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Phoenixin is a pleiotropic peptide, whose known functions have broadened significantly over the last decade. Initially first described as a reproductive peptide in 2013, phoenixin is now recognized as being implicated in hypertension, neuroinflammation, pruritus, food intake, anxiety as well as stress. Due to its wide field of involvement, an interaction with physiological as well as psychological control loops has been speculated. It has shown to be both able to actively reduce anxiety as well as being influenced by external stressors. Initial rodent models have shown that central administration of phoenixin alters the behavior of the subjects when confronted with stress-inducing situations, proposing an interaction with the perception and processing of stress and anxiety. Although the research on phoenixin is still in its infancy, there are several promising insights into its functionality, which might prove to be of value in the pharmacological treatment of several psychiatric and psychosomatic illnesses such as anorexia nervosa, post-traumatic stress disorder as well as the increasingly prevalent stress-related illnesses of burnout and depression. In this review, we aim to provide an overview of the current state of knowledge of phoenixin, its interactions with physiological processes as well as focus on the recent developments in stress response and the possible novel treatment options this might entail.
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1 INTRODUCTION
Phoenixin was first described as a reproductive peptide in 2013 by Yosten et al. (Yosten et al., 2013) who employed a bioinformatic approach in order to deduce possible conserved peptides from human genome data (Yosten et al., 2013). Its highly conserved nature is shown by the very small inter-species variability with no differences in the phoenixin-14 sequence in mammals and only one amino acid variation in the phoenixin-20 sequence in the initially studied tissues (Yosten et al., 2013; Jiang et al., 2015a). Since its discovery, a total of 69 original research papers (10/22) were published on Pubmed. The majority of these research papers have focused on reproduction as well as the neurophysiology of phoenixin, with several publications also focusing on food/water intake and digestion as well as its psychopathological properties and inflammation. Other publications have studied memory impairment and cardiovascular implications.
Several variants of phoenixin have been described, namely 5, 8, 14, 15, 17, 20, 26, 36, and 42 amino-acid long variants (Yosten et al., 2013; Private Communication; Cowan et al., 2015; Phoenix Pharmaceuticals, INC 2021; Pubmed, 2022). The physiologically relevant peptides and targets of most studies are phoenixin-14 and phoenixin-20 (Yosten et al., 2013; Pubmed, 2022). Both forms show a similar affinity to pituitary cell membranes in cell cultures (Yosten et al., 2013). Its precursor protein SMIM20 (also known as MITRAC7 and C4orf52) (Prinz et al., 2017; National Library of Medicine, 2022a) is scarcely researched so far. It is part of the MItochondrial Translation Regulation Assembly intermediate of Cytochrome c (MITRAC), which regulates parts of the respiratory chain, namely the abundance of cytochrome c oxidase (complex IV) through stabilization of COX1, a part of cytochrome c oxidase biogenesis (Dennerlein et al., 2015; Bourens and Barrientos, 2017). This is part of a feedback loop to avoid mitochondrial damage due to excessive precursor buildup (Dennerlein et al., 2015). Deviations from normal complex IV functioning can be the cause of encephalo-cardiomyopathies (Bourens and Barrientos, 2017). Although its absence does not seem to lead to a complete dysfunction of complex IV, early studies have shown a 50% reduction in complex IV activity (Bourens and Barrientos, 2017). Phoenixin-14 is MITRAC7’s most abundant cleavage product, potentially a result of carboxypeptidase cleavage (Lyu et al., 2013).
This review aims to summarize the currently available literature concerning phoenixin, its receptor and its involvement in physiology and pathology as well as outline potential pharmaceutical targets.
2 STATE OF KNOWLEDGE
2.1 Sites of expression—neuroanatomy and neurophysiology
Phoenixin peptide is mainly found in the hypothalamus, but to a lesser extent also present in heart, thymus, gastrointestinal tract, spleen and pancreas (Yosten et al., 2013; Prinz et al., 2017). Phoenixin mRNA was detected in various brain regions, most abundantly in the hypothalamus, amygdala and cerebellum but also the pituitary and brainstem as well as the adrenal gland, heart, ovary, uterus, and kidney (Yosten et al., 2013). Phoenixin immunoreactivity in the brain was mostly observed in the bed nucleus of the stria terminalis (BST), the paraventricular nucleus (PVN), the supraoptic nucleus (SON), lateral hypothalamus, the central amygdaloid nucleus (CeM), the arcuate nucleus (Arc), ventromedial hypothalamus, median eminence, zona incerta, perifornical area, dorsal hypothalamus, the spinocerebellar tract ventral (vsc) and dorsal (dsc), substantia nigra reticulata, the Edinger-Westphal nucleus (EW), raphe pallidus (RPa), the spinal trigeminal tract (sp5), as well as the nucleus of the solitary tract (medial division; mNTS), dorsal motor nucleus of vagus (DMN) and area postrema (AP) (Yosten et al., 2013; Prinz et al., 2017). It has also been observed in the anterior and posterior lobe of the pituitary giving rise to a – besides endocrine signaling – possible paracrine mode of action (Yosten et al., 2013). Phoenixin immunoreactivity is also present in the spinal cord of rodents, namely in the superficial dorsal horn, spinal trigeminal tract as well as dorsal root and trigeminal and nodose ganglion cells (Lyu et al., 2013). Interestingly, phoenixin seems to be distinctly present in cell processes, while phoenixin immunoreactive neurons – when present – seem to be mostly smaller neurons (Lyu et al., 2013; Yosten et al., 2013).
2.2 Receptor
While not definitively proven, GPR173 is the most commonly assumed receptor of phoenixin. The idea of an orphan GPR as phoenixin’s receptor was initially introduced by Lyu et al., since phoenixin was discovered employing a search for ligands for orphan GPRs (Lyu et al., 2013). Treen et al. then suggested GPR173, also known as superconserved receptor expressed in the brain 3 (SREB3), which is an orphan GPR, as the phoenixin receptor (Treen et al., 2016). It is mostly expressed in the brain and ovaries (Matsumoto et al., 2000), overlapping with phoenixin’s known functions in reproduction, anxiolysis and orexigenic effects (Friedrich and Stengel, 2021). More specifically, GPR173 is most prominently present in the piriform cortex, lateral septum (LS), BST, anteroventral periventricular nucleus (AVPN), medial preoptic area (MPO), PVN, ventromedial hypothalamus (VMH), hippocampus, SON, lateral hypothalamic area, paraventricular nucleus of the thalamus, dorsomedial nucleus of the hypothalamus (DMH), CeM and the ventral premammillary nucleus (PMV) (Stein et al., 2016). One publication predating the discorvery of phoenixin found GPR173 mRNA in several tissues extracted from C57BL/6 mice: Medium expression relative to control was found in the hypothalamus, cerebellum, olfactory bulb, hippocampus and striatum, low expression was observed in the cerebral cortex, pituitary, brainstem, retina, eye, ovary, uterus, vena cava, aorta, heart atrium and thyroid (descending order of expression) (Regard et al., 2008). In addition, GPR173 mRNA was also detected in the 3T3-L1 preadipocyte cell line as well as rat primary adipocytes (Billert et al., 2018). GPR173s genetic information is located on the X chromosome, speculatively explaining the gender-specific effects of phoenixin (National Library of Medicine, 2022b). Similar to GnRH and its receptor, phoenixin-20 regulates the expression of GPR173 (Treen et al., 2016; Yang et al., 2020). Curiously, while phoenixin-20 led to an initial increase in GPR173, another study observed a blunted effect of phoenixin-20 after pretreatment with phoenixin-20, leading to speculations about a possible desensitization and suggesting a negative feedback loop after longer exposure of GPR173 to its proposed ligand (Treen et al., 2016). Knockdown of GPR173 with siRNA ameliorated phoenixin-20’s influence on kisspeptin and GnRH regulation (Treen et al., 2016) as well as the observed increase of gonadotropin-releasing hormone (GnRH)-dependent luteinizing hormone (LH) release in vitro, and significantly prolonged the estrous cycle in rodents (Stein et al., 2016). In addition, it reduced a phoenixin-20-induced vasopressin release (Gasparini et al., 2018). In vitro, GPR173 expression in pituitary cell cultures was disrupted by both bisphenol A and the fatty-acid palmitate (McIlwraith et al., 2019), the latter notably was previously shown to increase phoenixin expression (McIlwraith et al., 2018). Interestingly, this palmitate induced reduction in GPR173 expression was only affected in female but not male pituitary cells (McIlwraith et al., 2019), suggesting a gender-specific role of phoenixin.
The initial report suggested that downstream of the receptor, GPR173 signaling could then activate the cAMP-PKA pathway leading to the phosphorylation of the transcription factor CREB (Treen et al., 2016). Notably, MAPK and PKC were seemingly not involved in phoenixin-20’s modulation of GnRH expression (Treen et al., 2016). It should be noted that GnRH(1–5) also activates GPR173 (Wu et al., 2005; Larco et al., 2013a; Treen et al., 2016). Interestingly, GnRH(1–5) does not seem to lead to a coupling of GPR173 with a G-alpha subunit, but rather employ β-arrestin 2 to exert its effect in immortalized GnRH neurons (Larco et al., 2013b). GPR173 activation through GnRH metabolites should therefore be considered a major confounding factor in studies on GPR173 (Treen et al., 2016).
Recently the receptor-ligand relationship of phoenixin and GPR173 has, however, been called into question (Yanez-Guerra et al., 2022). Since the genomic information of GPR173 is not equally present throughout the evolutionary steps of species as the genomic information of phoenixin precursors, the authors suggest that a different receptor must exist (Yanez-Guerra et al., 2022). In addition, calcium mobilization essays showed no increased activation of any of the three SREBs in the presence of phoenixin, when GPR173 was coupled with either [image: image] (Yanez-Guerra et al., 2022). The authors of this recent study however also state, that there are cases in which this method delivered false results. In addition, since GnRH(1–5) induces signaling through β-arrestin 2 (Larco et al., 2013b), this could also be the case for phoenixin. Although this is the only paper so far regarding GPR173 as an unlikely receptor for phoenixin, it should be mentioned especially in the absence of any direct proof that phoenixin actually does bind to the GPR173. Interestingly, several inverse GPR173 agonists with cross-reactivity to GPR85 and GPR27 were described previously, but have not yet been used in any of the studies regarding GPR173 and phoenixin (Yanai et al., 2016). Locations of GPR173 and phoenixin are summarized in supplementary table 1.
2.3 Co-expression with nesfatin-1
Early in the process of better understanding phoenixin’s properties, a co-expression with the peptide nesfatin-1 was described (Palasz et al., 2015). This is especially interesting in light of its opposing physiological effects, that became more and more apparent after further research on phoenixin. These properties of nesfatin-1 include an anorexigenic effect (Atsuchi et al., 2010) and anxiety-increasing properties (Merali et al., 2008), which are in opposition to phoenixin-14’s orexigenic (Schalla et al., 2017) and anxiolytic (Jiang et al., 2015a) effects. Considering their extensive co-expression of 70%–86% in the hypothalamus (Palasz et al., 2015), a functional relationship seems possible. This co-expression was highest in the Arc with a co-expression of 86% (Palasz et al., 2015).
Nesfatin-1 is also involved in glucose and energy homeostasis (Foo et al., 2010; Stengel and Taché, 2013), both processes speculated to be also a target of phoenixin signaling (Friedrich and Stengel, 2021). Nesfatin-1 is itself highly co-expressed with vasopressin, oxytocin, proopiomelanocortin (POMC)/cocaine and amphetamine-regulated transcript (CART) and neuropeptide Y (NPY) (Goebel-Stengel and Wang, 2013; Palasz et al., 2015). These neuropeptides are key elements of hunger/appetite and thereby energy homeostasis (Matafome et al., 2017) as well as water/electrolyte homeostasis (Bichet, 2018). Nesfatin-1 signaling targets these neuropeptides in the PVN as well as the Arc (Palasz et al., 2015), the ladder being an important nucleus of food intake regulation (Schwartz et al., 2000) and as mentioned above also the nucleus with the highest overlap in expression of nesfatin-1 and phoenixin (Palasz et al., 2015). This overlap falls in line with the numerously observed effects of phoenixin on food intake and suggests a possible interaction in this regard. It should be mentioned that the observed overlap in the respective effects could potentially stem from their similar pattern of expression without necessarily proving a direct interaction or feedback loop.
2.4 Effects and involvement
2.4.1 Reproduction
Reproduction is the initially described field of influence of phoenixin-20, which modulates the expression of GnRH receptor in the pituitary (Yosten et al., 2013). In the initial study, the authors speculate that the expression of phoenixin could potentially be modulated by estrogen and be part of the preovulatory release of LH and FSH (Yosten et al., 2013). Phoenixin-14 and -20 increased the GnRH-stimulated release of LH and to a lesser extent follicle-stimulating hormone (FSH) mRNA levels in-vitro (Yosten et al., 2013). This effect is probably gender specific, as phoenixin-20 did not alter LH release in male but only female pituitary cell cultures (Yosten et al., 2013). Another study found both phoenixin-14 and -20 to increase growth hormone (GH) and the GH-releasing hormone receptor (GHRH-R) expression in pituitary cell cultures of spotted scats as well as in vivo (Wang et al., 2018). Phoenixin-20 also potentiated the effects of GnRH on LH release in cell cultures, which was dependent on its putative receptor GPR173 (Stein et al., 2016).
LH release was also affected in vivo, with a significant increase in plasma LH levels after intracerebroventricular (icv) injection of phoenixin-20 (Stein et al., 2016). Since GnRH modulation can be autoregulated (Kaiser et al., 1993; Lerrant et al., 1995), phoenixin-20 leads to an increase of GnRH-induced GnRH receptor upregulation, thereby supporting its feedback loop (Yosten et al., 2013). Interestingly, icv administration of phoenixin siRNA led to a prolongation of the estrous cycle in rats, showing its physiological necessity for the estrous cycle in rodents (Yosten et al., 2013).
The influence on the estrous cycle might also be a result of a modulated kisspeptin signaling, since phoenixin-20 increased Kiss1 mRNA expression in vitro (Treen et al., 2016). Plasma phoenixin-14 is also elevated in women with polycystic ovary syndrome (PCOS) and correlates to the LH levels in those patients (Ullah et al., 2017). Patients suffering from PCOS exhibited a negative correlation between phoenixin-14 and estrogen as well as a positive correlation between phoenixin-14 and nesfatin-1 (Ullah et al., 2017). Interestingly, when treated with the endocrine disruptive molecule BPA only male hypothalamic cell lines showed a decreased phoenixin expression (McIlwraith et al., 2018), indicating a sex-specific regulatory mechanism. With regard to reduced fertility, phoenixin-14 was also shown to have potential pharmaceutical properties, since a recent study in rodents suggests a possible use in obesity-associated reduced fertility, where oral application of phoenixin-14 reduced serum insulin, testosterone, reactive oxygen species (ROS), malondialdehyde (MDA), tumor-necrosis-factor-α (TNF-α) and caspase-3 while increasing estrogen, progesterone, LH and FSH (Basha et al., 2022).
Interestingly, both an antagonism of the GnRH receptor with the drug cetrorelix as well as treatment with buserelin, an agonist of this receptor, led to an increase in hypothalamic expression of phoenixin’s precursor SMIM20 (Suszka-Switek et al., 2019). It is to note, that cetrorelix induces a plethora of effects, including anxiolytic, anti-depressant and memory-enhancing effects (Telegdy et al., 2009; Suszka-Switek et al., 2019) and its interaction with GPR173 is not yet elucidated. A similar effect was observed in the pituitary and ovary of rats, which also exhibited an increased expression of SMIM20 after both agonism and antagonism of GnRH-R (Suszka-Switek et al., 2019). Contrary to SMIM20, GPR173 was downregulated in the hypothalamus and pituitary after both agonism and antagonism of GnRH-R (Suszka-Switek et al., 2019), further supporting a possible feedback loop with phoenixin/SMIM20. Phoenixin has also been shown to enhance follicular growth via GPR173 activation, which was suppressed by GPR173 siRNA (Nguyen et al., 2019). In another study, phoenixin-14 as well as nesfatin-1 administered icv in male rats did not alter GnRH plasma levels, while leading to an increase in plasma levels of FSH, LH and testosterone (Guvenc et al., 2019). Their effects were most pronounced 30 min after injection and even more so when administered together, suggesting a synergistic effect of phoenixin-14 and nesfatin-1 in male reproduction (Guvenc et al., 2019). Since phoenixin serum levels of patients suffering from endometriosis were lower than those of healthy women, the phoenixin pathway was also proposed as a possible target for endometriosis treatment (Kulinska et al., 2021).
2.4.2 Pain and pruritus
Phoenixin has shown analgetic properties when injected intrathecally, specifically a suppression of visceral pain stimuli when the amidated phoenixin was injected, while thermal pain was unaffected (Lyu et al., 2013). Episodes of visceral pain as part of epileptiform activity have been reported in one case report of a family with a deletion in chromosome 4p15, which is the genetic location of phoenixin’s precursor protein SMIM20 (Kinton et al., 2002). Although this does not necessarily indicate an implication of phoenixin, both its isoforms were shown to exert a pruritogen effect in mice, that was reversible by kappa-opioid receptor agonist application together with phoenixin-14 (Cowan et al., 2015). Since pruritus is hypothesized to be a mild pain sensation in the context of neuronal signaling, this would further support an involvement of phoenixin in pain modulation (Cowan et al., 2015). Neurons that exhibited phoenixin immunoreactivity were also shown to have axons reaching the epidermis (Cowan et al., 2015), leading to the assumption that phoenixin might not only play a role in visceral pain, but also an involvement in peripheral sensation. Notably, the pruritogen effect was most likely not mediated centrally, but locally, since this is one of the few publications showing an effect of phoenixin after peripheral application (Cowan et al., 2015).
2.4.3 Cardiac physiology
Although not extensively studied with regard to cardiac performance, phoenixin-14 was shown to reduce contractility and relaxation of perfused rat hearts and seems to exert cardioprotective effects via the survivor activating factor enhancement (SAFE) and reperfusion injury salvage kinase (RISK) pathways as well as via influencing mitochondrial ATP-dependent potassium (Mito-KATP) channels (Rocca et al., 2018). These antiapoptotic properties of phoenixin-14 were observed regardless of weight status in rats. Interestingly, phoenixin’s concentration measured by an ELISA assay in the rat heart was increased after an ischemia protocol (Rocca et al., 2018). The authors speculate about a possible autocrine or paracrine regulation of cardiac function, employing the nitric oxide (NO) pathway (Rocca et al., 2018) leading to a decrease in L-type calcium channel currents (Abi-Gerges et al., 2001). Phoenixin-14 has shown both cardioprotective properties by increasing contractile function after an ischemia protocol and reducing apoptosis, both also in obese rodents, as well as negative properties such as the reduction in relaxation, which is also present in cardiac pathologies such as heart failure with normal ejection fraction (Rocca et al., 2018). Phoenixin also seems to be linked to hypertension, with a recent report showing an inverse correlation between blood pressure and serum phoenixin-14 and -20 levels as well as body weight and phoenixin levels (Akdu et al., 2022). Notably, this study investigated both male and female subjects (Akdu et al., 2022). The recently presented evidence suggesting a protective effect of phoenixin-20 against ox-LDL-induced atherosclerosis (Wei et al., 2021) together with its altered levels in arterial hypertension and its proposed cardioprotective properties could potentially make it a target for pharmaceutical treatment of hypertension or cardiac dysfunction.
2.4.4 Memory and cognitive function
Phoenixin-14 was shown to improve both memory formation as well as memory retention when injected icv or infused into the hippocampus in mice (Jiang et al., 2015b). Specifically, it attenuated the memory impairment caused by amyloid-β1-42 and scopolamine (Jiang et al., 2015b), which would hint towards possible applications in the treatment of amyloid-caused dementia. This proved to be a GnRH receptor dependent effect, since it was blocked by the GnRH receptor antagonist cetrorelix (Jiang et al., 2015b). In a human in vitro stroke model, phoenixin-14 was shown to protect brain endothelial cells against oxygen-glucose deprivation/reoxygenation (OGD/R) injury through an attenuation of ROS and NADPH-Oxidase-1 (NOX1), while inhibiting high-mobility-group-box-1 (HMGB1) expression and simultaneously enhancing the protective molecule NO (Zhang and Li, 2020). All effects were dose-dependent and the effects of OGD/R were either fully recovered or greatly attenuated by 200 nM phoenixin-14 treatment over 24 h (Zhang and Li, 2020). The observed reduction in epithelial permeability was attributed to increased occludin expression via the Kruppel-like factor 2 (KLF2) pathway (Zhang and Li, 2020).
Another neuroprotective pathway was observed in a human neuronal cell culture model, where phoenixin-20 enhanced mitochondrial biogenesis through the cAMP-response-element-binding protein (CREB) pathway and an induction of peroxisome proliferator-activated receptor γ-co-activator 1α (PGC-1α), NRF-1 (nuclear respiratory factor 1) and TFAM (transcription factor A, mitochondrial) as well as an increased ATP production, supporting the survival of neurons (Yang et al., 2020). Similarly, phoenixin-20 also showed to have protective properties in an acute stroke model, where it reduced the infarcted area while also improving neurological function scores in a mouse model (Wang et al., 2022). The suggested pathway of this neuroprotective effect was also shown to be GPR173 dependent (Wang et al., 2022).
Apart from stroke models, phoenixin-14 was recently shown to be a potential therapeutic target for epilepsy, since it reduced interictal-like spikes in an epilepsy model in murine brain slices (Kalkan et al., 2021). This is especially interesting given the fact that a deletion of phoenixin’s precursor molecule was shown to induce epileptiform seizures (Kinton et al., 2002).
2.4.5 Energy homeostasis—food and fluid intake
There are several studies investigating the effects of phoenixin on food and fluid intake. Phoenixin-14 injected icv lead to a significant increase in food intake, which was not observed after peripheral (intraperitoneal, ip) injection (Schalla et al., 2017). This was accompanied by an activation of nesfatin-1 neurons in the LS, SON, PVN and NTS (Friedrich et al., 2019). Animals treated with icv phoenixin siRNA did not show weight loss during an 8-day period (Yosten et al., 2013). Phoenixin plasma levels were significantly elevated during the postprandial phase in rats (Rocca et al., 2018). This, however, was not observed in obese rats that received a high-fat diet (Rocca et al., 2018). It should be mentioned that it is unclear whether the chow or the obesity caused the lower plasma levels (Rocca et al., 2018).
With regard to fluid homeostasis, phoenixin siRNA did not lead to a reduction in vasopressin in the hypothalamus (Yosten et al., 2013), while phoenixin-20 increased the release of vasopressin in vitro in hypothalamo-neurohypophyseal explants (Gasparini et al., 2018) as well as in vivo in the plasma of icv injected animals (Gasparini et al., 2018) with a peak around 20 min after injection. This effect was dose-dependent and disrupted by icv GPR173 siRNA injection, leading to the assumption that the effect is GPR173 dependent (Gasparini et al., 2018). A role in fluid and electrolyte homeostasis was suggested (Gasparini et al., 2018). Concurrently, icv injection of phoenixin-14 (Friedrich et al., 2019) and -20 have shown to increase drinking behavior in both male and female rats, which was ameliorated by pretreatment with losartan or blockage of GPR173 before phoenixin-20 application (Haddock et al., 2020). Male rats were, however, less affected by phoenixin-20 application than female rats in this experiment (Haddock et al., 2020), showing a sex-specific effect of phoenixin in non-reproductive functions. Phoenixin-20 also stimulated the release of vasopressin both in vivo and in vitro in explants containing the SON as mentioned above (Gasparini et al., 2018), which taken together with the observed blockage of phoenixin’s dipsogenic properties by losartan suggests an involvement of phoenixin in vasopressin-dependent fluid regulation.
Phoenixin mRNA expression was also shown to increase in the hypothalamus after fasting and return to normal levels within 3 h after refeeding in spotted scats (Wang et al., 2018). Since phoenixin’s precursor SMIM20 mRNA is present in preadipocytes of rats and phoenixin-14 itself is also involved in the proliferation and storage of lipids in preadipocytes (Billert et al., 2018), phoenixin is likely not only involved in food intake but also in energy storage and body mass, further supported by the previously shown correlation with BMI (Yuruyen et al., 2017). Expression of phoenixin mRNA in immortalized hypothalamic neurons is influenced by several fatty acids, namely palmitate, oleate and DHA, leading to the authors’ assumption of an involvement in nutrient sensing (McIlwraith et al., 2018). Phoenixin is also present in pancreatic alpha and beta cells, from which its secretion is induced by high glucose levels (Billert et al., 2019). In a recent report, phoenixin-14 also reduced pancreatic injury induced by streptozotocin (STZ) without affecting insulin levels (Ozdemir-Kumral et al., 2022), hinting towards a role in glucose-homeostasis through the protection of pancreatic cells. Phoenixin-14 furthermore enhanced the secretion of insulin from pancreatic INS-1E cells through modulation of cAMP/Epac signaling (Billert et al., 2019), further suggesting an involvement of phoenixin not only in appetite and food intake but also energy- and glucose-homeostasis.
Due to its highly conserved nature (Yosten et al., 2013), phoenixin-20 has also been observed to mediate food intake in fish, where its levels were decreased after fasting in several tissues, namely the brain, liver, muscle and gonads (Rajeswari et al., 2020). Interestingly, peripheral injection of phoenixin-20 did have an effect in fish, where it lead to a reduction in feeding in both sexes (Rajeswari et al., 2020) as opposed to the lack of an effect of a peripheral injection of phoenxin-14 in rodents (Schalla et al., 2017).
It should be noted, that phoenixin is mostly described as an orexigenic peptide in mammals, contrary to the observed reduction in food intake in zebrafish (Rajeswari et al., 2020), suggesting not only a sex-specific, but also a species-dependent mode of action. Although not statistically significant, SREB3 – also known as GPR173 – was elevated after fasting in the gut and liver (Rajeswari et al., 2020). In patients suffering from anorexia nervosa, phoenixin serum levels were decreased and normalized with weight gain, with body weight and phoenixin levels being positively correlated (Palasz et al., 2019). Although the causality is not yet known – whether reduced phoenixin levels possibly cause or enhance anorexia nervosa symptoms or potentially are a result of the reduced food intake – a clear connection can be observed.
3 IMPLICATIONS IN STRESS AND ANXIETY
Phoenixin was mostly studied in rodents, where icv injection of phoenixin-14 showed a dose dependent anxiolytic effect (Jiang et al., 2015a). This was in part attenuated by a GnRH receptor antagonist while being unaffected by vasopressin/oxytocin receptor antagonists (Jiang et al., 2015a). Direct infusion into the amygdala did not show any anxiolytic effects (Jiang et al., 2015a), leading to a proposed GnRH dependent mode of action most likely located in the anterior hypothalamic area (AHA) (Jiang et al., 2015a). Therefore, a GnRH receptor dependent and oxytocin independent anxiolytic effect has been proposed (Jiang et al., 2015a). In humans, a negative association between plasma phoenixin levels and anxiety in obese men was observed (Hofmann et al., 2017).
In addition to anxiolytic effects, phoenixin injected icv into the lateral ventricles led to a dose dependent decrease in core body temperature, which was also in some form dependent on GnRH receptor activity, since its blockage decreased phoenixin-14’s effects (Jiang et al., 2015a). The reduction in body temperature peaked 20 min after injection and lasted for roughly 1 hour (Jiang et al., 2015a).
As shown previously by our research group, both restraint stress (Friedrich et al., 2020) and immunological LPS stress (Friedrich et al., 2022) altered central phoenixin immunoreactivity. Restraint stress simulated emotional stress and caused an increase in activity and phoenixin density in several nuclei, namely the RPa, mNTS and DMN (Friedrich et al., 2020). An effect of restraint stress on phoenixin was also shown in another restraint stress study, which showed a decrease in phoenixin plasma concentration 15 min after restraint stress was administered (Schalla et al., 2020). These levels correlated with serum nesfatin-1 levels (Schalla et al., 2020).
Immunological stress exerted through an ip injection of lipopolysaccharide (LPS) resulted in a similar pattern in brain activity, namely activating the SON, CeM, RPa, mNTS and DMN and increasing phoenixin immunoreactivity (Friedrich et al., 2022). Phoenixin-20 was shown to have protective properties against LPS induced inflammation in dental pulp cells, where it reduced the release of LDH and attenuated the activity of the TLR-4, Myd88 and NF-κB pathway (Sun et al., 2020). This anti-inflammatory response employed GPR173 since silencing of GPR173 with shRNA abolished the effects (Sun et al., 2020). In another study, the authors showed an attenuation of the stress response of the endoplasmatic reticulum (ER) as a protective mechanism of phoenixin-14 against LPS-induced immunological stress in astrocytes (Wang et al., 2020). It also reduced the activation of the NLRP3 inflammasome and the abundance of ROS as well as decreased IL-1β and IL-18 production (Wang et al., 2020). The effects of phoenixin-14 on the NLRP3 expression and the reduced interleukin production were GPR173 dependent as shown by siRNA knockdown (Wang et al., 2020). Phoenixin-14 also reduced the increase of the high mobility group box 1 (HMGB1) protein (Wang et al., 2020), an inductor of NLRP3 expression (Frank et al., 2016) under conditions of inflammatory stress. This protective mechanism was also present in the OGD/R model (Zhang and Li, 2020). The same attenuation of the NLRP3 inflammasome was observed in microglial cells in vitro when treated with phoenixin-20 (Zeng et al., 2020), where the expression of thioredoxin-interacting protein (TxNIP), necessary for NLRP3 inflammasome activation (Nasoohi et al., 2018), was reduced by phoenixin, with phoenixin-14 and -20 showing a similar mode of action. The effects of phoenixin-20 were dependent on the sirtuin-1 (SIRT-1) pathway, since the inhibition of this pathway by nicotinamide abolished the effect (Zeng et al., 2020). Apart from neuroprotective properties, phoenixin-14 was also shown to ameliorate indomethacin-induced duodenal ulcers (Zandeh-Rahimi et al., 2022). Although in this study the model was used as a surrogate for inflammatory bowel disease, its results might hint towards effectiveness in the treatment of stress-induced ulcers as well, since its effectiveness surpassed that of a histamine-2-receptor antagonist, which is considered a treatment option in stress ulcers (Young et al., 2020; Zandeh-Rahimi et al., 2022).
The effects of phoenixin on neuron excitability in the NTS, a nucleus that both contains phoenixin and is activated by it (Prinz et al., 2017; Friedrich et al., 2022), has also been shown by a distinctive decrease in spike frequency variability when animals were – by accident – subjected to construction noise while also receiving phoenixin treatment (Grover et al., 2020). The construction noise had a similar effect as a pretreatment with corticosterone (CORT) for 22 days (Grover et al., 2020). Without the stressor present, phoenixin increased the firing frequency as well as the depolarization by 32% and 50%, respectively (Grover et al., 2020). These results suggest that phoenixin also plays a role in the reaction to external sensory stressors – noise in this case – and not only internal stressors such as endotoxin presence or emotional restraint stress.
As described above, nesfatin-1 is seemingly interconnected with phoenixin, exerting an antagonistic effect in most regards. Apart from food intake and anxiety, nesfatin-1 is also involved in various stressors such as surgical stress (Stengel et al., 2010), metabolic stress (Sun et al., 2021) and restraint stress (Sun et al., 2021). The importance of nesfatin-1 in stress is further underlined by its capability to activate the hypothalamus-pituitary-adrenal (HPA) axis and increase corticosterone levels in plasma after it was applied icv (Konczol et al., 2010). As reported previously, corticosterone treatment for 22 days abolished the effects of phoenixin on NTS neuron excitability (Grover et al., 2020), thereby suggesting an indirect link between nesfatin-1 and phoenixin in chronic stress, where an increase in corticosterone induced by nesfatin-1 signaling reduced phoenixin’s effects on neuron excitability, thereby indirectly reducing neuron excitability in the NTS, which is the “gateway” nucleus for peripheral sensory signals (Ran et al., 2022). This could be interpreted as an adaptation or desensitization towards the stressor in order to avoid an excessive stress response. A previously proposed pathway could be an activation of nesfatin-1 receptors in the PVN, a highly relevant nucleus in stress reactions which contains many CRF neurons regulating ACTH release (Vermetten and Bremner, 2002). Phoenixin depolarized magnocellular neurons in the PVN and increased firing frequency in vitro (Gasparini et al., 2018). The PVN was also shown by autoradiography to contain nesfatin-1 receptors (Prinz et al., 2016), leading to the assumption of an activation of nesfatin-1-receptor expressing neurons and thereby increasing the activity of the HPA axis. Since nesfatin-1 is able to cross the blood-brain barrier (Pan et al., 2007) and also elicited an increase in CRF mRNA expression in the hypothalamus and increased plasma corticosterone levels after chronic application (Ge et al., 2015), interaction of peripheral and central signaling might also play a role. To summarize this theory, stressors relayed via the NTS could lead to an increase in nesfatin-1 signaling, which then activates the PVN and increases corticosterone levels, which in turn over a longer period of time reduce phoenixin effects in the NTS, thereby reducing the amount of peripheral sensory stress input relayed via the NTS and allowing for an adaptation to the stressor.
4 PHARMACOLOGICAL PROPERTIES AND OUTLOOK
As of now, phoenixin is not yet in use for human pharmaceutical purposes, since research on phoenixin and its possible pharmacological properties are still in its infancy. The currently published studies do, however, provide us with some insight into its possible and probable clinical applications. The observed effects of phoenixin are mainly increased appetite (Schalla and Stengel, 2019), reduced anxiety (Jiang et al., 2015a), increased fertility (Basha et al., 2022) and cardioprotective properties (Wei et al., 2021). These fall perfectly in line with the pathologies observed in patients with anorexia nervosa, namely inhibited appetite and reduced body weight, increased parameters of anxiety and depressiveness and decreased fertility as a result of the low body weight (Figure 1) (Zipfel et al., 2015; Westmoreland et al., 2016). Anorexia nervosa is also one of the psychiatric diseases, for which both pharmacological as well as psychotherapeutic treatment still render unsatisfactory results with a high risk of relapse. Its mortality rate is the highest of all psychiatric disorders (Edakubo and Fushimi, 2020). New therapies are therefore of the utmost importance for patients suffering from anorexia nervosa.
[image: Figure 1]FIGURE 1 | Potential therapeutic effects of phoenixin–The effects of pathologies (red arrows) on physiological functions (blue) and the associated possible therapeutic effects of phoenixin (green arrows) on those affected functions.
The phoenixin pathway seems a possible target for future drug development. Its anxiolytic and orexigenic properties could be helpful in both the initial phase of treatment in order to stabilize body weight and reduce the malnutrition as well as in long-term treatment, possibly by both exerting an anxiolytic as well as an antidepressant effect. As previously reported, phoenixin serum levels were significantly lower in patients suffering from anorexia nervosa compared to healthy controls (Palasz et al., 2019). The observed normalization of phoenixin serum levels when patients gained weight and the resulting positive correlation between phoenixin and body weight normalization (Palasz et al., 2019) deliver an initial hint towards a possible role of phoenixin in the pathogenesis of anorexia nervosa.
Apart from its known effects on food intake and anxiety, a relevant information for the practicality of phoenixin as a pharmaceutical target that remains to be elucidated in order to evaluate usefulness is whether or not it can cross the blood-brain barrier. This question is not yet answered, hints in either direction exist (Schalla et al., 2017; Rocca et al., 2018). In the absence of specific active transport processes, size and polarity i.e. lipophilicity of molecules can determine its ability to cross the blood-brain barrier (Mangas-Sanjuan et al., 2010). While smaller molecules have a much better chance of passing it, larger molecules could potentially shield dipolar parts of a molecule and thereby aide its ability to cross (Warren, 2018). Threshold values for size and polarity are believed to be around <400 Da with less than eight possible hydrogen-bonding spots exposed by the protein (Pardridge, 2012). Although smaller molecules without any further modification have a better chance of passing the blood-brain barrier, neither the small phoenixin-14 molecules nor the larger SMIM20 molecules should be ruled out as possible pharmacological targets. It should be noted that the differentiation between phoenixin’s ability to penetrate into the cerebrospinal fluid and its ability to cross the blood-brain barrier is very important (Pardridge, 2012). Interestingly, icv administration of phoenixin led to a different effect than peripheral injection as described above. Besides reaching adjacent nuclei after icv injection (Yan et al., 1994), phoenixin could also be applied intranasally. Other peptides such as orexin A (Dhuria et al., 2009) as well as the GLP-1 antagonist exendin(9–39) (Banks et al., 2004) were shown to be able to reach the brain this way in early animal models. The ability to avoid the blood-brain barrier this way is commonly discussed (Hanson and Frey, 2008) but not universally agreed upon (Pardridge, 2019). All of these speculations warrant further research, specifically the distribution of phoenixin after icv administration, elucidation of its ability to permeate the blood-brain barrier as well as its effects once it has crossed the blood-brain barrier.
Another aspect of phoenixin in regard to its pharmacological potential is the observed sex specific nature of its effects (McIlwraith et al., 2018; McIlwraith et al., 2019; Haddock et al., 2020). In addition, the receptor and its binding sequence have not yet been positively identified and proven, hindering the research into possible ligands and agonists as well as antagonists. Since GPR173 has recently been doubted as phoenixin’s receptor (Yanez-Guerra et al., 2022), the identification of phoenixin’s receptor is of utmost importance. Expression and coexpression studies as well as further research on the affinity of phoenixin to GPR173 as well as other GPRs could also hint towards possible side effects and interactions with other pathways and should be explored. Aside from phoenixin itself, a further elucidation of its pathway and proposed antagonist nesfatin-1 will be of importance. As of now it is unclear if phoenixin and nesfatin-1 interact directly, through their respective receptors or possibly even share binding capabilities for GPR173. Therefore, an indirect influence on the phoenixin pathway through nesfatin-1 modulation might be an option further down the line.
Importantly, it should be mentioned that all of phoenixin’s possible drug targets and pharmaceutical use cases remain highly speculative at the moment and the hypotheses discussed above should be interpreted as such. Current scientific data is by far premature for a use of phoenixin or its pathway in human medical drug treatment within the coming decade. Nonetheless, as outlined in this review, the possibilities are plentiful and from the limited research that is available, the properties of phoenixin seem promising. There is, however, much to be studied in order to gain more insight into phoenixin and develop use cases.
AUTHOR CONTRIBUTIONS
TF wrote the initial draft of the review. AS revised and finalized the review.
FUNDING
This work was funded by the Deutsche Forschungsgemeinschaft (STE1765/3-2). We further acknowledge support by Deutsche Forschungsgemeinschaft and the Open Access Publishing Fund of the Charité-Universitätsmedizin Berlin.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2023.1076800/full#supplementary-material
REFERENCES
 Abi-Gerges, N., Fischmeister, R., and Mery, P. F. (2001). G protein-mediated inhibitory effect of a nitric oxide donor on the L-type Ca2+ current in rat ventricular myocytes. J. Physiol. 531, 117–130. doi:10.1111/j.1469-7793.2001.0117j.x
 Akdu, S., Can, U., and Polat, E. (2022). Investigation of serum phoenixin levels in patients with hypertension. Rev. Assoc. Med. Bras. 68, 814–819. doi:10.1590/1806-9282.20220153
 Atsuchi, K., Asakawa, A., Ushikai, M., Ataka, K., Tsai, M., Koyama, K., et al. (2010). Centrally administered nesfatin-1 inhibits feeding behaviour and gastroduodenal motility in mice. Neuroreport 21, 1008–1011. doi:10.1097/WNR.0b013e32833f7b96
 Banks, W. A., During, M. J., and Niehoff, M. L. (2004). Brain uptake of the glucagon-like peptide-1 antagonist exendin(9-39) after intranasal administration. J. Pharmacol. Exp. Ther. 309, 469–475. doi:10.1124/jpet.103.063222
 Basha, E. H., Eltokhy, A. K. B., Eltantawy, A. F., Heabah, N. A. E., Elshwaikh, S. L., and El-Harty, Y. M. (2022). Linking mitochondrial dynamics and fertility: Promoting fertility by phoenixin through modulation of ovarian expression of GnRH receptor and mitochondrial dynamics proteins DRP-1 and mfn-2. Pflugers Arch. 474, 1107–1119. doi:10.1007/s00424-022-02739-y
 Bichet, D. G. (2018). Vasopressin and the regulation of thirst. Ann. Nutr. Metab. 72 (2), 3–7. doi:10.1159/000488233
 Billert, M., Wojciechowicz, T., Jasaszwili, M., Szczepankiewicz, D., Wasko, J., Kazmierczak, S., et al. (2018). Phoenixin-14 stimulates differentiation of 3T3-L1 preadipocytes via cAMP/Epac-dependent mechanism. Biochim. Biophys. Acta Mol. Cell. Biol. Lipids 1863, 1449–1457. doi:10.1016/j.bbalip.2018.09.006
 Billert, M., Kolodziejski, P. A., Strowski, M. Z., Nowak, K. W., and Skrzypski, M. (2019). Phoenixin-14 stimulates proliferation and insulin secretion in insulin producing INS-1E cells. Biochim. Biophys. Acta Mol. Cell. Res. 1866, 118533. doi:10.1016/j.bbamcr.2019.118533
 Bourens, M., and Barrientos, A. (2017). A CMC1-knockout reveals translation-independent control of human mitochondrial complex IV biogenesis. EMBO Rep. 18, 477–494. doi:10.15252/embr.201643103
 Cowan, A., Lyu, R. M., Chen, Y. H., Dun, S. L., Chang, J. K., and Dun, N. J. (2015). Phoenixin: A candidate pruritogen in the mouse. Neuroscience 310, 541–548. doi:10.1016/j.neuroscience.2015.09.055
 Dennerlein, S., Oeljeklaus, S., Jans, D., Hellwig, C., Bareth, B., Jakobs, S., et al. (2015). MITRAC7 acts as a COX1-specific chaperone and reveals a checkpoint during cytochrome c oxidase assembly. Cell. Rep. 12, 1644–1655. doi:10.1016/j.celrep.2015.08.009
 Dhuria, S. V., Hanson, L. R., and Frey, W. H. (2009). Intranasal drug targeting of hypocretin-1 (orexin-A) to the central nervous system. J. Pharm. Sci. 98, 2501–2515. doi:10.1002/jps.21604
 Edakubo, S., and Fushimi, K. (2020). Mortality and risk assessment for anorexia nervosa in acute-care hospitals: A nationwide administrative database analysis. BMC Psychiatry 20, 19. doi:10.1186/s12888-020-2433-8
 Foo, K. S., Brauner, H., Ostenson, C. G., and Broberger, C. (2010). Nucleobindin-2/nesfatin in the endocrine pancreas: Distribution and relationship to glycaemic state. J. Endocrinol. 204, 255–263. doi:10.1677/JOE-09-0254
 Frank, M. G., Weber, M. D., Fonken, L. K., Hershman, S. A., Watkins, L. R., and Maier, S. F. (2016). The redox state of the alarmin HMGB1 is a pivotal factor in neuroinflammatory and microglial priming: A role for the NLRP3 inflammasome. Brain Behav. Immun. 55, 215–224. doi:10.1016/j.bbi.2015.10.009
 Friedrich, T., Schalla, M. A., Scharner, S., Kühne, S. G., Goebel-Stengel, M., Kobelt, P., et al. (2019). Intracerebroventricular injection of phoenixin alters feeding behavior and activates nesfatin-1 immunoreactive neurons in rats. Brain Res. 1715, 188–195. doi:10.1016/j.brainres.2019.03.034
 Friedrich, T., Schalla, M. A., Lommel, R., Goebel-Stengel, M., Kobelt, P., Rose, M., et al. (2020). Restraint stress increases the expression of phoenixin immunoreactivity in rat brain nuclei. Brain Res. 1743, 146904. doi:10.1016/j.brainres.2020.146904
 Friedrich, T., Schalla, M. A., Goebel-Stengel, M., Kobelt, P., Rose, M., and Stengel, A. (2022). Inflammatory stress induced by intraperitoneal injection of LPS increases phoenixin expression and activity in distinct rat brain nuclei. Brain Sci. 12, 135. doi:10.3390/brainsci12020135
 Friedrich, T., and Stengel, A. (2021). Role of the novel peptide phoenixin in stress response and possible interactions with nesfatin-1. Int. J. Mol. Sci. 22, 9156. doi:10.3390/ijms22179156
 Gasparini, S., Stein, L. M., Loewen, S. P., Haddock, C. J., Soo, J., Ferguson, A. V., et al. (2018). Novel regulator of vasopressin secretion: Phoenixin. Am. J. Physiol. Regul. Integr. Comp. Physiol. 314, R623–R628. doi:10.1152/ajpregu.00426.2017
 Ge, J. F., Xu, Y. Y., Qin, G., Peng, Y. N., Zhang, C. F., Liu, X. R., et al. (2015). Depression-like behavior induced by nesfatin-1 in rats: Involvement of increased immune activation and imbalance of synaptic vesicle proteins. Front. Neurosci. 9, 429. doi:10.3389/fnins.2015.00429
 Goebel-Stengel, M., and Wang, L. (2013). Central and peripheral expression and distribution of NUCB2/nesfatin-1. Curr. Pharm. Des. 19, 6935–6940. doi:10.2174/138161281939131127124814
 Grover, H. M., Smith, P. M., and Ferguson, A. V. (2020). Phoenixin influences the excitability of nucleus of the solitary tract neurones, effects which are modified by environmental and glucocorticoid stress. J. Neuroendocrinol. 32, e12855. doi:10.1111/jne.12855
 Guvenc, G., Altinbas, B., Kasikci, E., Ozyurt, E., Bas, A., Udum, D., et al. (2019). Contingent role of phoenixin and nesfatin-1 on secretions of the male reproductive hormones. Andrologia 51, e13410. doi:10.1111/and.13410
 Haddock, C. J., Almeida-Pereira, G., Stein, L. M., Yosten, G. L. C., and Samson, W. K. (2020). A novel regulator of thirst behavior: Phoenixin. Am. J. Physiol. Regul. Integr. Comp. Physiol. 318, R1027–R1035. doi:10.1152/ajpregu.00023.2020
 Hanson, L. R., and Frey, W. H. (2008). Intranasal delivery bypasses the blood-brain barrier to target therapeutic agents to the central nervous system and treat neurodegenerative disease. BMC Neurosci. 9 (3), S5. doi:10.1186/1471-2202-9-S3-S5
 Hofmann, T., Weibert, E., Ahnis, A., Elbelt, U., Rose, M., Klapp, B. F., et al. (2017). Phoenixin is negatively associated with anxiety in obese men. Peptides 88, 32–36. doi:10.1016/j.peptides.2016.12.011
 Jiang, J. H., He, Z., Peng, Y. L., Jin, W. D., Mu, J., Xue, H. X., et al. (2015). Effects of Phoenixin-14 on anxiolytic-like behavior in mice. Behav. Brain Res. 286, 39–48. doi:10.1016/j.bbr.2015.02.011
 Jiang, J. H., He, Z., Peng, Y. L., Jin, W. D., Wang, Z., Mu, L. Y., et al. (2015). Phoenixin-14 enhances memory and mitigates memory impairment induced by Aβ1-42 and scopolamine in mice. Brain Res. 1629, 298–308. doi:10.1016/j.brainres.2015.10.030
 Kaiser, U. B., Jakubowiak, A., Steinberger, A., and Chin, W. W. (1993). Regulation of rat pituitary gonadotropin-releasing hormone receptor mRNA levels in vivo and in vitro. Endocrinology 133, 931–934. doi:10.1210/endo.133.2.8393779
 Kalkan, O. F., Sahin, Z., Ozturk, H., Keser, H., Aydin-Abidin, S., and Abidin, I. (2021). Phoenixin-14 reduces the frequency of interictal-like events in mice brain slices. Exp. Brain Res. 239, 2841–2849. doi:10.1007/s00221-021-06179-5
 Kinton, L., Johnson, M. R., Smith, S. J., Farrell, F., Stevens, J., Rance, J. B., et al. (2002). Partial epilepsy with pericentral spikes: A new familial epilepsy syndrome with evidence for linkage to chromosome 4p15. Ann. Neurol. 51, 740–749. doi:10.1002/ana.10221
 Konczol, K., Bodnar, I., Zelena, D., Pinter, O., Papp, R. S., Palkovits, M., et al. (2010). Nesfatin-1/NUCB2 may participate in the activation of the hypothalamic-pituitary-adrenal axis in rats. Neurochem. Int. 57, 189–197. doi:10.1016/j.neuint.2010.04.012
 Kulinska, K. I., Andrusiewicz, M., Dera-Szymanowska, A., Billert, M., Skrzypski, M., Szymanowski, K., et al. (2021). Phoenixin as a new target in the development of strategies for endometriosis diagnosis and treatment. Biomedicines 9, 1427. doi:10.3390/biomedicines9101427
 Larco, D. O., Cho-Clark, M., Mani, S. K., and Wu, T. J. (2013). The metabolite GnRH(1–5) inhibits the migration of immortalized GnRH neurons. Endocrinology 154, 783–795. doi:10.1210/en.2012-1746
 Larco, D. O., Semsarzadeh, N. N., Cho-Clark, M., Mani, S. K., and Wu, T. J. (2013). β-Arrestin 2 is a mediator of GnRH(1–5) signaling in immortalized GnRH neurons. Endocrinology 154, 4726–4736. doi:10.1210/en.2013-1286
 Lerrant, Y., Kottler, M. L., Bergametti, F., Moumni, M., Blumberg-Tick, J., and Counis, R. (1995). Expression of gonadotropin-releasing hormone (GnRH) receptor gene is altered by GnRH agonist desensitization in a manner similar to that of gonadotropin beta-subunit genes in normal and castrated rat pituitary. Endocrinology 136, 2803–2808. doi:10.1210/endo.136.7.7789305
 Lyu, R. M., Huang, X. F., Zhang, Y., Dun, S. L., Luo, J. J., Chang, J. K., et al. (2013). Phoenixin: A novel peptide in rodent sensory ganglia. Neuroscience 250, 622–631. doi:10.1016/j.neuroscience.2013.07.057
 Mangas-Sanjuan, V., Gonzalez-Alvarez, M., Gonzalez-Alvarez, I., and Bermejo, M. (2010). Drug penetration across the blood-brain barrier: An overview. Ther. Deliv. 1, 535–562. doi:10.4155/tde.10.37
 Matafome, P., Eickhoff, H., Letra, L., and Seica, R. (2017). Neuroendocrinology of adipose tissue and gut-brain Axis. Adv. Neurobiol. 19, 49–70. doi:10.1007/978-3-319-63260-5_3
 Matsumoto, M., Saito, T., Takasaki, J., Kamohara, M., Sugimoto, T., Kobayashi, M., et al. (2000). An evolutionarily conserved G-protein coupled receptor family, SREB, expressed in the central nervous system. Biochem. Biophys. Res. Commun. 272, 576–582. doi:10.1006/bbrc.2000.2829
 McIlwraith, E. K., Loganathan, N., and Belsham, D. D. (2018). Phoenixin expression is regulated by the fatty acids palmitate, docosahexaenoic acid and oleate, and the endocrine disrupting chemical bisphenol A in immortalized hypothalamic neurons. Front. Neurosci. 12, 838. doi:10.3389/fnins.2018.00838
 McIlwraith, E. K., Loganathan, N., and Belsham, D. D. (2019). Regulation of Gpr173 expression, a putative phoenixin receptor, by saturated fatty acid palmitate and endocrine-disrupting chemical bisphenol A through a p38-mediated mechanism in immortalized hypothalamic neurons. Mol. Cell. Endocrinol. 485, 54–60. doi:10.1016/j.mce.2019.01.026
 Merali, Z., Cayer, C., Kent, P., and Anisman, H. (2008). Nesfatin-1 increases anxiety- and fear-related behaviors in the rat. Psychopharmacol. Berl. 201, 115–123. doi:10.1007/s00213-008-1252-2
 Nasoohi, S., Ismael, S., and Ishrat, T. (2018). Thioredoxin-interacting protein (TXNIP) in cerebrovascular and neurodegenerative diseases: Regulation and implication. Mol. Neurobiol. 55, 7900–7920. doi:10.1007/s12035-018-0917-z
 National Library of Medicine (2022). SMIM20 small integral membrane protein 20. Bethesda, MA: National Library of Medicine. Available at: https://www.ncbi.nlm.nih.gov/gene/389203 (accessed 9th of December, 2022). 
 National Library of Medicine (2022). GPR173 G protein-coupled receptor 173. Bethesda, MA: National Library of Medicine. Available at: https://www.ncbi.nlm.nih.gov/gene?Db=gene&Cmd=DetailsSearch&Term=54328 (accessed 9th of December, 2022). 
 Nguyen, X. P., Nakamura, T., Osuka, S., Bayasula, B., Nakanishi, N., Kasahara, Y., et al. (2019). Effect of the neuropeptide phoenixin and its receptor GPR173 during folliculogenesis. Reproduction 158, 25–34. doi:10.1530/REP-19-0025
 Ozdemir-Kumral, Z. N., Sen, E., Yapici, H. B., Atakul, N., Domruk, O. F., Aldag, Y., et al. (2022). Phoenixin 14 ameloriates pancreatic injury in streptozotocin-induced diabetic rats by alleviating oxidative burden. J. Pharm. Pharmacol. 74, 1651–1659. rgac055. doi:10.1093/jpp/rgac055
 Palasz, A., Rojczyk, E., Bogus, K., Worthington, J. J., and Wiaderkiewicz, R. (2015). The novel neuropeptide phoenixin is highly co-expressed with nesfatin-1 in the rat hypothalamus, an immunohistochemical study. Neurosci. Lett. 592, 17–21. doi:10.1016/j.neulet.2015.02.060
 Palasz, A., Tyszkiewicz-Nwafor, M., Suszka-Switek, A., Bacopoulou, F., Dmitrzak-Weglarz, M., Dutkiewicz, A., et al. (2019). Longitudinal study on novel neuropeptides phoenixin, spexin and kisspeptin in adolescent inpatients with anorexia nervosa - association with psychiatric symptoms. Nutr. Neurosci. 24, 896–906. doi:10.1080/1028415X.2019.1692494
 Pan, W., Hsuchou, H., and Kastin, A. J. (2007). Nesfatin-1 crosses the blood-brain barrier without saturation. Peptides 28, 2223–2228. doi:10.1016/j.peptides.2007.09.005
 Pardridge, W. M. (2019). Blood-brain barrier and delivery of protein and gene therapeutics to brain. Front. Aging Neurosci. 11, 373. doi:10.3389/fnagi.2019.00373
 Pardridge, W. M. (2012). Drug transport across the blood-brain barrier. J. Cereb. Blood Flow. Metab. 32, 1959–1972. doi:10.1038/jcbfm.2012.126
 Phoenix Pharmaceuticals, INC (2021) Phoenixin-15 (human, rat, mouse, porcine, bovine, canine). Burlingame, United States: Phoenix Pharmaceuticals, INC. Available at: https://phoenixpeptide.com/products/view/Peptides/079-02 (accessed 20th of October, 2022). 
 Pubmed: Phoenixin. Available at: https://pubmed.ncbi.nlm.nih.gov/?term=Phoenixin (accessed 20th of October, 2022). 
 Prinz, P., Goebel-Stengel, M., Teuffel, P., Rose, M., Klapp, B. F., and Stengel, A. (2016). Peripheral and central localization of the nesfatin-1 receptor using autoradiography in rats. Biochem. Biophys. Res. Commun. 470, 521–527. doi:10.1016/j.bbrc.2016.01.113
 Prinz, P., Scharner, S., Friedrich, T., Schalla, M., Goebel-Stengel, M., Rose, M., et al. (2017). Central and peripheral expression sites of phoenixin-14 immunoreactivity in rats. Biochem. Biophys. Res. Commun. 493, 195–201. doi:10.1016/j.bbrc.2017.09.048
 Private CommunicationPrivate communication with Dr. Oliver Jahraus, Phoenix Europe GmbH. 
 Rajeswari, J. J., Blanco, A. M., and Unniappan, S. (2020). Phoenixin-20 suppresses food intake, modulates glucoregulatory enzymes, and enhances glycolysis in zebrafish. Am. J. Physiol. Regul. Integr. Comp. Physiol. 318, R917–R928. doi:10.1152/ajpregu.00019.2020
 Ran, C., Boettcher, J. C., Kaye, J. A., Gallori, C. E., and Liberles, S. D. (2022). A brainstem map for visceral sensations. Nature 609, 320–326. doi:10.1038/s41586-022-05139-5
 Regard, J. B., Sato, I. T., and Coughlin, S. R. (2008). Anatomical profiling of G protein-coupled receptor expression. Cell. 135, 561–571. doi:10.1016/j.cell.2008.08.040
 Rocca, C., Scavello, F., Granieri, M. C., Pasqua, T., Amodio, N., Imbrogno, S., et al. (2018). Phoenixin-14: Detection and novel physiological implications in cardiac modulation and cardioprotection. Cell. Mol. Life Sci. 75, 743–756. doi:10.1007/s00018-017-2661-3
 Schalla, M., Prinz, P., Friedrich, T., Scharner, S., Kobelt, P., Goebel-Stengel, M., et al. (2017). Phoenixin-14 injected intracerebroventricularly but not intraperitoneally stimulates food intake in rats. Peptides 96, 53–60. doi:10.1016/j.peptides.2017.08.004
 Schalla, M. A., Goebel-Stengel, M., Friedrich, T., Kühne, S. G., Kobelt, P., Rose, M., et al. (2020). Restraint stress affects circulating NUCB2/nesfatin-1 and phoenixin levels in male rats. Psychoneuroendocrinology 122, 104906. doi:10.1016/j.psyneuen.2020.104906
 Schalla, M. A., and Stengel, A. (2019). The role of phoenixin in behavior and food intake. Peptides 114, 38–43. doi:10.1016/j.peptides.2019.04.002
 Schwartz, M. W., Woods, S. C., Porte, D., Seeley, R. J., and Baskin, D. G. (2000). Central nervous system control of food intake. Nature 404, 661–671. doi:10.1038/35007534
 Stein, L. M., Tullock, C. W., Mathews, S. K., Garcia-Galiano, D., Elias, C. F., Samson, W. K., et al. (2016). Hypothalamic action of phoenixin to control reproductive hormone secretion in females: Importance of the orphan G protein-coupled receptor Gpr173. Am. J. Physiol. Regul. Integr. Comp. Physiol. 311, R489–R496. doi:10.1152/ajpregu.00191.2016
 Stengel, A., Goebel, M., Wang, L., and Taché, Y. (2010). Abdominal surgery activates nesfatin-1 immunoreactive brain nuclei in rats. Peptides 31, 263–270. doi:10.1016/j.peptides.2009.11.015
 Stengel, A., and Taché, Y. (2013). Role of NUCB2/Nesfatin-1 in the hypothalamic control of energy homeostasis. Horm. Metab. Res. 45, 975–979. doi:10.1055/s-0033-1351324
 Sun, G., Ren, Q., Bai, L., and Zhang, L. (2020). Phoenixin-20 suppresses lipopolysaccharide-induced inflammation in dental pulp cells. Chem. Biol. Interact. 318, 108971. doi:10.1016/j.cbi.2020.108971
 Sun, H., Zhao, H., Yan, Z., Liu, X., Yin, P., and Zhang, J. (2021). Protective role and molecular mechanism of action of Nesfatin-1 against high glucose-induced inflammation, oxidative stress and apoptosis in retinal epithelial cells. Exp. Ther. Med. 22, 833. doi:10.3892/etm.2021.10265
 Suszka-Switek, A., Palasz, A., Filipczyk, L., Menezes, I. C., Mordecka-Chamera, K., Angelone, T., et al. (2019). The GnRH analogues affect novel neuropeptide SMIM20/phoenixin and GPR173 receptor expressions in the female rat hypothalamic-pituitary-gonadal (HPG) axis. Clin. Exp. Pharmacol. Physiol. 46, 350–359. doi:10.1111/1440-1681.13061
 Telegdy, G., Tanaka, M., and Schally, A. V. (2009). Effects of the LHRH antagonist Cetrorelix on the brain function in mice. Neuropeptides 43, 229–234. doi:10.1016/j.npep.2009.03.001
 Treen, A. K., Luo, V., and Belsham, D. D. (2016). Phoenixin activates immortalized GnRH and kisspeptin neurons through the novel receptor GPR173. Mol. Endocrinol. 30, 872–888. doi:10.1210/me.2016-1039
 Ullah, K., Ur Rahman, T., Wu, D. D., Lin, X. H., Liu, Y., Guo, X. Y., et al. (2017). Phoenixin-14 concentrations are increased in association with luteinizing hormone and nesfatin-1 concentrations in women with polycystic ovary syndrome. Clin. Chim. Acta 471, 243–247. doi:10.1016/j.cca.2017.06.013
 Vermetten, E., and Bremner, J. D. (2002). Circuits and systems in stress. I. Preclinical studies. Depress Anxiety 15, 126–147. doi:10.1002/da.10016
 Wang, M., Deng, S. P., Chen, H. P., Jiang, D. N., Tian, C. X., Yang, W., et al. (2018). Phoenixin participated in regulation of food intake and growth in spotted scat, Scatophagus argus. Comp. Biochem. Physiol. B Biochem. Mol. Biol. 226, 36–44. doi:10.1016/j.cbpb.2018.07.007
 Wang, J., Zheng, B., Yang, S., Tang, X., Wang, J., and Wei, D. (2020). The protective effects of phoenixin-14 against lipopolysaccharide-induced inflammation and inflammasome activation in astrocytes. Inflamm. Res. 69, 779–787. doi:10.1007/s00011-020-01355-9
 Wang, S., Liang, R., and Liu, H. (2022). Phoenixin-20 ameliorates brain infarction by promoting microglia M2 polarization in an ischemic stroke model. Metab. Brain Dis. 37, 1517–1526. doi:10.1007/s11011-022-00950-5
 Warren, K. E. (2018). Beyond the Blood:Brain Barrier: The importance of central nervous system (CNS) pharmacokinetics for the treatment of CNS tumors, including diffuse intrinsic pontine glioma. Front. Oncol. 8, 239. doi:10.3389/fonc.2018.00239
 Wei, X., Lin, H., Zhang, B., Li, M., Chen, Y., Huang, Y., et al. (2021). Phoenixin-20 prevents ox-LDL-induced attachment of monocytes to human aortic endothelial cells (HAECs): A protective implication in atherosclerosis. ACS Chem. Neurosci. 12, 990–997. doi:10.1021/acschemneuro.0c00787
 Westmoreland, P., Krantz, M. J., and Mehler, P. S. (2016). Medical complications of anorexia nervosa and bulimia. Am. J. Med. 129, 30–37. doi:10.1016/j.amjmed.2015.06.031
 Wu, T. J., Mani, S. K., Glucksman, M. J., and Roberts, J. L. (2005). Stimulation of luteinizing hormone-releasing hormone (LHRH) gene expression in GT1-7 cells by its metabolite, LHRH-(1-5). Endocrinology 146, 280–286. doi:10.1210/en.2004-0560
 Yan, Q., Matheson, C., Sun, J., Radeke, M. J., Feinstein, S. C., and Miller, J. A. (1994). Distribution of intracerebral ventricularly administered neurotrophins in rat brain and its correlation with trk receptor expression. Exp. Neurol. 127, 23–36. doi:10.1006/exnr.1994.1076
 Yanai, T., Kurosawa, A., Nikaido, Y., Nakajima, N., Saito, T., Osada, H., et al. (2016). Identification and molecular docking studies for novel inverse agonists of SREB, super conserved receptor expressed in brain. Genes. cells. 21, 717–727. doi:10.1111/gtc.12378
 Yanez-Guerra, L. A., Thiel, D., and Jekely, G. (2022). Premetazoan origin of neuropeptide signaling. Mol. Biol. Evol. 39, msac051. doi:10.1093/molbev/msac051
 Yang, Y., Lv, Y., Liu, J., Zhang, S., Li, Y., and Shi, Y. (2020). Phoenixin 20 promotes neuronal mitochondrial biogenesis via CREB-PGC-1α pathway. J. Mol. Histol. 51, 173–181. doi:10.1007/s10735-020-09867-8
 Yosten, G. L., Lyu, R. M., Hsueh, A. J., Avsian-Kretchmer, O., Chang, J. K., Tullock, C. W., et al. (2013). A novel reproductive peptide, phoenixin. J. Neuroendocrinol. 25, 206–215. doi:10.1111/j.1365-2826.2012.02381.x
 Young, P. J., Bagshaw, S. M., Forbes, A. B., Nichol, A. D., Wright, S. E., Bailey, M., et al. (2020). Effect of stress ulcer prophylaxis with proton pump inhibitors vs histamine-2 receptor blockers on in-hospital mortality among ICU patients receiving invasive mechanical ventilation: The PEPTIC randomized clinical trial. JAMA 323, 616–626. doi:10.1001/jama.2019.22190
 Yuruyen, M., Gultekin, G., Batun, G. C., Yavuzer, H., Akcan, F. E., Doventas, A., et al. (2017). Does plasma phoenixin level associate with cognition? Comparison between subjective memory complaint, mild cognitive impairment, and mild alzheimer's disease. Int. Psychogeriatr. 29, 1543–1550. doi:10.1017/S1041610217000825
 Zandeh-Rahimi, Y., Panahi, N., Hesaraki, S., and Shirazi-Beheshtiha, S. H. (2022). Protective effects of phoenixin-14 peptide in the indomethacin-induced duodenal ulcer: An experimental study. Int. J. Pept. Res. Ther. 28, 43. doi:10.1007/s10989-021-10314-9
 Zeng, X., Li, Y., Ma, S., Tang, Y., and Li, H. (2020). Phoenixin-20 ameliorates lipopolysaccharide-induced activation of microglial NLRP3 inflammasome. Neurotox. Res. 38, 785–792. doi:10.1007/s12640-020-00225-w
 Zhang, B., and Li, J. (2020). Phoenixin-14 protects human brain vascular endothelial cells against oxygen-glucose deprivation/reoxygenation (OGD/R)-induced inflammation and permeability. Arch. Biochem. Biophys. 682, 108275. doi:10.1016/j.abb.2020.108275
 Zipfel, S., Giel, K. E., Bulik, C. M., Hay, P., and Schmidt, U. (2015). Anorexia nervosa: Aetiology, assessment, and treatment. Lancet Psychiatry 2, 1099–1111. doi:10.1016/s2215-0366(15)00356-9
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Friedrich and Stengel. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/xhtml/nav.xhtml
Contents

		Cover

		Current state of phoenixin—the implications of the pleiotropic peptide in stress and its potential as a therapeutic target		1 Introduction

		2 State of knowledge		2.1 Sites of expression—neuroanatomy and neurophysiology

		2.2 Receptor

		2.3 Co-expression with nesfatin-1

		2.4 Effects and involvement





		3 Implications in stress and anxiety

		4 Pharmacological properties and outlook

		Author contributions

		Funding

		Publisher’s note

		Supplementary material

		References









OPS/images/cover.jpg
, frontiers | Frontiers in Pharmacology

Current state of phoenixin—the
implications of the pleiotropic
peptide in stress and its
potential as a therapeutic target





OPS/images/fphar-14-1076800-g001.gif
POTENTIAL THERAPEUTIC EFFECTS OF PHOENIXIN

Food intake
Fertity

Cell amage.

Inflammation

Heart disease

Contractle function

theroscieross

o[n]e2]s]s]s]e]e
&

Fiid homeostass

slalelalildie
i






OPS/images/inline_1.gif
Ggio Or Gggs









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
& frontiers | Frontiers in Pharmacology





