin-1 increases anxiety behavior and fear-related responses in rats [54]. Thus, the effect of
PNX as an anxiolytic peptide is probably complex and requires more extensive research.

6. Other Effects of Phoenixin in Central Nervous System

In the spinal cord, PNX-14 is expressed in the dorsal root ganglion cells [13,15].
The immunoreactivity of PNX-14-positive cells in the superficial layer of the dorsal horn and in
the skin in mice suggested the role of PNX in sensory processes. Subcutaneous injection of PNX-14
to the nape of the neck elicited repetitive scratching bouts in mice. Consistently, the injection of
nalfurafine, an effective kappa opioid receptor agonist, attenuated chemically diverse pruritogens,
20 min before PNX-14 suppressed the scratching bouts induced by the peptide [15]. Of note, PNX-14,
but not PNX-20, exerts this effect. Peptides such as substance P and calcitonin gene-related peptides
play a similar role as substances that affect the pruritus [55]. In addition to an itching sensation, PNX is
involved in nociception [13]. In a pain model using acetic acid in mice, intrathecal injection of PNX-14
reduced the number of writhes compared to vehicle animals. However, PNX showed no effect on
tail-flick latency [13]. In conclusion, PNX is expressed in the dorsal horn of the spinal cord in mice
and is involved in sensory processes. Subcutaneous injection of PNX-14 to the neck elicited excessive
scratching in mice; however, if injected intrathecally, PNX reduced tail-flick latency in the visceral pain
model using acetic acid.

PNX s highly expressed in the nucleus of the solitary tract (NST) [3]. This brain area is involved in
the regulation of reproduction and is responsive to stress. A recent study has proved that PNX exerts
effects on membrane potential as well as spike frequency of NST neurons [56]. Moreover, these effects
can be dependent on the environment and induced by corticosterone treatment physiological stress.
Considering that PNX is involved with reproduction and that stress factors can modulate the PNX
effects on NST neurons, authors have suggested that PNX signaling may play an important role in the
modulatory effects of stress in reproduction [56]. Furthermore, it is worth mentioning that restraint
stress decreases plasma PNX levels in male rats, but in a less pronounced manner than changes in
plasma cortisol levels [57]. Although the PNX contribution to the hypothalamic—pituitary—adrenal axis
appears to be certain, its direct or indirect role is not clear and requires further research.

Immunodetection of PNX is observed in the SON and PVN of the hypothalamus, the areas
controlling the homeostasis of fluid and electrolytes [3]. Hypothalamic magnocellular neurons
transmit the axon through ME into the posterior pituitary gland where predominantly oxytocin and
vasopressin are released [58]. In rats, PNX-20 simulates vasopressin but not oxytocin secretion from
hypothalamic-neurohypophyseal explants. Moreover, it increases water intake in response to fluid
deprivation [59].

It is evident that PNX is involved in regulating body core temperature in mice [6]. PNX-14 or
PNX-20 injected into the lateral ventricles in conscious mice significantly decreased the animal’s core
temperature through a GnRHR-dependent mechanism. Considering the co-expression of PNX with
nesfatin-1 and PNX-induced expression of Kiss1, this observation is apparently surprising as icv
injection of nesfatin-1 and KP-13 increases the body core temperature [52,60]. However, the PNX effect
is dependent on the GnRHR, and Cetrorelix treatment in mice inhibited the hypothermic effect of
PNX [6]. To the best of our knowledge, there is no evidence on the role of GPR173 in thermoregulation,
and the role of PNX in the modulation of the body core temperature may be complex.

7. Phoenixin as Modulator of Lipid and Glucose Metabolism

The role of PNX in controlling metabolism and energy hemostasis is poorly described by the
research data. Several studies found that the blood PNX level depends on body mass. PNX was
shown to be positively correlated with BMI in women [37]. Considering that obesity results from fat
tissue hypertrophy and hyperplasia [61], our group attempted to study the effects of PNX on white
adipogenesis. The results showed that GPR173 mRNA is expressed in rodent white preadipocytes
as well as mature adipocytes [7]. Moreover, we found that PNX peptide is produced and secreted in
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mature white adipocytes [7] and that in vitro PNX-14 potentiates the proliferation of 3T3-L1 and rat
white primary preadipocytes. Finally, we reported that PNX-14 promotes the differentiation of 3T3-L1
as well as rat primary preadipocytes into mature white fat cells. Stimulation of the differentiation of
white fat precursor cells into mature adipocytes was found to be mediated via a cAMP-dependent
mechanism [7]. In summary, these results indicate that PNX-14 may be involved in the formation of
white fat tissue by promoting the proliferation, as well as the differentiation, of preadipocytes into
adipocytes. Nevertheless, more studies are required to elucidate the role of PNX in the metabolism of
fat tissue and endocrine activities.

Endocrine pancreas plays a pivotal role in controlling the metabolism of glucose and lipids.
Pancreatic alpha and beta cells produce and release glucagon and insulin, which differentially
modulate the homeostasis of lipids and glucose. Insulin suppresses postprandial glucose levels,
promotes lipogenesis, and decreases lipolysis. By contrast, glucagon stimulates gluconeogenesis and
promotes lipolysis during negative energy balance [62]. Abnormalities in the functions of alpha and
beta cells are a hallmark of type 1 and type 2 diabetes mellitus [63-65]. There is evidence that the
biology of these cells may be modulated by PNX. An initial study found that the PNX peptide is
present in the pancreatic islets in rats [18]. PNX was detected in the periphery of pancreatic islets,
which is composed of alpha cells; thus, in pancreatic islets, PNX may be produced by glucagon-positive
cells [18]. However, using double immunofluorescence, we detected PNX peptides in both glucagon-
and insulin-positive cells [8]. Moreover, we found that PNX was expressed in insulin-producing rat
INS-1E cells. In addition, using freshly isolated rat pancreatic islets, we observed that PNX secretion is
promoted by high glucose concentration [8]. Overall, these results suggested that PNX may be involved
in modulating the functions of beta as well as alpha cells. Indeed, using INS-1E cells, we found
that PNX-14 stimulated cell proliferation in an ERK1/2- and Akt-dependent manner [8]. In addition,
PNX-14 promoted insulin mRNA expression in INS-1E cells. Based on these, we reported that PNX-14
potentiated glucose-induced insulin secretion in INS-1E cells and in isolated rat pancreatic islets via
a cAMP/Epac-dependent mechanism [8]. On the other hand, the role played by PNX in pancreatic
alpha cells remains to be studied. In summary, these data show that PNX may contribute to the
modulation of energy homeostasis and metabolism by controlling the neogenesis and secretion of
insulin. Nevertheless, more in vivo studies are required to confirm this speculation.

8. Cell-Protective and Anti-Inflammatory Effects of Phoenixin

There is evidence indicating that PNX-20 is implicated in controlling neuronal mitochondrial
functions. A study on neuronal M17 cells showed that PNX-20 promoted the expression of PGC-1a,
NRF-1, and TFAM, which suggested its role in mitochondrial biogenesis [66]. Consequently, the same
study found that PNX-20 increased mitochondrial DNA content, mitochondrial gene expression,
oxygen consumption rate, and intracellular ATP content [66]. However, the effects of PNX-20 on
mitochondrial functions were not observed in cells in which GPR173 was downregulated [66]. Thus,
the study showed that PNX in neurons may be involved in controlling mitochondrial biogenesis in a
GPR173-dependent manner. In addition, PNX was observed to exhibit protective effects in astrocytes.
Wang et al. reported that PNX-14 protects against LPS-induced cell damage and inflammation in mouse
astrocytes [67]. Consistently, Zeng et al. found that PNX-20 attenuated LPS-induced inflammation in
microglial cells [68]. The anti-inflammatory effects of PNX were mediated through the inhibition of
TxNIP-mediated NLRP3 inflammasome activation [68]. In summary, PNX promotes mitochondrial
biogenesis and protects cells from inflammation.

In addition, the role of PNX in ischemia/reperfusion (I/R) processes in the heart and in microglial
cells of the brain was explored [17,30]. The current available studies on the heart show the highest
expression of PNX in the peripheral tissues [3,13]. The peptide directly affects the myocardial cells,
and reduces contractility and relaxation in a dose-dependent manner [17]. This effect of PNX involves
an increase in the phosphorylation of Akt, eNOS, and ERK1/2. Concomitantly, PNX does not alter
the coronary pressure and heart rate. Moreover, Rocca et al. showed that PNX administered at
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the reperfusion phase of I/R acted cardioprotectively, leading to smaller infarct size and a better
systolic recovery in the isolated and Langendorff-perfused rat heart [17]. The cardioprotective effects
were dependent on PNX-induced activation of RISK and SAFE cascades and inhibition of apoptosis.
Considering that PNX is highly expressed in the heart, its exogenous administration does not exclude
the para- or autocrine circuit.

On the other hand, increased plasma PNX level was observed in the postprandial phase in
male rats fed a standard diet but not in animals on high-fat feed [17]. Because plasma PNX levels
are augmented in obesity, probably local production of PNX could be inhibited in myocardial cells.
As Rocca et al. have suggested, the inability of the heart to increase PNX secretion as a result of
ischemia may increase the risk of heart injury in obese subjects [17].

The role of PNX in I/R and ischemic stroke was explored in microglia, and the effects of PNX on
cell death and neuronal damage were studied [30]. Oxygen-glucose deprivation/reperfusion leads to
acute inflammatory response and increases the secretion of proinflammatory cytokines and reactive
oxygen species (ROS) in microglia [69]. Ma et al., have demonstrated that PNX protects against
neuronal damage and inhibits cell death in murine microglial BV2 cells. The anti-inflammatory
activity of PNXis associated with decreased expression of cytokines, including tumor necrosis factor-c,
interleukin-1, and interleukin-6. Moreover, PNX reduces the release of ROS and increases the
production of anti-inflammatory glutathione [69]. Consistently, the protective effects of PNX against I/R
injury reduces the infarct volume as well as suppressing the microglia activation in a middle cerebral
artery occlusion rat model.

The ability of PNX to protect against oxygen-glucose deprivation/reoxygenation injury was
also reported in human bEnd.3 brain endothelial cells [70]. It was found that in these cells upon
oxygen-glucose deprivation/reoxygenation injury, PNX attenuates oxidative stress via suppression
of ROS overproduction and downregulation of HMGB1 expression. Of note, HMGB1 was identified
as a key mediator of immune response during ischemic stroke [71]. The same study found that
PNX increases endothelial monolayer permeability via KLF2-dependet upregulation of occludin
expression [70]. These data collectively indicated that PNX may improve blood-brain barrier function
in patients who suffer from ischemic stroke.

A recently published animal study showed that PNX is able to protect against high-fat diet
(HF)-induced non-alcoholic fatty liver disease in mice [72]. It was found that in mice with experimentally
induced non-alcoholic fatty liver disease, PNX suppressed circulating levels of alanine and aspartate
aminotransferases, cholesterol, and triglyceride as well as attenuating lipid deposition in the liver.
The same study showed that beneficial effects of PNX administration on HFD-induced liver disease
were mediated via attenuation of AMPK/SIRT activation [72].

In addition, a very recent study reported cell-protective effects of PNX and its receptor in
isolated human dental pulp cells [73]. It was found that acting on these cells, PNX attenuates
lipopolysaccharide-induced release of LDH as well as secretion of inflammatory mediators such as
IL-6, MCP-1, VCAM-1, ICAM-1, MMP-2, and MMP-9. In addition, the same study proved that the
anti-inflammatory effects of PNX on LPS-induced injury in dental pulp cells was mediated through
attenuation of TL4 expression and suppression of NF-kB activation.

Considering the cardio- and cerebroprotective effects of PNX in I/R injury, it can be assumed that
this peptide also protects and inhibits inflammatory processes in other tissues.

9. Concluding Remarks

In summary, PNX is implicated in reproduction, behavior, memory, sensory processes,
fluid homeostasis, food intake, and glucose as well as in lipid metabolism (Figure 2). It is evident that
PNX promotes the secretion of gonadotropins and steroid hormones. In addition, several studies have
demonstrated that PNX displays cell-protective effects. Data indicate that the biological effects of PNX
are mediated through the GPR173 receptor. Nevertheless, more studies are required to characterize
the role of PNX and explain the therapeutic potential of PNX and its receptor(s) in human diseases.
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Although the existing research shows the pleiotropic effects of PNX, there is still a lack of studies
confirming the role of PNX under in vivo conditions, especially in humans.
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Figure 2. Summary of the biological effects of PNX.
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ERK1/2 Extracellular signal-regulated kinases 1/2
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PCOS Polycystic ovary syndrome

PGC-1«x Peroxisome proliferator-activated receptor gamma coactivator 1-alpha

PNX Phoenixin

Smim?20 Small integral membrane protein 20

SREB Super Conserved Receptor Expressed in Brain

TEFAM Mitochondrial transcription factor A

VMH Ventromedial nucleus of the hypothalamus
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