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Neuropeptide Y (NPY), which is widely distributed in the nervous system, is involved in regulating a variety of biological processes, including food intake, energy metabolism, and emotional expression. However, emerging evidence points to NPY also as a critical transmitter between the nervous system and immune system, as well as a mediator produced and released by immune cells. In vivo and in vitro studies based on gene-editing techniques and specific NPY receptor agonists and antagonists have demonstrated that NPY is responsible for multifarious direct modulations on immune cells by acting on NPY receptors. Moreover, via the central or peripheral nervous system, NPY is closely connected to body temperature regulation, obesity development, glucose metabolism, and emotional expression, which are all immunomodulatory factors for the immune system. In this review, we focus on the direct role of NPY in immune cells and particularly discuss its indirect impact on the immune response.
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Introduction

Neuropeptide Y (NPY), a polypeptide consisting of 36 amino acid residues, was first isolated from the porcine brain in 1982. It belongs to the neuroendocrine peptide NPY family, which also includes peptide YY (PYY) and pancreatic polypeptide (1). The NPY is widely present throughout the body. In the central nervous system (CNS), it is distributed in the hippocampus, cerebral cortex, hypothalamus, thalamus, brain stem, and cerebellum structures (2). In the peripheral nervous system, NPY is stored in the postganglionic sympathetic nerve, and co-stored and co-released with norepinephrine (NE) (3). An increasing number of studies have found widespread existence of NPY in peripheral tissues, such as the retina, smooth muscle, intestine, bone marrow, and thymus (4–7). Moreover, NPY is also expressed in a variety of immune cells. Its extensive distribution has a series of biological effects on various processes, including food intake, energy metabolism, stem cell differentiation, blood pressure regulation, and immune regulation (2, 8–10).

NPY exerts its effects through interaction with NPY receptors (NPYRs), which are seven-transmembrane G protein-coupled receptors with different isoforms. There are six isoforms of NPY, Y1, Y2, Y3, Y4, Y5, and Y6 receptors, except Y3R, which have been cloned in mammals (11). The Y6R is inactive in primates as it loses seven transmembrane domains, but it plays a particular biological function in mice (12). Various NPYRs own corresponding specific agonists with the most robust affinities, Summarized in Figure 1. Though diverse, their structures are surprisingly similar, having an N-terminal which ends with tyrosine (13). Notably, dipeptidyl peptidase 4 (CD26) on the cell membrane is a serine protease that participates in the primary N-terminal truncation of NPY and PYY, leading to the formation of NPY3-36 and PYY3-36 (14) (Figure 1A). Promisingly, several specific NPYRs antagonists have been developed (13) (Figure 1B).




Figure 1 | The agonists and antagonists of Y receptors. (A) NPY and PYY are processed into different ligands. Although these ligands have a similar amino acid composition to NPY/PYY, when the two amino acid residues of NPY/PYY are replaced or truncated, it significantly changes their affinity for different Y receptor subtypes. (B) The most commonly used agonists and antagonists specific for different Y receptor subtypes. NPY, neuropeptide Y; PYY, peptide YY; Tyr, Tyrosine; Leu, Leucine; Pro, Proline; Ala, Alanine; Aib, 2-aminoisobutyric acid.



By utilizing specific agonists and antagonists of the NPYRs, it was shown that NPY and its receptors involved in the functional modulation of immune cells could directly act on the NPYRs of immune cells to regulate the immune response. Additionally, NPY plays a crucial role in body temperature (BT) regulation, weight control, glucose metabolism, anti-anxiety, and anti-depression, which are closely related to the immune response. Therefore, we propose an indirect effect of NPY on immune regulation. In this review, we highlight the direct role of NPY in the immune response and discuss its potential impact on the immune system.



NPY and Its Receptors in the Immune System


Sources of NPY in the Immune System

The NPY of the immune system is mainly derived from the sympathetic nervous system, parenchymal, and immune cells (Table 1). The sympathetic nerve releases NPY to act on the immune organs it innervates (15, 31, 32). Furthermore, splenic tissue sections release NE and NPY spontaneously or under electric field stimulation; subsequently, NPY acts on the Y1R to inhibit the release of interleukin-6 (IL-6) (31), suggesting that neuronal release of NPY modifies the immune response. Indeed, NPY produced by splenic sympathetic nerve endings mediates nerve communication with immune cells (15). Furthermore, NE significantly promotes the release of NPY from prostate cancer cells through the β-2 adrenergic receptors (NE-β-2AR-cAMP pathway) (18), thereby regulating the tumor immune microenvironment.


Table 1 | Source and role of neuropeptide Y.



The removal of the sympathetic nerve did not reduce the content of NPY in the spleen. Moreover, denervation retained high NPY expression in leukocytes isolated from renal grafts, implying that immune cells independently provide NPY (33). However, the NPY of immune cells is inducibly expressed rather than constitutively expressed. It appears that immune cells synthesize NPY only when stimulated or differentiated into mature cells (21, 22, 28, 29), and subsequently participate in the regulation of cytokine production and activity of immune cells (25). In addition, nerve growth factor promotes NPY synthesis by unstimulated T cells; however, this effect is not observed in B cells (29).



NPYRs in the Immune System

NPYRs are widely expressed in immune cells, especially Y1R, which exists in almost every type of immune cell (Table 2). Y1R was initially detected in rat splenic lymphocytes. Although it shares 100% homology with Y1R receptors in the brain, its basal expression level is significantly lower than that measured in the frontal cortex (37). However, in a variety of immune cells, when functional activity is required, the basal expression of NPYRs is robustly upregulated after antigen stimulation or inflammatory stimulation (27, 36, 41). Moreover, NPY also plays a role in regulating the expression of its receptors (28).


Table 2 | Neuropeptide Y receptors in immune cells.



The expression of NPYRs is also altered depending on age and pathological status. The percentage of granulocytes in air pouch expressing Y1R, Y2R, and Y5R in adult rats was significantly higher than that noted in young and old rats; however, there was no difference between young and old rats (39). Moreover, Y4R, Y5R, and Y6R of tyrosine hydroxylase positive (TH+) cells were significantly increased in diabetic mice (15), and Y1R expression was also increased in the bone marrow-derived dendritic cells (BMDCs) of obese mice (24). Although homologous immune cells express various receptors, the expression of different Y receptor subtypes on a single cell and their effects on cell function warrant further investigation.




NPY Directly Regulates Immune Cells

The innervation of immune organs constitutes the anatomical link between the nervous system and immune system. The sympathetic nerve fibers end in the parenchyma in close contact with immune cells (44). At this neuroimmune junction, the neurotransmitters released by sympathetic nerve endings can stimulate specific receptors on immune cells and affect the function of immune cells. For example, activation of the central amygdala (CeA) and paraventricular nucleus (PVN) corticotropin-releasing-hormone neurons control humoral immune responses in a T-cell-dependent manner by promoting splenic sympathetic output and releasing NE (45). Moreover, under the stimulation of inflammation, the content of NPY secreted by neurogenic, structural, and immune cells is elevated, regulating immune cell function in a paracrine or autocrine manner (46–48). Thus, endogenous NPY may serve as an immunoregulatory factor directly on NPYRs of immune cells (Figure 2).




Figure 2 | NPY directly regulates immune cells. NPY of the immune system derived from the secretion of the sympathetic nervous system, tissue structure cells, and immune cells. NPY plays multiple roles in immune cells, including via Y1R inhibiting activation and regulation of proliferation, differentiation, and cytokine secretion; via Y1R/Y2R/Y5R mediating phagocytosis and migration. Among these, Y1R has a bimodal effect on the immune system, showing both anti-inflammatory properties and specific pro-inflammatory effects. In addition, the Y1R mainly mediates the promotion of NPY, while the Y2/Y5 receptor mediates the inhibition of NPY. Therefore, the interaction of Y1R and Y2/Y5R is involved in the regulation of immune cells. In this figure, NPY receptor symbols on different immune cells symbolize their involvement in the diverse functional regulation of NPY. NK, natural killer; NPY, neuropeptide Y; SNS, sympathetic nervous system.




Lymphocytes

NPY-IR nerve fibers are in close contact with lymphocytes (46), and NPY produced by splenic sympathetic nerve endings facilitates nerve communication with TH+ leukocytes (15). It betokens that NPY is engaged in lymphocyte recruitment. Indeed, NPY preferentially mobilized CD4+ T cells at high doses, whereas it recruited IgMlowCD5+CD11b+B cell subsets dose-dependently (49).

Additionally, the physiological concentration of NPY induces high-level adhesion of human and murine T cells to fibronectin in the resting-state by inciting β1 integrins. In humans, this may be due to Y2R activation providing a pre-adhesion signal for T cells (50). However, in rats, Y1R and Y5R also participate in lymphocyte mobilization, in which Y-5R activation is enhanced, and Y-1R tension inhibits adrenaline-induced leukocyte mobilization (35).

Discrepantly, NPY heightened the chemotaxis of lymphocytes in axillary and peripheral lymph nodes of mice, yet it restricted the chemotaxis of thymic lymphocytes and had no impact on splenic lymphocytes (51). Withal, the regulatory effect of NPY on chemotaxis is inhibited or absent in aged animals. Therefore, NPY may alter lymphocyte recruitment by modifying lymphocyte adhesion and tropism, depending on the activated receptor, age, and lymphocyte subsets.

NPY (10−12–10−8 M) inhibited lymphocyte proliferation in vitro (33). NPY significantly restrained lymphocyte proliferation in response to stimulation with mitogen Concanavalin A or lipopolysaccharide (LPS) (5). Moreover, this regulatory effect of NPY may be exerted by diminishing the production of IL-2; however, those effects are abrogated with aging (5). Furthermore, the Y1R pathway is involved in the supervision of B cell development in bone marrow, decreasing the number of pro-B, pre-B, and immature B cells and increasing that of mature B cells (52).

Interestingly, in humans, NPY also appears to preserve T and B lymphocytes from apoptosis, and promotes the proliferation of lymphocytes. In critically ill patients, the level of NPY is positively correlated with the total number of lymphocytes, T helper (Th) cells, and toxic T cells (53). Furthermore, serum NPY is negatively correlated with the expression of apoptosis-related molecule Fas/Fas ligand in Th cells and cytotoxic T cells, and negatively correlated with the expression of Fas in B cells (54). Early studies demonstrated that NPY (10−12–10−6 M) facilitates the proliferation of human colonic lamina propria lymphocytes by promoting the production of IL-1β in monocytes (55). Nevertheless, whether NPY has a positive role in lymphocyte survival and proliferation merits further research.

NPY also improves the Th2 inflammatory response in asthmatic patients (56). Indeed, NPY (10−9 M) upregulates the expression of IL-6 and IL-10 by human immature dendritic cells, promoting the secretion of IL-4 via Th2 polarization, and inhibits the production of interferon-gamma (IFN-γ) (57). It has been demonstrated at the animal level that activation of Y1R may be required for this process, as specific Y1R agonists have a significant inhibitory effect on Th1 polarization and promote autoimmune T cells to Th2 bias (42). However, Y1R holds a bimodal role in the immune system, serving as a potent negative regulator of T cells and a key activator of antigen-presenting function (58). While Y1R signaling can inhibit the activation of T cells, mice without a Y1R signal are resistant to Th1 cell-mediated inflammatory response, showing a decrease in the level of Th1 cell-promoting factor IL-12 and the production of IFN -γ. It may be that NPY stimulates Th1 cells to secrete Th1 (IL-2 and IFN -γ) and Th2 (IL-4) cytokines and directly stimulates Th2 cells to secrete IFN -γ (50).



Natural Killer Cells

The NK cell is a critical immune cell in the body, playing an essential role in anti-tumor, anti-virus infection, and immune regulation (59). In the context of inflammation, NPY inhibits NK cell activity. NK cells need to be fully activated to exert their immune effects, and this process can be interrupted by Y1R signaling. Studies have demonstrated that human NK cell activity is negatively correlated with plasma NPY levels (60). Intravenous injection of NPY begets a dose-dependent inhibitory effect on splenic NK activity in rats (61). Moreover, the Y1R antagonist eliminates the inhibitory effect on NK cell activity (61).

The regulation of NPY on NK cells is characterized by heterogeneity. Analogously, large doses of NPY (50 μg/kg) intravenously mobilized activated NK cells, while low doses of NPY (0.1 μg/kg) significantly reduced the number of NK cells in the blood (49). Further, 15 min following the intraventricular injection of NPY (10−9 M), the number of NK cells in the blood increased, while the toxicity of NK cells decreased. However, 1 h and 24 h after the initial immunosuppression, NPY enhanced the activity of NK cells (62). Finally, NPY stimulated the NK activity in axillary lymph nodes and thymus of adult (24±2 weeks) and mature (50±2 weeks) animals, whereas it inhibited the NK activity in the spleen of young mice (12±2 weeks). Moreover, it decreased the cAMP level in the leukocytes of adult mice, indicating that the messenger may be involved in the regulation of NK cells by NPY (63).



Dendritic Cells

In mice stimulated by inflammation, the maturation of DC and the production of inflammatory cytokines are hindered by NPY (24). Following stimulation, endogenous tonic activation of Y1R, Y2R, and Y5R inhibited the expression of pro-inflammatory factors. This tonic activation also inhibited the expression of maturation markers of DC. Indeed, NPY (10−9 M) failed to induce the phenotypic maturation of BMDCs. Nevertheless, its dose-dependent (10−12–10−7 M) effect caused transendothelial migration of immature DCs by binding to Y1R, and activating the extracellular signal-regulated kinase (ERK) and p38 mitogen-activated protein kinase. Furthermore, NPY plays an anti-inflammatory role by promoting the production of IL-6 and IL-10 in DCs, inducing T-cell to polarize toward Th2 (24).

However, the pro-migration effectiveness of NPY on DCs appears to play a specific pro-inflammatory role, leading to the aggravation of local inflammation in mice (64). NPY inhibited the expression of costimulatory molecules CD80 and CD86 in antigen-presenting cells (65). Similarly, BMDCs in Y1R-deficient mice exhibited an impaired phagocytic capacity for fluorescent-labeled ovalbumin and reduced their production of IL-12, thus failing to provide optimal stimulation to T cells (58). Interestingly, both human BMDCs and murine Langerhans cells can synthesize NPY (20, 21); hence, NPY may control the function of antigen-presenting cells in an autocrine-dependent manner to induce adequate adaptive immune responses.



Granulocytes

The role of NPY in granulocytes is heterogeneous. It is based on both the dose of NPY, the diverse receptor activation, and the source of granulocytes. In the bronchoalveolar lavage fluid of the mouse asthma model, the concentration of NPY was positively correlated with the total count of leukocytes and eosinophils (66). Furthermore, NPY enhanced human neutrophil phagocytosis of Escherichia coli at low doses but did not alter respiratory burst. At high concentrations, NPY inhibited phagocytosis but enhanced respiratory burst (41).

However, various isoforms of NPYRs activation also play different roles. Activation of Y1R heightens granulocyte adhesion and phagocytosis of zymosan by rat granulocytes (34). On the contrary, activation of Y5R does not regulate its phagocytosis, but inhibits its adhesion (34). Indeed, Y1R antagonists possess an inhibitory potency on mice eosinophils (64). Moreover, Y2R of granulocytes appears to have an unusual opposite effect versus Y1/Y5R. Activation of Y1/Y5R inhibited the phagocytosis of zymosan by rat granulocytes (39), but potentiated phagocytosis by stimulating the production of reactive oxygen species in human neutrophils (41). In contrast, Y2/Y5R stimulation did not affect the phagocytosis of zymosan by rat granulocytes (39), but resulted in a substantial reduction in its production of reactive oxygen species (67).

NPY also has various impacts on granulocytes at different localities (68). NPY inhibits the function of blood granulocytes by activating Y1R. On the contrary, NPY and Y1R antagonist BIBP3304+NPY initiate the function of splenic granulocytes.

Regulation of granulocyte phagocytosis by NPY is manifested by different effects on heterologous particles. NPY holds the ability to enhance opsonin-dependent phagocytosis by human neutrophils, but has no or a slight inhibitory effect on opsonin-independent phagocytosis (69). It is comprehended that NPY is highly dependent on the local microenvironment and participates in the regulation of inflammation-related granulocyte function through the interaction of Y1, Y2, and Y5R.



Monocytes/Macrophages

Under various pathological conditions, NPY has been identified as a chemical attractant and adjusts cell adhesion to regulate the recruitment of monocytes and macrophages in rodents (6, 18, 34). Endogenous NPY affects the recruitment of monocytes/macrophages by activating Y1R to decrease their adhesion and promote migration (6, 34). Besides, exogenous NPY possesses significant chemotactic properties for monocytes at physiological concentrations (10−8 –10−10 M) (70). However, NPY (10−9–10−10 M) inhibited the migration of macrophages (RAW264.7) to Leishmania (71). Moreover, NPY inhibited the recruitment of retroviral-infected monocytes to CNS. This process is linked to the upregulation of monocyte Y2R (72). Indeed, NPY enhances the adhesion of monocytes through Y2R (36). This effect may be due to diversity in the dominant receptor subtypes activated by NPY because Y1R mediates the promotion of NPY, whereas Y2/Y5R mediates the inhibition of NPY. These opposite effects principally depend on the activity of dipeptidyl peptidase 4 (34). Dipeptidyl peptidase 4 is an enzyme that terminates the activity of NPY on the Y1 receptor subtype, and its activity changes with age (73).

Hence, the effect of NPY on macrophage adhesion also shows time and age specificity (74). NPY [(10−13–10−7 M) with 10 min] significantly enhanced the adhesion ability of macrophages in mature (50±2 weeks) and aged (70±2 weeks) mice. At the same time, NPY did not affect the adhesion ability of macrophages in young (12±2 weeks) and adult (24±2 weeks) animals. However, NPY [(10−11 M) with 20–30 min] enhanced the adhesion ability of macrophages of mice at all ages, except aged mice. Furthermore, NPY (10−13–10−8 M) significantly stimulated the chemotactic capacity of macrophages in adult mice and, conversely, the NPY inhibitory chemotactic capacity of macrophages at other ages.

As discussed for the granulocyte, different NPYRs are activated, and the diversity in heterologous particles leads to complex effects of NPY on the phagocytic function of monocytes/macrophages. NPY (10−10 M) and LP-NPY (Y1/Y5R agonist, 10−10 M) significantly increased the phagocytosis of zymosan in monocytes, whereas NPY3-36 (Y2/Y5R agonist, 10−10 M) decreased the phagocytic capacity of monocytes (34). Nevertheless, Y5R agonist [(Ala31-Aib32) NPY] could not regulate the phagocytosis of zymosan by monocytes, inferring the role of Y1R in NPY-induced intensification of phagocytic function. However, BIBO3304 (Y1R antagonist, 10−8 M) and L152804 (Y5R antagonist, 10−8 M) both antagonized the NPY-induced increase in the phagocytic capacity of monocytes (34).

Furthermore, treatment with NPY (10−12–10−6 M) in vitro dose-dependently inhibited macrophage phagocytosis; yet, NPY (10−14–10−6 M) enhanced the release of H2O2 to kill foreign particles (75). NPY enhanced the production of peritoneal macrophage peroxide by simultaneously activating Y1R and Y2R (73). NPY (10−12–10−8 M) and PYY (10−12–10−6 M) boosted the oxidative burst involving the activation of protein kinase C in macrophages stimulated by phorbol myristate through Y1R and Y2R mediation. However, only Y2R signaling diminished the oxidative burst in zymosan-stimulated cells, compromising the signaling pathways after binding of zymosan to macrophage complement receptor 3 (76). This diverse impact mediated by receptor subtypes has led to many seemingly contradictory conclusions, and the effects of NPY on macrophage phagocytic function for different heterologous particles are also divergent.

NPY (10−12–10−8 M) significantly intensifies the phagocytosis of latex particles by mouse macrophages (74), while NPY (10−10–10−5 M) inhibited the phagocytic and killing ability of macrophages (RAW264.7) against Leishmania (77). Besides, co-treatment of RAW264.7 macrophages with melanocyte-stimulating hormone/NPY affects lysosomal activity by inhibiting the expression of lysosomal associated membrane protein 1. This hinders the maturation of phagosomes, but does not affect their antigen presentation function (4). When treated with NPY only, the phagocytic ability of macrophages to unopsonized Escherichia coli and Staphylococcus aureus biologicals was significantly reduced. In contrast, the phagocytic ability of antibody-modified biologicals and Fc receptor-mediated phagocytosis of Gram-positive biologicals were not significantly impaired. Moreover, the inhibitory effect of neuropeptides on phagocytic activity does not occur through downregulation of CD206 or macrophage receptor with collagenous structure expression. These two primary scavenging receptors in activated macrophages inhibit the activation of phagocytic pathways and the production of Fc receptor-related active oxidative products (78). Thus, the effect of NPY on mononuclear/macrophage phagocytosis is highly dependent on the type of foreign particles, peptide truncation, and the interaction of specific Y receptors.

A critical role of NPY is to modulate the secretion of cytokines by macrophages. Knockdown of NPY reduced the secretion of pro-inflammatory factors from monocytes/macrophages in animals (18, 64), revealing the pro-inflammatory effect of NPY on macrophages. Under stimulation by inflammation, NPY significantly increases the expression of tumor necrosis factor-alpha (TNF-α), C-reactive protein, and monocyte chemoattractant protein 1 (MCP1) in RAW264.7 macrophages by activating Y1R (79). Moreover, NPY (10−9 M) upregulated the expression of HMGB1, which is a potent inflammatory stimulus, in the absence of an inflammatory stimulus, and the protein kinase C/ERK pathway was required in this process (80).

NPY also has obvious anti-inflammatory effects. Inhibition of the Y1R signal-induced production of IL-12 and Y1R-knockout macrophages also provoke their response to inflammatory stimuli (M1 phenotype) without affecting their alternating activation phenotype (M2 phenotype) (81, 82). Consistently, NPY produced by adipose tissue macrophages inhibits the expression of pro-inflammatory genes IL-6, TNF-α, and nitric oxide synthase 2 (NOS2) and decreases the secretion of IL-6 and TNF-α through the autocrine and paracrine systems, thereby inhibiting the activity of M1-like adipose tissue macrophages (24). NPY transformed macrophages to the M2-like phenotype, while NPY (10−6 M) mainly stimulated the release of macrophage anti-inflammatory cytokines IL-10 and IL-1RA and prevented the release of pro-inflammatory cytokines (e.g., TNF-α, IL-12, and IL-6) (83). Furthermore, NPY activates Y1R in macrophages to protect sympathetic fibers and bone marrow cells through TGF-β secreted by the PI3K/AKT/mTOR/eIL4E signaling pathway (19). However, it is noteworthy that the anti-inflammatory properties of NPY are also age-specific, and NPY (10−10 M) has an inhibitory effect on the release of TNF-α and IL-2 in adult mice, but not in aged mice (74).



Microglia

NPY similarly inhibits microglial activation, phagocytosis, and cytokine secretion. It has been demonstrated that intracerebral injection of NPY (10−2 g/L) can diminish microglial activation induced by 6-hydroxydopamine in rodents, and NPY inhibits microglial activation by binding to the translocator protein (TSPO) ligand [3H]PK11195 (84). Although NPY repressed microglial activity, it did not impair microglial survival. Instead, NPY (10−6 M) inhibited the activation of microglia induced by methamphetamine and shielded them from methamphetamine-induced death (85).

NPY decreases the secretion of pro-inflammatory factors by microglia. Specifically, exogenous NPY (0.01, 0.10, 0.50, and 1.0 × 10−6 M) dose-dependently inhibited TNF-α production in microglia induced by toll-like receptor 2 (TLR2) agonists (27). Furthermore, NPY (10−6 M) lessened the LPS-induced transcription and secretion of IL-1β and TNF-α by microglia; however, this consequence was prevented after inhibition of Y1R receptors (86). Thus, activation of Y1R reduces the production of pro-inflammatory factors in microglia. Indeed, following inflammatory stimulation, microglia release IL-1β, which promotes nitric oxide (NO) production through a nuclear factor-κB-dependent pathway, whereas NPY (10−6 M) inhibits the release of IL-1β, nuclear translocation of nuclear factor-κB and inducible NOS expression through Y1R activation, thereby reducing the production of NO (28).

Moreover, Y2R also exhibits specific anti-inflammatory properties. In the medial prefrontal cortex, Y2R agonists PYY3–36 reversed LPS-induced increases in NLR family pyrin domain containing 3 (NLRP3), caspase-1, adaptor apoptosis-associated speck-like protein containing a CARD (ASC), IL-1β levels. NPY further reversed LPS-induced increases in caspase-1 and ASC levels, while the Y2R antagonist (BIIE0246) blocked the effect of NPY. Additionally, the results of the enzyme-linked immunosorbent assay showed that NPY and PYY3–36 reversed the LPS-induced upregulation of IL-1β levels; this effect was also prevented by BIIE0246. These data suggest that NPY inhibits the NLRP3 pathway through Y2R to prevent neuroinflammation (87). In conclusion, the activation of Y1R and Y2R holds a particular inhibitory capacity in the secretion of pro-inflammatory factors.

The role of NPY on microglia is also revealed in its direction of migration and phagocytosis. NPY (10−6 M) significantly restrains IL-1β-induced microglial motility by inhibiting p38 activation and actin recombination through Y1R activation (88). Moreover, in an inflammatory environment, microglia are strongly activated through a process involving downstream phosphorylation of p38 mitogen-activated protein kinase (MAPK) and heat shock protein 27 (HSP27) and magnify their phagocytic capacity. Notably, NPY (10−6 M) significantly represses the above process through activation of Y1R, inhibiting LPS-induced Fc receptor-mediated phagocytosis (89).

Considering that NPY is more broadly expressed in the CNS and microglia act as specific immune cells in the CNS, their interaction may be more intimate. For instance, the density of NPY fibers in the arcuate nucleus (ARC) and PVN increased after microglial ablation, although NPY expression in the hypothalamus was unaltered (90). Activated microglia remain in close contact with NPY neurons and inhibit the expression of NPY (91). Furthermore, activation of microglial TLR4 in ARC results in restraint of Agouti-related protein (AgRP)/NPY activity (92), and the mechanism involved in this process may be mediated by inducible NOS-NO signaling (93).

Interestingly, caloric restriction-induced changes in NPY are not directly involved in inhibiting LPS-induced microglial activation, but may indirectly affect microglial activation through BT regulation (94). It was speculated that NPY directly regulates immune cells by triggering NPYRs, and indirectly affects them by regulating other physiological and pathological processes.




NPY Indirectly Regulates the Immune Response

The immune system is susceptible to various physiological and pathological changes, including changes in BT, the occurrence of obesity, abnormal blood glucose, the development of depression and anxiety, and other immunomodulatory factors (95–98). Studies have confirmed that these immunomodulatory factors have a profound connection with NPY (Figure 3).




Figure 3 | NPY indirectly regulates the immune response. NPY regulates thermoregulation, obesity, and development of diabetes by controlling the vasomotor of the skin, thermogenesis of BAT, fat storage in WAT, food intake, insulin secretion, and insulin resistance. Moreover, NPY plays anti-anxiety and anti-depression roles to transform emotional expression. Interestingly, this regulation by NPY profoundly impacts the immune response. BAT, brown adipose tissue; NPY, neuropeptide Y; WAT, white adipose tissue.




NPY and BT

It is established that BT is an essential regulator of immune function. Hyperthermia stimulates the immune response, prompting primitive immune cells to enter the supporting environment of the lymph nodes; hypothermia reduces inflammation and immune response, affecting the circulation pattern of immune cells or the expression of transport molecules, mainly exerting an anti-inflammatory effect (95). Although there is no evidence confirming that NPY influences the immune response by regulating BT, some studies imply that NPY may indirectly affect the activation of immune cells through changes in BT (94). Indeed, NPY can influence the changes in BT by altering the vasomotor function of skin and the thermogenesis of brown adipose tissue (BAT), regulating the heat dissipation and heat production balance.

Investigations have shown that before the local temperature increases, the application of Y1R antagonists weakens the vasodilator response. However, after the local temperature increases, the Y1R antagonist has no impact on the response of vasodilators (99). In short, NPY is required to initiate vasodilation caused by local skin warming, but it does not participate in the maintenance of vasodilation. This performance may be due to the impact of NPY on the corresponding receptors of the skin sensory nerves. In contrast, the Y1R antagonism reduces the skin vasoconstriction response induced by systemic cooling. Furthermore, blocking the adrenergic α and β receptors does not entirely prevent the systemic cooling reflex response; however, this is achieved by the simultaneous application of NPYR antagonists (100). Thus, NE and NPY co-released by sympathetic nerves are involved in the contraction of skin blood vessels caused by cold stimulation to reduce heat dissipation. Collectively, the evidence reveals that the regulation of skin vasomotor function by NPY is highly dependent on environmental settings.

Thermogenesis is also an essential approach to BT regulation. A large body of evidence has supported that the hypothalamus is a vital transit station involved in BT regulation, altering BT by inducing the thermogenesis of BAT through the sympathetic nervous system (101). Intriguingly, NPY is widely expressed in the hypothalamus and has the highest concentration in the ARC. Furthermore, NPY neurons in ARC project to other hypothalamic regions closely related to heat production and appetite control, including the PVN and dorsomedial hypothalamus (DMH) (102). Chao et al. disclosed that knockdown of NPY in rat DMH led to an increase in the expression of uncoupling protein 1 (UCP1) in BAT and enhanced browning of inguinal white adipocytes tissue, thereby enhancing the thermogenic activity of classical BAT, which in turn led to an increase in BT (103). Further studies on the sympathetic denervation of inguinal white adipocytes tissue found that DMH NPY knockdown increased sympathetic outflow (103). Besides, DMH NPY overexpression led to a decrease in UCP1 expression in BAT (103). However, a thoroughgoing DMH NPY signaling pathway regulating BAT thermogenesis remains to be determined.

Consistent with these findings, our previous research reported that ARC NPY neurons projected onto PVN, inhibiting the sympathetic drive of BAT (8). More specifically, ARC NPY directly acting on the Y1 receptor on TH+ neurons in PVN reduces the expression of TH in PVN, which subsequently leads to a decrease in the expression of TH in the brainstem locus coeruleus, A1/C1 neurons, and nucleus tractus solitarii (8). Eventually, the activity of A1/C1 catecholaminergic neurons in the ventrolateral medulla associated with sympathetic ganglia is reduced, resulting in reduced sympathetic nerve outflow to peripheral tissues (e.g., BAT) (8). A study showed that the neuropeptide FF receptor 2 (NPFFR2) signal directly acts on ARC NPY neurons (104). Lack of this NPFFR2-induced tone on NPY neurons reduces the capacity of these neurons to control TH+ neurons in the PVN, with a consequent reduction in BAT function. Hence, the NPFFR2 signaling pathway in NPY neurons appears to affect the regulation of thermogenesis by controlling the expression level of NPY.

Additionally, ARC NPY activates the gamma-aminobutyric acid (GABA)-ergic neurons of the intermediate and parvicellular reticular nuclei through the nucleus tractus solitarii, thereby inhibiting the sympathetic premotor neurons, which ultimately leads to the inhibition of the thermogenic effect on BAT (105). The reduction of hypothalamic NPY after cold stimulation in wild-type rats is coupled with the increased expression of UCP1 in BAT, leading to heat generation (106). Paradoxically, when the third ventricle was injected with NPY (15 μg/μl in 2 h), the BT of the animal was rapidly increased. Although the mechanism of centrally administered NPY involved in inducing an increase in BT is unclear, increased exercise activity and increased peripheral vasoconstriction may be the cause of this phenomenon (107). Moreover, overexpression of NPY by NE neurons increases the BT of the animal after exposure to cold (108).

Overall, these findings strongly suggest that both hypothalamic ARC and DMH-derived NPY can directly control thermogenesis, at least in part by regulating sympathetic nerve output and BAT heat production. Besides, NPY derived from the sympathetic nervous system regulates heat dissipation by modifying the vasomotor of the skin and finally plays a role in regulating BT. However, the final result of BT regulation by NPY may be a combination of various effects.



NPY and Obesity

Obesity produces a chronic inflammatory state, resulting in altered immune cell production, reduced T-cell variation, polarization of macrophages to a pro-inflammatory state, and an increase in multiple pro-inflammatory cytokines (96). Numerous immunomodulatory adipokines also affect the recruitment and polarization of immune cells, including leptin signals, adiponectin signals, cytokines, and chemokines secreted by adipose tissue (109). However, the occurrence of obesity involves a complicated synergy between extravagant food intake or reduction in energy expenditure, where the NPY system has been recognized as a critical player in the regulation of energy balance and pathophysiology of obesity.

As discussed earlier, NPY influences energy expenditure by regulating BAT thermogenesis and energy intake by regulation of appetite. Within the ARC of the hypothalamus, two significant groups of neurons play essential roles in the regulation of energy homeostasis: one group coexpresses NPY/AgRP and promotes food intake. In contrast, the other group coexpresses cocaine- and amphetamine-related transcript and proopiomelanocortin, decreasing appetite (110). Notably, NPY is one of the most potent appetite-promoting factors identified thus far. Its feeding stimulation is mediated through Y1R and Y5R in the hypothalamus and inhibition of ARC cocaine- and amphetamine-related transcript neurons (110). Reversely, Y2R appears to have an antagonistic effect on Y5R (111). In the hypothalamus of fasting and obese rats, NPY levels are elevated and correlate with food intake (13). Furthermore, acute exercise-induced feeding in mice requires activation of ARC NPY neurons (112).

NPY also plays a role in regulating feeding behavior in other nuclei. Firstly, DMH NPY gene silencing improves overeating and obesity induced by a high-fat diet (103); in turn, DMH NPY overexpression leads to increased food intake and weight gain, aggravating diet-induced eating disorders and obesity (113). Besides, the expression of DMH-NPY is inhibited by ARC GABAergic-proopiomelanocortin neurons (114), which may contribute to reasonable control of food intake. Secondly, NPY in the lateral hypothalamus increased rat food intake of free choice high-fat high-sucrose and chow diets and Y5R antagonists prevented all of the above results. In contrast, Y1R antagonists only played a significant role in chow-fed rats (115). Thirdly, selective activation of CeA NPY neurons leads to increased food intake and reduced energy expenditure (116). Importantly, selective lack of NPY in CeA neurons attenuates the obesity phenotype, whereas excessive production of NPY in CeA further enhances that phenotype (116).

Peripheral NPY also plays a crucial role in promoting adipocyte proliferation and differentiation and adipose storage in white adipose tissue. Adipose tissue-derived NPY promotes the proliferation and differentiation of mesenchymal stem cells and preadipocytes, a process thought to occur through Y1R, Y2R, and Y5R (117). Throughout differentiation, NPY mediates the increased expression of reactive oxygen species, peroxisome proliferator-activated receptor-γ, and CCAAT/enhancer-binding protein alpha. It also decreased the expression of UCP1, leading to increased lipid accumulation in terminal differentiation (118).



NPY and Diabetes

In diabetes, the proliferation of T cells and macrophages is altered, and the functions of NK cells and B cells are impaired, manifesting as abnormalities of innate and adaptive immunity (97). The key to the development of diabetes is insufficient insulin secretion and insulin resistance, and NPY is involved in these processes. Researches have revealed that NPY plays a vital role in the regulation of blood glucose homeostasis in diabetic models (119). The ability of AgRP neurons to induce insulin resistance depends on the expression of NPY (120), and the application of NPY in the CNS has been shown to efficiently reduce sympathetic activation of BAT and improve systemic insulin sensitivity (8, 107). Therefore, the NPY-dependent regulation of systemic insulin sensitivity is consistent with reducing energy expenditure in mice under fasting conditions, possibly by regulating the sympathetic activation of BAT.

DMH NPY knockdown plays a therapeutic role in impaired glucose homeostasis in rats (121). Overexpression of NPY in DMH decreased the expression of UCP1 in BAT, leading to insulin resistance (122); however, the downregulation of DMH NPY improved glucose homeostasis and enhanced insulin sensitivity (103). Downregulation of DMH NPY improves hepatic insulin sensitivity in high-fat diet rats by activating the hepatic PI3K/AKT insulin signaling pathway (123). The central mechanism of this effect may be that DMH NPY projects to the dorsal motor nucleus of the vagus nerve and subsequently regulates glucose homeostasis through hepatic vagal efferents, as hepatic vagotomy eliminates the inhibitory effect of DMH NPY knockdown on hepatic glucose production (124).

Additionally, previous data persuasively suggested that the direct effect of NPY on insulin release from isolated islets is inhibitory, while the central effect of NPY indirectly leads to an increase in plasma insulin (125). The Y1R mediates the inhibitory impact of NPY on insulin secretion on islet β-cells (126). Given the effects of NPY on the central stimulation of feeding behavior in rats, it is logical that NPY induces delayed and transient increases in circulating insulin. Furthermore, NPY can rapidly and transiently induce the phosphorylation of ERK1/2 to promote β-cell proliferation (126, 127).



NPY and Emotion

Increasing data indicate that our emotional and immune states have complicated and bidirectional relationships with each other. These observations paved the way for the new concept of “affective immunology” that has been proposed (98). Studies have confirmed that NPY neurons are involved in the regulation of anxiety in mice (128). Moreover, direct injection or overexpression of NPY in the brain exerts anti-anxiety effects in rodents (129), and knockout of NPY exacerbates the anxiety phenotype in mice (130). In rodents, the alleviation of anxiety caused by overexpression of Y1R also corroborates the above findings (131). Similarly, knockout of Y1R leads to anxiety outcomes (132), and the intranasal administration of Y1R agonists is sufficient to prevent anxiety (133). Moreover, specific Y5R agonists were injected into the PVN, resulting in a reduction in anxiety-related behaviors in animals (134). Accordingly, Y1R and Y5R have overlapping regulatory effects on anxiety (135). Conversely, activation of the Y2R is anxiogenic by inhibiting GABAergic input (136), and treatment with specific Y2R antagonists can reduce anxiety behavior in rodents (137). Surprisingly, overexpression of NPY in cells that regularly express NPY in mice did not lead to the expected reduction in anxiety-like behavior (138).

The level of plasma NPY is significantly increased in patients with depression (139), and the NPY gene can be used as a risk gene for severe depression (140). However, NPY expression in the brain decreases overall during depression (13). Consequently, intraventricular infusion of NPY or intranasal delivery of NPY to the brain effectively prevents depressive behavior in animal models (133, 141). LP-NPY (Y1R and Y5R agonists) is as useful as NPY and presents therapeutic potential in preventing the development of depressive-like behavior (142). Nevertheless, Y5R antagonists also play an antidepressant role through the MAPK/ERK and PI3K signaling pathways (143). Besides, Y2R plays an antidepressant role by inhibiting the NLRP3 signaling pathway in LPS-induced depression model rats (87). Intriguingly, in turn, the depression-induced increase in NPY expression affects immune cell recruitment and cytokine secretion (18).

Taken together, either the indirect regulation of NPY neurons in the brain or the direct promotion of NPY secreted by sympathetic ganglia and adipose tissue to peripheral organs is closely related to various regulatory factors of the immune response. This ultimately influences the immune response. Therefore, it is conceivable that NPY directly regulates the immune response through these immunomodulatory factors.




Summary and Prospect

Existing data indicate that the regulatory effect of NPY on the immune response can be either through the NPYR that directly acts on the surface of immune cells or indirectly through the regulation of physiological or pathological conditions such as BT, obesity, glucose metabolism, and mood (Figures 2, 3). In summary, NPY has a variety of regulatory effects on immune cell activity, including proliferation, differentiation, cytokine secretion, migration, and phagocytosis, some of which are even contradictory. Considering the difference in the expression of NPYRs in different states of cell differentiation and activation, the different biological activities of NPY in immune cell populations can be interpreted. The complicated role of NPY and its signaling can be better understood if we consider that the role of NPY and the complexity of its signal transduction in intricate physiological or pathological contexts are correlated to the need for various types of regulation in a wide range of immune cell types to maintain appropriate homeostasis. Furthermore, it is vital to consider that the impact of NPY on the immune function of the body should be based on the overall effect, not ignoring its indirect effects.

Prospectively, NPY analogs with higher human NPYR selectivity, and different functional properties, have been developed in recent years (144). As discussed in this article, NPYR subtypes are an interesting target in biomedical research and drug development due to their diverse physiological and pathophysiological roles. Biased NPYR agonists/antagonists can be used to specify a signaling pathway for a specific biological effect. For example, in the case of Y1R and Y2R signaling, they can demonstrate which receptor subtype dominates the anti-inflammatory effect of NPY, and further clarify the downstream complex signaling pathways that mediate this effect. Furthermore, short NPYR agonists with different properties can be used as “shuttles” to target immune cells, accurately guide covalently linked therapeutic drugs to reach the cell surface, and enter cells through human NPYR-mediated internalization transfer to achieve precise therapy. This observation will help find treatments that target specific pathways of human disease without affecting other signal-transduction pathways and lessen side effects. Future research in this field is warranted to produce fruitful results related to the development of unique immunotherapies.



Author Contributions

W-cC, H-fH, and SL contributed to the conception and design of the review. W-cC drafted and finalized the manuscript. H-fH and SL contributed equally to writing the review. H-fH and SL revised the manuscript and provided critical advice on the content of the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the Quanzhou Science and Technology Project (2017Z014) and Natural Science Foundation of Fujian Province (2018J01289).



Acknowledgments

We are thankful to The Second Affiliated Hospital of Fujian Medical University for providing infrastructure facilities.



Abbreviations

NPY, Neuropeptide Y; PYY, Peptide YY; CNS, Central nervous system; NE, Norepinephrine; NPYRs, Neuropeptide Y receptors; BT, Body temperature; TH+, Tyrosine hydroxylase-positive; BMDCs, Bone marrow-derived dendritic cells; CeA, Central amygdala; PVN, Paraventricular nucleus; LPS, Lipopolysaccharide; Th, T helper; IFN-γ, Interferon-gamma; NK, Natural killer; DCs, Dendritic cells; ERK, Extracellular signal-regulated kinase; TNF-α, Tumor necrosis factor-alpha; MCP1, Monocyte chemoattractant protein 1; NOS2, Nitric oxide synthase 2; TLR2, Toll-like receptor 2; NO, Nitric oxide; NLRP3, NLR family pyrin domain containing 3; ASC, Adaptor apoptosis-associated speck-like protein containing a CARD; MAPK, Mitogen-activated protein kinase; HSP27, Heat shock protein 27; ARC, Arcuate nucleus; AgRP, Agouti-related protein; BAT, Brown adipose tissue; DMH, Dorsomedial hypothalamus; UCP1, Uncoupling protein 1; NPFFR2, Neuropeptide FF receptor 2; GABA, Gamma-aminobutyric acid.



References

1. Tatemoto, K, Carlquist, M, and Mutt, V. Neuropeptide Y–a novel brain peptide with structural similarities to peptide YY and pancreatic polypeptide. Nature (1982) 296(5858):659–60. doi: 10.1038/296659a0

2. Li, C, Wu, X, Liu, S, Zhao, Y, Zhu, J, and Liu, K. Roles of Neuropeptide Y in Neurodegenerative and Neuroimmune Diseases. Front Neurosci-Switz (2019) 13:869. doi: 10.3389/fnins.2019.00869

3. Hökfelt, T, Barde, S, Xu, ZD, Kuteeva, E, Rüegg, J, Le Maitre, E, et al. Neuropeptide and Small Transmitter Coexistence: Fundamental Studies and Relevance to Mental Illness. Front Neural Circuit (2018) 12:106. doi: 10.3389/fncir.2018.00106

4. Benque, IJ, Xia, P, Shannon, R, Ng, TF, and Taylor, AW. The Neuropeptides of Ocular Immune Privilege, α-MSH and NPY, Suppress Phagosome Maturation in Macrophages. Immunohorizons (2018) 2(10):314–23. doi: 10.4049/immunohorizons.1800049

5. Medina, S, Del, RM, Hernanz, A, and De la Fuente, M. Age-related changes in the neuropeptide Y effects on murine lymphoproliferation and interleukin-2 production. Peptides (2000) 21(9):1403–9. doi: 10.1016/s0196-9781(00)00284-9

6. Choi, B, Shin, MK, Kim, EY, Park, JE, Lee, H, Kim, SW, et al. Elevated Neuropeptide Y in Endothelial Dysfunction Promotes Macrophage Infiltration and Smooth Muscle Foam Cell Formation. Front Immunol (2019) 10:1701. doi: 10.3389/fimmu.2019.01701

7. Bär, F, Föh, B, Pagel, R, Schröder, T, Schlichting, H, Hirose, M, et al. Carboxypeptidase E modulates intestinal immune homeostasis and protects against experimental colitis in mice. PloS One (2014) 9(7):e102347. doi: 10.1371/journal.pone.0102347

8. Shi, Y, Lau, J, Lin, Z, Zhang, H, Zhai, L, Sperk, G, et al. Arcuate NPY controls sympathetic output and BAT function via a relay of tyrosine hydroxylase neurons in the PVN. Cell Metab (2013) 17(2):236–48. doi: 10.1016/j.cmet.2013.01.006

9. Peng, S, Zhou, YL, Song, ZY, and Lin, S. Effects of Neuropeptide Y on Stem Cells and Their Potential Applications in Disease Therapy. Stem Cells Int (2017) 2017:6823917. doi: 10.1155/2017/6823917

10. Zhu, P, Sun, W, Zhang, C, Song, Z, and Lin, S. The role of neuropeptide Y in the pathophysiology of atherosclerotic cardiovascular disease. Int J Cardiol (2016) 220:235–41. doi: 10.1016/j.ijcard.2016.06.138

11. Diaz-delCastillo, M, Woldbye, DPD, and Heegaard, AM. Neuropeptide Y and its Involvement in Chronic Pain. Neuroscience (2018) 387:162–9. doi: 10.1016/j.neuroscience.2017.08.050

12. Yulyaningsih, E, Loh, K, Lin, S, Lau, J, Zhang, L, Shi, Y, et al. Pancreatic polypeptide controls energy homeostasis via Npy6r signaling in the suprachiasmatic nucleus in mice. Cell Metab (2014) 19(1):58–72. doi: 10.1016/j.cmet.2013.11.019

13. Shende, P, and Desai, D. Physiological and Therapeutic Roles of Neuropeptide Y on Biological Functions. Adv Exp Med Biol (2020) 1237:37–47. doi: 10.1007/5584_2019_427

14. Trzaskalski, NA, Fadzeyeva, E, and Mulvihill, EE. Dipeptidyl Peptidase-4 at the Interface Between Inflammation and Metabolism. Clinical medicine insights. Endocrinol Diabetes (2020) 13:1217391284. doi: 10.1177/1179551420912972

15. Vasamsetti, SB, Florentin, J, Coppin, E, Stiekema, L, Zheng, KH, Nisar, MU, et al. Sympathetic Neuronal Activation Triggers Myeloid Progenitor Proliferation and Differentiation. Immunity (2018) 49(1):93–106. doi: 10.1016/j.immuni.2018.05.004

16. Taylor, AW, Dixit, S, and Yu, J. Retinal Pigment Epithelial Cell Line Suppression of Phagolysosome Activation. Int J Ophthalmol Eye Sci (2015) Suppl 2(1):1–6. doi: 10.19070/2332-290X-SI02001

17. Wang, E, Choe, Y, Ng, TF, and Taylor, AW. Retinal Pigment Epithelial Cells Suppress Phagolysosome Activation in Macrophages. Invest Ophthalmol Vis Sci (2017) 58(2):1266–73. doi: 10.1167/iovs.16-21082

18. Cheng, Y, Tang, XY, Li, YX, Zhao, DD, Cao, QH, Wu, HX, et al. Depression-Induced Neuropeptide Y Secretion Promotes Prostate Cancer Growth by Recruiting Myeloid Cells. Clin Cancer Res (2019) 25(8):2621–32. doi: 10.1158/1078-0432.CCR-18-2912

19. Park, MH, Jin, HK, Min, WK, Lee, WW, Lee, JE, Akiyama, H, et al. Neuropeptide Y regulates the hematopoietic stem cell microenvironment and prevents nerve injury in the bone marrow. EMBO J (2015) 34(12):1648–60. doi: 10.15252/embj.201490174

20. Lambert, RW, Campton, K, Ding, W, Ozawa, H, and Granstein, RD. Langerhans cell expression of neuropeptide Y and peptide YY. Neuropeptides (2002) 36(4):246–51. doi: 10.1016/s0143-4179(02)00020-3

21. Dietz, AB, Bulur, PA, Knutson, GJ, Matasić, R, and Vuk-Pavlović, S. Maturation of human monocyte-derived dendritic cells studied by microarray hybridization. Biochem Biophys Res Commun (2000) 275(3):731–8. doi: 10.1006/bbrc.2000.3372

22. Sarang, Z, Sághy, T, Budai, Z, Ujlaky-Nagy, L, Bedekovics, J, Beke, L, et al. Retinol Saturase Knock-Out Mice are Characterized by Impaired Clearance of Apoptotic Cells and Develop Mild Autoimmunity. Biomolecules (2019) 9(11):737. doi: 10.3390/biom9110737

23. Holler, JP, Schmitz, J, Roehrig, R, Wilker, S, Hecker, A, Padberg, W, et al. Expression of peptide YY by human blood leukocytes. Peptides (2014) 58:78–82. doi: 10.1016/j.peptides.2014.05.009

24. Singer, K, Morris, DL, Oatmen, KE, Wang, T, DelProposto, J, Mergian, T, et al. Neuropeptide Y is produced by adipose tissue macrophages and regulates obesity-induced inflammation. PloS One (2013) 8(3):e57929. doi: 10.1371/journal.pone.0057929

25. Makinde, TO, Steininger, R, and Agrawal, DK. NPY and NPY receptors in airway structural and inflammatory cells in allergic asthma. Exp Mol Pathol (2013) 94(1):45–50. doi: 10.1016/j.yexmp.2012.05.009

26. Alvaro, AR, Rosmaninho-Salgado, J, Santiago, AR, Martins, J, Aveleira, C, Santos, PF, et al. NPY in rat retina is present in neurons, in endothelial cells and also in microglial and Müller cells. Neurochem Int (2007) 50(5):757–63. doi: 10.1016/j.neuint.2007.01.010

27. Muk, T, Stensballe, A, Pankratova, S, Nguyen, DN, Brunse, A, Sangild, PT, et al. Rapid Proteome Changes in Plasma and Cerebrospinal Fluid Following Bacterial Infection in Preterm Newborn Pigs. Front Immunol (2019) 10:2651. doi: 10.3389/fimmu.2019.02651

28. Ferreira, R, Xapelli, S, Santos, T, Silva, AP, Cristóvão, A, Cortes, L, et al. Neuropeptide Y modulation of interleukin-1{beta} (IL-1{beta})-induced nitric oxide production in microglia. J Biol Chem (2010) 285(53):41921–34. doi: 10.1074/jbc.M110.164020

29. Bracci-Laudiero, L, Aloe, L, Stenfors, C, Tirassa, P, Theodorsson, E, and Lundberg, T. Nerve growth factor stimulates production of neuropeptide Y in human lymphocytes. Neuroreport (1996) 7(2):485–8. doi: 10.1097/00001756-199601310-00026

30. Fehér, E. [Changes in neuropeptide Y and substance P immunoreactive nerve fibres and immunocompetent cells in hepatitis]. Orv Hetil (2015) 156(47):1892–7. doi: 10.1556/650.2015.30300

31. Straub, RH, Schaller, T, Miller, LE, von Hörsten, S, Jessop, DS, Falk, W, et al. Neuropeptide Y cotransmission with norepinephrine in the sympathetic nerve-macrophage interplay. J Neurochem (2000) 75(6):2464–71. doi: 10.1046/j.1471-4159.2000.0752464.x

32. Ulum, B, Mammadova, A, Özyüncü, Ö, Uçkan-Çetinkaya, D, Yanık, T, and Aerts-Kaya, F. Neuropeptide Y is involved in the regulation of quiescence of hematopoietic stem cells. Neuropeptides (2020) 80:102029. doi: 10.1016/j.npep.2020.102029

33. Dimitrijevic, M, and Stanojevic, S. The intriguing mission of neuropeptide Y in the immune system. Amino Acids (2013) 45(1):41–53. doi: 10.1007/s00726-011-1185-7

34. Mitić, K, Stanojević, S, Kuštrimović, N, Vujić, V, and Dimitrijević, M. Neuropeptide Y modulates functions of inflammatory cells in the rat: distinct role for Y1, Y2 and Y5 receptors. Peptides (2011) 32(8):1626–33. doi: 10.1016/j.peptides.2011.06.007

35. Bedoui, S, Lechner, S, Gebhardt, T, Nave, H, Beck-Sickinger, AG, Straub, RH, et al. NPY modulates epinephrine-induced leukocytosis via Y-1 and Y-5 receptor activation in vivo: sympathetic co-transmission during leukocyte mobilization. J Neuroimmunol (2002) 132(1–2):25–33. doi: 10.1016/s0165-5728(02)00278-3

36. Nave, H, Bedoui, S, Moenter, F, Steffens, J, Felies, M, Gebhardt, T, et al. Reduced tissue immigration of monocytes by neuropeptide Y during endotoxemia is associated with Y2 receptor activation. J Neuroimmunol (2004) 155(1-2):1–12. doi: 10.1016/j.jneuroim.2004.05.009

37. Petitto, JM, Huang, Z, and McCarthy, DB. Molecular cloning of NPY-Y1 receptor cDNA from rat splenic lymphocytes: evidence of low levels of mRNA expression and [125I]NPY binding sites. J Neuroimmunol (1994) 54(1–2):81–6. doi: 10.1016/0165-5728(94)90234-8

38. Rethnam, S, Raju, B, Fristad, I, Berggreen, E, and Heyeraas, KJ. Differential expression of neuropeptide Y Y1 receptors during pulpal inflammation. Int Endod J (2010) 43(6):492–8. doi: 10.1111/j.1365-2591.2010.01704.x

39. Dimitrijević, M, Stanojević, S, Mitić, K, Kustrimović, N, Vujić, V, Miletić, T, et al. Modulation of granulocyte functions by peptide YY in the rat: age-related differences in Y receptors expression and plasma dipeptidyl peptidase 4 activity. Regul Pept (2010) 159(1–3):100–9. doi: 10.1016/j.regpep.2009.11.002

40. Santos-Carvalho, A, Aveleira, CA, Elvas, F, Ambrósio, AF, and Cavadas, C. Neuropeptide Y receptors Y1 and Y2 are present in neurons and glial cells in rat retinal cells in culture. Invest Ophthalmol Vis Sci (2013) 54:429–43. doi: 10.1167/iovs.12-10776

41. Bedoui, S, Kromer, A, Gebhardt, T, Jacobs, R, Raber, K, Dimitrijevic, M, et al. Neuropeptide Y receptor-specifically modulates human neutrophil function. J Neuroimmunol (2008) 195(1–2):88–95. doi: 10.1016/j.jneuroim.2008.01.012

42. Bedoui, S, Miyake, S, Lin, Y, Miyamoto, K, Oki, S, Kawamura, N, et al. (NPY) suppresses experimental autoimmune encephalomyelitis: NPY1 receptor-specific inhibition of autoreactive Th1 responses in vivo. J Immunol (2003) 171(7):3451–8. doi: 10.4049/jimmunol.171.7.3451

43. Tan, EM, Blackwell, MG, Dunne, JC, Marsh, R, Tan, ST, and Itinteang, T. Neuropeptide Y receptor 1 is expressed by B and T lymphocytes and mast cells in infantile haemangiomas. Acta Paediatr (2017) 106(2):292–7. doi: 10.1111/apa.13684

44. Hu, D, Nicholls, PK, Claus, M, Wu, Y, Shi, Z, Greene, WK, et al. Immunofluorescence characterization of innervation and nerve-immune cell interactions in mouse lymph nodes. Eur J Histochem EJH (2019) 63(4):204–13. doi: 10.4081/ejh.2019.3059

45. Zhang, X, Lei, B, Yuan, Y, Zhang, L, Hu, L, Jin, S, et al. Brain control of humoral immune responses amenable to behavioural modulation. Nature (2020) 581(7807):204–8. doi: 10.1038/s41586-020-2235-7

46. Fehér, E, Pongor, É, Altdorfer, K, Kóbori, L, and Lengyel, G. Neuroimmunomodulation in human autoimmune liver disease. Cell Tissue Res (2013) 354(2):543–50. doi: 10.1007/s00441-013-1683-x

47. Farzi, A, Reichmann, F, and Holzer, P. The homeostatic role of neuropeptide Y in immune function and its impact on mood and behaviour. Acta Physiol (Oxf) (2015) 213(3):603–27. doi: 10.1111/apha.12445

48. Mikołajczyk, A, and Złotkowska, D. Neuroimmunological Implications of Subclinical Lipopolysaccharide from Salmonella Enteritidis. Int J Mol Sci (2018) 19(10):3274. doi: 10.3390/ijms19103274

49. Bedoui, S, Kuhlmann, S, Nave, H, Drube, J, Pabst, R, and von Hörsten, S. Differential effects of neuropeptide Y (NPY) on leukocyte subsets in the blood: mobilization of B-1-like B-lymphocytes and activated monocytes. J Neuroimmunol (2001) 117(1-2):125–32. doi: 10.1016/s0165-5728(01)00328-9

50. Levite, M. Nerve-driven immunity. The direct effects of neurotransmitters on T-cell function. Ann N Y Acad Sci (2000) 917:307–21. doi: 10.1111/j.1749-6632.2000.tb05397.x

51. Medina, S, Del, RM, Manuel, VV, Hernánz, A, and De la Fuente, M. Changes with ageing in the modulation of murine lymphocyte chemotaxis by CCK-8S, GRP and NPY. Mech Ageing Dev (1998) 102(2-3):249–61. doi: 10.1016/s0047-6374(98)00014-1

52. Tanaka, M, Suganami, T, Kim-Saijo, M, Toda, C, Tsuiji, M, Ochi, K, et al. Role of central leptin signaling in the starvation-induced alteration of B-cell development. J Neurosci (2011) 31(23):8373–80. doi: 10.1523/JNEUROSCI.6562-10.2011

53. Mpouzika, MD, Papathanassoglou, ED, Giannakopoulou, M, Bozas, E, Middleton, N, Boti, S, et al. Altered serum stress neuropeptide levels in critically ill individuals and associations with lymphocyte populations. Neuropeptides (2013) 47(1):25–36. doi: 10.1016/j.npep.2012.07.007

54. Papathanassoglou, ED, Mpouzika, MD, Giannakopoulou, M, Bozas, E, Middleton, N, Boti, S, et al. Pilot investigation of the association between serum stress neuropeptide levels and lymphocyte expression of fas and fas ligand in critical illness. Biol Res Nurs (2015) 17(3):285–94. doi: 10.1177/1099800414542871

55. Elitsur, Y, Luk, GD, Colberg, M, Gesell, MS, Dosescu, J, Moshier, JA, et al. (NPY) enhances proliferation of human colonic lamina propria lymphocytes. Neuropeptides (1994) 26(5):289–95. doi: 10.1016/0143-4179(94)90113-9

56. Lu, Y, Ho, R, Lim, TK, Kuan, WS, Goh, DY, Mahadevan, M, et al. Neuropeptide Y may mediate psychological stress and enhance TH2 inflammatory response in asthma. J Allergy Clin Immunol (2015) 135(4):1061–3. doi: 10.1016/j.jaci.2014.10.036

57. Buttari, B, Profumo, E, Domenici, G, Tagliani, A, Ippoliti, F, Bonini, S, et al. Neuropeptide Y induces potent migration of human immature dendritic cells and promotes a Th2 polarization. FASEB J (2014) 28(7):3038–49. doi: 10.1096/fj.13-243485

58. Wheway, J, Mackay, CR, Newton, RA, Sainsbury, A, Boey, D, Herzog, H, et al. A fundamental bimodal role for neuropeptide Y1 receptor in the immune system. J Exp Med (2005) 202(11):1527–38. doi: 10.1084/jem.20051971

59. Shimasaki, N, Jain, A, and Campana, D. NK cells for cancer immunotherapy. Nature reviews. Drug Discovery (2020) 19(3):200–18. doi: 10.1038/s41573-019-0052-1

60. Irwin, M, Hauger, R, Patterson, TL, Semple, S, Ziegler, M, and Grant, I. Alzheimer caregiver stress: basal natural killer cell activity, pituitary-adrenal cortical function, and sympathetic tone. Ann Behav Med (1997) 19(2):83–90. doi: 10.1007/BF02883324

61. Saurer, TB, Ijames, SG, and Lysle, DT. Neuropeptide Y Y1 receptors mediate morphine-induced reductions of natural killer cell activity. J Neuroimmunol (2006) 177(1–2):18–26. doi: 10.1016/j.jneuroim.2006.05.002

62. von Hörsten, S, Ballof, J, Helfritz, F, Nave, H, Meyer, D, Schmidt, RE, et al. Modulation of innate immune functions by intracerebroventricularly applied neuropeptide Y: dose and time dependent effects. Life Sci (1998) 63(11):909–22. doi: 10.1016/s0024-3205(98)00349-x

63. De la Fuente, M, Del, RM, Víctor, VM, and Medina, S. Neuropeptide Y effects on murine natural killer activity: changes with ageing and cAMP involvement. Regul Pept (2001) 101(1–3):73–9. doi: 10.1016/s0167-0115(01)00262-2

64. Oda, N, Miyahara, N, Taniguchi, A, Morichika, D, Senoo, S, Fujii, U, et al. Requirement for neuropeptide Y in the development of type 2 responses and allergen-induced airway hyperresponsiveness and inflammation. Am J Physiol Lung Cell Mol Physiol (2019) 316(3):L407–17. doi: 10.1152/ajplung.00386.2018

65. Dimitrijević, M, Mitić, K, Kuštrimović, N, Vujić, V, and Stanojević, S. NPY suppressed development of experimental autoimmune encephalomyelitis in Dark Agouti rats by disrupting costimulatory molecule interactions. J Neuroimmunol (2012) 245(1–2):23–31. doi: 10.1016/j.jneuroim.2012.01.013

66. Lu, Y, and Ho, RC. An association between neuropeptide Y levels and leukocyte subsets in stress-exacerbated asthmatic mice. Neuropeptides (2016) 57:53–8. doi: 10.1016/j.npep.2015.11.091

67. Dimitrijević, M, Stanojević, S, Mićić, S, Vujić, V, Kovacević-Jovanović, V, Mitić, K, et al. Neuropeptide Y (NPY) modulates oxidative burst and nitric oxide production in carrageenan-elicited granulocytes from rat air pouch. Peptides (2006) 27(12):3208–15. doi: 10.1016/j.peptides.2006.08.018

68. von Hörsten, S, Exton, NG, Exton, MS, Helfritz, F, Nave, H, Ballof, J, et al. Brain NPY Y1 receptors rapidly mediate the behavioral response to novelty and a compartment-specific modulation of granulocyte function in blood and spleen. Brain Res (1998) 806(2):282–6. doi: 10.1016/s0006-8993(98)00772-0

69. Augustyniak, D, Jankowski, A, Mackiewicz, P, Skowyra, A, Gutowicz, J, and Drulis-Kawa, Z. Innate immune properties of selected human neuropeptides against Moraxella catarrhalis and nontypeable Haemophilus influenzae. BMC Immunol (2012) 13:24. doi: 10.1186/1471-2172-13-24

70. Straub, RH, Mayer, M, Kreutz, M, Leeb, S, Schölmerich, J, and Falk, W. Neurotransmitters of the sympathetic nerve terminal are powerful chemoattractants for monocytes. J Leukoc Biol (2000) 67(4):553–8. doi: 10.1002/jlb.67.4.553

71. Ahmed, AA, Wahbi, A, Nordlind, K, Kharazmi, A, Sundqvist, KG, Mutt, V, et al. In vitro Leishmania major promastigote-induced macrophage migration is modulated by sensory and autonomic neuropeptides. Scand J Immunol (1998) 48(1):79–85. doi: 10.1046/j.1365-3083.1998.00380.x

72. Woods, TA, Du, M, Carmody, A, and Peterson, KE. Neuropeptide Y Negatively Influences Monocyte Recruitment to the Central Nervous System during Retrovirus Infection. J Virol (2015) 90(6):2783–93. doi: 10.1128/JVI.02934-15

73. Dimitrijevic, M, Stanojevic, S, Kustrimovic, N, and Leposavic, G. End-point effector stress mediators in neuroimmune interactions: their role in immune system homeostasis and autoimmune pathology. Immunol Res (2012) 52(1-2):64–80. doi: 10.1007/s12026-012-8275-9

74. Puerto, M, Guayerbas, N, Alvarez, P, and De la Fuente, M. Modulation of neuropeptide Y and norepinephrine on several leucocyte functions in adult, old and very old mice. J Neuroimmunol (2005) 165(1–2):33–40. doi: 10.1016/j.jneuroim.2005.03.021

75. Stanojević, S, Mitić, K, Vujić, V, Kovacević-Jovanović, V, and Dimitrijević, M. Exposure to acute physical and psychological stress alters the response of rat macrophages to corticosterone, neuropeptide Y and beta-endorphin. Stress (2007) 10(1):65–73. doi: 10.1080/10253890601181289

76. Dimitrijević, M, Stanojević, S, Vujić, V, Beck-Sickinger, A, and von Hörsten, S. Neuropeptide Y and its receptor subtypes specifically modulate rat peritoneal macrophage functions in vitro: counter regulation through Y1 and Y2/5 receptors. Regul Pept (2005) 124(1–3):163–72. doi: 10.1016/j.regpep.2004.07.012

77. Ahmed, AA, Wahbi, AH, and Nordlin, K. Neuropeptides modulate a murine monocyte/macrophage cell line capacity for phagocytosis and killing of Leishmania major parasites. Immunopharmacol Immunotoxicol (2001) 23(3):397–409. doi: 10.1081/iph-100107339

78. Phan, TA, and Taylor, AW. The neuropeptides α-MSH and NPY modulate phagocytosis and phagolysosome activation in RAW 264.7 cells. J Neuroimmunol (2013) 260(1–2):9–16. doi: 10.1016/j.jneuroim.2013.04.019

79. Gao, B, Li, L, Zhu, P, Zhang, M, Hou, L, Sun, Y, et al. Chronic administration of methamphetamine promotes atherosclerosis formation in ApoE-/- knockout mice fed normal diet. Atherosclerosis (2015) 243(1):268–77. doi: 10.1016/j.atherosclerosis.2015.09.001

80. Zhou, JR, Zhang, LD, Wei, HF, Wang, X, Ni, HL, Yang, F, et al. Neuropeptide Y induces secretion of high-mobility group box 1 protein in mouse macrophage via PKC/ERK dependent pathway. J Neuroimmunol (2013) 260(1–2):55–9. doi: 10.1016/j.jneuroim.2013.04.005

81. Jääskeläinen, AE, Seppälä, S, Kakko, T, Jaakkola, U, and Kallio, J. Systemic treatment with neuropeptide Y receptor Y1-antagonist enhances atherosclerosis and stimulates IL-12 expression in ApoE deficient mice. Neuropeptides (2013) 47(2):67–73. doi: 10.1016/j.npep.2012.11.001

82. Macia, L, Yulyaningsih, E, Pangon, L, Nguyen, AD, Lin, S, Shi, YC, et al. Neuropeptide Y1 receptor in immune cells regulates inflammation and insulin resistance associated with diet-induced obesity. Diabetes (2012) 61(12):3228–38. doi: 10.2337/db12-0156

83. Buttari, B, Profumo, E, Darcangelo, D, Raimo, TD, Businaro, R, Capoano, R, et al. Neuropeptide Y as regulator of macrophage phenotype and functions: a neuroimmune CUE in atherosclerosis regression? Atherosclerosis (2017) 263:E2–E2. doi: 10.1016/j.atherosclerosis.2017.06.035

84. Pain, S, Vergote, J, Gulhan, Z, Bodard, S, Chalon, S, and Gaillard, A. Inflammatory process in Parkinson disease: neuroprotection by neuropeptide Y. Fundam Clin Pharmacol (2019) 33(5):544–8. doi: 10.1111/fcp.12464

85. Gonçalves, J, Ribeiro, CF, Malva, JO, and Silva, AP. Protective role of neuropeptide Y Y₂ receptors in cell death and microglial response following methamphetamine injury. Eur J Neurosci (2012) 36(9):3173–83. doi: 10.1111/j.1460-9568.2012.08232.x

86. Li, Q, Dong, C, Li, W, Bu, W, Wu, J, and Zhao, W. Neuropeptide Y protects cerebral cortical neurons by regulating microglial immune function. Neural Regener Res (2014) 9(9):959–67. doi: 10.4103/1673-5374.133140

87. Wang, W, Xu, T, Chen, X, Dong, K, Du, C, Sun, J, et al. NPY Receptor 2 Mediates NPY Antidepressant Effect in the mPFC of LPS Rat by Suppressing NLRP3 Signaling Pathway. Mediators Inflammation (2019) 2019:7898095. doi: 10.1155/2019/7898095

88. Ferreira, R, Santos, T, Cortes, L, Cochaud, S, Agasse, F, Silva, AP, et al. Neuropeptide Y inhibits interleukin-1 beta-induced microglia motility. J Neurochem (2012) 120(1):93–105. doi: 10.1111/j.1471-4159.2011.07541.x

89. Ferreira, R, Santos, T, Viegas, M, Cortes, L, Bernardino, L, Vieira, OV, et al. Neuropeptide Y inhibits interleukin-1β-induced phagocytosis by microglial cells. J Neuroinflammation (2011) 8:169. doi: 10.1186/1742-2094-8-169

90. De Luca, SN, Sominsky, L, Soch, A, Wang, H, Ziko, I, Rank, MM, et al. Conditional microglial depletion in rats leads to reversible anorexia and weight loss by disrupting gustatory circuitry. Brain Behav Immun (2019) 77:77–91. doi: 10.1016/j.bbi.2018.12.008

91. Winkler, Z, Kuti, D, Polyák, Á, Juhász, B, Gulyás, K, Lénárt, N, et al. Hypoglycemia-activated Hypothalamic Microglia Impairs Glucose Counterregulatory Responses. Sci Rep (2019) 9(1):6224. doi: 10.1038/s41598-019-42728-3

92. Reis, WL, Yi, CX, Gao, Y, Tschöp, MH, and Stern, JE. Brain innate immunity regulates hypothalamic arcuate neuronal activity and feeding behavior. Endocrinology (2015) 156(4):1303–15. doi: 10.1210/en.2014-1849

93. Wellhauser, L, Chalmers, JA, and Belsham, DD. Nitric Oxide Exerts Basal and Insulin-Dependent Anorexigenic Actions in POMC Hypothalamic Neurons. Mol Endocrinol (Baltimore Md.) (2016) 30(4):402–16. doi: 10.1210/me.2015-1275

94. Radler, ME, Wright, BJ, Walker, FR, Hale, MW, and Kent, S. Calorie restriction increases lipopolysaccharide-induced neuropeptide Y immunolabeling and reduces microglial cell area in the arcuate hypothalamic nucleus. Neuroscience (2015) 285:236–47. doi: 10.1016/j.neuroscience.2014.11.014

95. Appenheimer, MM, and Evans, SS. Temperature and adaptive immunity156:397-415. Handb Clin Neurol (2018) 156:397–415. doi: 10.1016/B978-0-444-63912-7.00024-2

96. Woodall, MJ, Neumann, S, Campbell, K, Pattison, ST, and Young, SL. The Effects of Obesity on Anti-Cancer Immunity and Cancer Immunotherapy. Cancers (2020) 12(5):1230. doi: 10.3390/cancers12051230

97. Zhou, T, Hu, Z, Yang, S, Sun, L, Yu, Z, and Wang, G. Role of Adaptive and Innate Immunity in Type 2 Diabetes Mellitus. J Diabetes Res (2018) 2018:7457269. doi: 10.1155/2018/7457269

98. D’Acquisto, F. Affective immunology: where emotions and the immune response converge. Dialogues Clin Neuro (2017) 19(1):9–19.

99. Hodges, GJ, and Sparks, PA. Noradrenaline and neuropeptide Y contribute to initial, but not sustained, vasodilatation in response to local skin warming in humans. Exp Physiol (2014) 99(2):381–92. doi: 10.1113/expphysiol.2013.075549

100. Johnson, JM, and Kellogg, DJ. Skin vasoconstriction as a heat conservation thermoeffector. Handb Clin Neurol (2018) 156:175–92. doi: 10.1016/B978-0-444-63912-7.00011-4

101. Bi, S, and Li, L. Browning of white adipose tissue: role of hypothalamic signaling. Ann N Y Acad Sci (2013) 1302(1):30–4. doi: 10.1111/nyas.12258

102. Shi, Z, Madden, CJ, and Brooks, VL. Arcuate neuropeptide Y inhibits sympathetic nerve activity via multiple neuropathways. J Clin Invest (2017) 127(7):2868–80. doi: 10.1172/JCI92008

103. Chao, PT, Yang, L, Aja, S, Moran, TH, and Bi, S. Knockdown of NPY expression in the dorsomedial hypothalamus promotes development of brown adipocytes and prevents diet-induced obesity. Cell Metab (2011) 13(5):573–83. doi: 10.1016/j.cmet.2011.02.019

104. Zhang, L, Ip, CK, Lee, IJ, Qi, Y, Reed, F, Karl, T, et al. Diet-induced adaptive thermogenesis requires neuropeptide FF receptor-2 signalling. Nat Commun (2018) 9(1):4722. doi: 10.1038/s41467-018-06462-0

105. Nakamura, Y, Yanagawa, Y, Morrison, SF, and Nakamura, K. Medullary Reticular Neurons Mediate Neuropeptide Y-Induced Metabolic Inhibition and Mastication. Cell Metab (2017) 25(2):322–34. doi: 10.1016/j.cmet.2016.12.002

106. Van der Zee, C. Hypothalamic plasticity of neuropeptide Y is lacking in brain-type creatine kinase double knockout mice with defective thermoregulation. Eur J Pharmacol (2013) 719(1–3):137–44. doi: 10.1016/j.ejphar.2013.07.027

107. Su, Y, Foppen, E, Fliers, E, and Kalsbeek, A. Effects of Intracerebroventricular Administration of Neuropeptide Y on Metabolic Gene Expression and Energy Metabolism in Male Rats. Endocrinology (2016) 157(8):3070–85. doi: 10.1210/en.2016-1083

108. Vähätalo, LH, Ruohonen, ST, Mäkelä, S, Kovalainen, M, Huotari, A, Mäkelä, KA, et al. Neuropeptide Y in the noradrenergic neurones induces obesity and inhibits sympathetic tone in mice. Acta Physiol (Oxf) (2015) 213(4):902–19. doi: 10.1111/apha.12436

109. Larabee, CM, Neely, OC, and Domingos, AI. Obesity: a neuroimmunometabolic perspective. Nat Rev Endocrinol (2020) 16(1):30–43. doi: 10.1038/s41574-019-0283-6

110. Klockars, A, Levine, AS, and Olszewski, PK. Hypothalamic Integration of the Endocrine Signaling Related to Food Intake. Curr Top Behav Neurosci (2019) 43:239–69. doi: 10.1007/7854_2018_54

111. Shi, YC, Ip, CK, Reed, F, Sarruf, DA, Wulff, BS, and Herzog, H. Y5 receptor signalling counteracts the anorectic effects of PYY3-36 in diet-induced obese mice. J Neuroendocrinol (2017) 29(10):e12483. doi: 10.1111/jne.12483

112. Bunner, W, Landry, T, Laing, BT, Li, P, Rao, Z, Yuan, Y, et al. ARC(AgRP/NPY) Neuron Activity Is Required for Acute Exercise-Induced Food Intake in Un-Trained Mice. Front Physiol (2020) 11:411. doi: 10.3389/fphys.2020.00411

113. Zheng, F, Kim, YJ, Chao, PT, and Bi, S. Overexpression of neuropeptide Y in the dorsomedial hypothalamus causes hyperphagia and obesity in rats. Obes (Silver Spring) (2013) 21(6):1086–92. doi: 10.1002/oby.20467

114. Trotta, M, Bello, EP, Alsina, R, Tavella, MB, Ferrán, JL, Rubinstein, M, et al. Hypothalamic Pomc expression restricted to GABAergic neurons suppresses Npy overexpression and restores food intake in obese mice. Mol Metab (2020) 37:100985. doi: 10.1016/j.molmet.2020.100985

115. Gumbs, M, Eggels, L, Kool, T, Unmehopa, UA, van den Heuvel, JK, Lamuadni, K, et al. Neuropeptide Y Signaling in the Lateral Hypothalamus Modulates Diet Component Selection and is Dysregulated in a Model of Diet-Induced Obesity. Neuroscience (2019). doi: 10.1016/j.neuroscience.2019.12.014

116. Ip, CK, Zhang, L, Farzi, A, Qi, Y, Clarke, I, Reed, F, et al. Amygdala NPY Circuits Promote the Development of Accelerated Obesity under Chronic Stress Conditions. Cell Metab (2019) 30(1):111–28. doi: 10.1016/j.cmet.2019.04.001

117. Shin, MK, Choi, B, Kim, EY, Park, JE, Hwang, ES, Lee, HJ, et al. Elevated Pentraxin 3 in Obese Adipose Tissue Promotes Adipogenic Differentiation by Activating Neuropeptide Y Signaling. Front Immunol (2018) 9:1790:1790. doi: 10.3389/fimmu.2018.01790

118. Shipp, SL, Cline, MA, and Gilbert, ER. Recent advances in the understanding of how neuropeptide Y and α-melanocyte stimulating hormone function in adipose physiology. Adipocyte (2016) 5(4):333–50. doi: 10.1080/21623945.2016.1208867

119. Loh, K, Zhang, L, Brandon, A, Wang, Q, Begg, D, Qi, Y, et al. Insulin controls food intake and energy balance via NPY neurons. Mol Metab (2017) 6(6):574–84. doi: 10.1016/j.molmet.2017.03.013

120. Engström, RL, Pereira, M, de Solis, AJ, Fenselau, H, and Brüning, JC. NPY mediates the rapid feeding and glucose metabolism regulatory functions of AgRP neurons. Nat Commun (2020) 11(1):442. doi: 10.1038/s41467-020-14291-3

121. Kim, YJ, and Bi, S. Knockdown of neuropeptide Y in the dorsomedial hypothalamus reverses high-fat diet-induced obesity and impaired glucose tolerance in rats. Am J Physiol Regul Integr Comp Physiol (2016) 310(2):R134–42. doi: 10.1152/ajpregu.00174.2015

122. Lee, SJ, Sanchez-Watts, G, Krieger, JP, Pignalosa, A, Norell, PN, Cortella, A, et al. Loss of dorsomedial hypothalamic GLP-1 signaling reduces BAT thermogenesis and increases adiposity. Mol Metab (2018) 11:33–46. doi: 10.1016/j.molmet.2018.03.008

123. Cui, Z, Qin, Q, Chen, P, Wang, J, Zhang, S, Mei, X, et al. Effect Of Dorsomedial Hypothalamus Neuropeptide Y Knockdown On Hepatic Insulin Sensitivity. Acta Endocrinol (Buchar) (2019) -5(1):25–31. doi: 10.4183/aeb.2019.25

124. Li, L, de La Serre, CB, Zhang, N, Yang, L, Li, H, and Bi, S. Knockdown of Neuropeptide Y in the Dorsomedial Hypothalamus Promotes Hepatic Insulin Sensitivity in Male Rats. Endocrinology (2016) 157(12):4842–52. doi: 10.1210/en.2016-1662

125. Sun, WW, Zhu, P, Shi, YC, Zhang, CL, Huang, XF, Liang, SY, et al. Current views on neuropeptide Y and diabetes-related atherosclerosis. Diabetes Vasc Dis Res (2017) 14(4):277–84. doi: 10.1177/1479164117704380

126. Cho, YR, and Kim, CW. Neuropeptide Y promotes beta-cell replication via extracellular signal-regulated kinase activation. Biochem Bioph Res Co (2004) 314(3):773–80. doi: 10.1016/j.bbrc.2003.12.170

127. Rodnoi, P, Rajkumar, M, Moin, ASM, Georgia, SK, Butler, AE, and Dhawan, S. Neuropeptide Y expression marks partially differentiated β cells in mice and humans. JCI Insight (2017) 2(12):e94005. doi: 10.1172/jci.insight.94005

128. Yamada, S, Islam, MS, van Kooten, N, Bovee, S, Oh, YM, Tsujimura, A, et al. Neuropeptide Y neurons in the nucleus accumbens modulate anxiety-like behavior. Exp Neurol (2020) 327:113216. doi: 10.1016/j.expneurol.2020.113216

129. Christiansen, SH, Olesen, MV, Gøtzsche, CR, and Woldbye, DPD. Anxiolytic-like effects after vector-mediated overexpression of neuropeptide Y in the amygdala and hippocampus of mice. Neuropeptides (2014) 48(6):335–44. doi: 10.1016/j.npep.2014.09.004

130. Reichmann, F, Wegerer, V, Jain, P, Mayerhofer, R, Hassan, AM, Fröhlich, EE, et al. Environmental enrichment induces behavioural disturbances in neuropeptide Y knockout mice. Sci Rep (2016) 6:28182. doi: 10.1038/srep28182

131. Olesen, MV, Christiansen, SH, Gøtzsche, CR, Nikitidou, L, Kokaia, M, and Woldbye, DPD. Neuropeptide Y Y1 receptor hippocampal overexpression via viral vectors is associated with modest anxiolytic-like and proconvulsant effects in mice. J Neurosci Res (2012) 90(2):498–507. doi: 10.1002/jnr.22770

132. Longo, A, Fadda, M, Brasso, C, Mele, P, Palanza, P, Nanavaty, I, et al. Conditional inactivation of Npy1r gene in mice induces behavioural inflexibility and orbitofrontal cortex hyperactivity that are reversed by escitalopram. Neuropharmacology (2018) 133:12–22. doi: 10.1016/j.neuropharm.2018.01.018

133. Nwokafor, C, Serova, LI, Nahvi, RJ, McCloskey, J, and Sabban, EL. Activation of NPY receptor subtype 1 by [D-His(26)]NPY is sufficient to prevent development of anxiety and depressive like effects in the single prolonged stress rodent model of PTSD. Neuropeptides (2020) 80:102001. doi: 10.1016/j.npep.2019.102001

134. Martinetz, S, Meinung, CP, Jurek, B, von Schack, D, van den Burg, EH, Slattery, DA, et al. De Novo Protein Synthesis Mediated by the Eukaryotic Elongation Factor 2 Is Required for the Anxiolytic Effect of Oxytocin. Biol Psychiatry (2019) 85(10):802–11. doi: 10.1016/j.biopsych.2019.01.010

135. Longo, A, Oberto, A, Mele, P, Mattiello, L, Pisu, MG, Palanza, P, et al. NPY-Y1 coexpressed with NPY-Y5 receptors modulate anxiety but not mild social stress response in mice. Genes Brain Behav (2015) 14(7):534–42. doi: 10.1111/gbb.12232

136. Mackay, JP, Bompolaki, M, DeJoseph, MR, Michaelson, SD, Urban, JH, and Colmers, WF. NPY(2) Receptors Reduce Tonic Action Potential-Independent GABA(B) Currents in the Basolateral Amygdala. J Neurosci (2019) 39(25):4909–30. doi: 10.1523/JNEUROSCI.2226-18.2019

137. Cippitelli, A, Rezvani, AH, Robinson, JE, Eisenberg, L, Levin, ED, Bonaventure, P, et al. The novel, selective, brain-penetrant neuropeptide Y Y2 receptor antagonist, JNJ-31020028, tested in animal models of alcohol consumption, relapse, and anxiety. Alcohol (Fayetteville NY) (2011) 45(6):567–76. doi: 10.1016/j.alcohol.2010.09.003

138. Corder, KM, Li, Q, Cortes, MA, Bartley, AF, Davis, TR, and Dobrunz, LE. Overexpression of neuropeptide Y decreases responsiveness to neuropeptide Y. Neuropeptides (2020) 79:101979. doi: 10.1016/j.npep.2019.101979

139. Tural, U, and Iosifescu, DV. Neuropeptide Y in PTSD, MDD, and chronic stress: A systematic review and meta-analysis. J Neurosci Res (2020) 98(5):950–63. doi: 10.1002/jnr.24589

140. Maul, S, Giegling, I, Fabbri, C, Corponi, F, Serretti, A, and Rujescu, D. Genetics of resilience: Implications from genome-wide association studies and candidate genes of the stress response system in posttraumatic stress disorder and depression. Am J Med Genet B Neuropsychiatr Genet (2020) 183(2):77–94. doi: 10.1002/ajmg.b.32763

141. Antunes, MS, Ruff, JR, de Oliveira, ED, Piegas, MB, de Brito, ML, Rocha, KA, et al. Neuropeptide Y administration reverses tricyclic antidepressant treatment-resistant depression induced by ACTH in mice. Horm Behav (2015) 73:56–63. doi: 10.1016/j.yhbeh.2015.05.018

142. Maymon, N, Mizrachi, ZT, Sabban, EL, and Akirav, I. Neuropeptide Y and cannabinoids interaction in the amygdala after exposure to shock and reminders model of PTSD. Neuropharmacology (2020) 162:107804. doi: 10.1016/j.neuropharm.2019.107804

143. Domin, H, Szewczyk, B, Pochwat, B, Woźniak, M, and Śmiałowska, M. Antidepressant-like activity of the neuropeptide Y Y5 receptor antagonist Lu AA33810: behavioral, molecular, and immunohistochemical evidence. Psychopharmacol (Berl) (2017) 234(4):631–45. doi: 10.1007/s00213-016-4495-3

144. Hofmann, S, Bellmann-Sickert, K, and Beck-Sickinger, AG. Chemical modification of neuropeptide Y for human Y1 receptor targeting in health and disease. Biol Chem (2019) 400(3):299–311. doi: 10.1515/hsz-2018-0364



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 © 2020 Chen, Liu, Liu, Zhou, He and Lin. 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.


OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Neuropeptide Y Is an Immunomodulatory Factor: Direct and Indirect

      

        		

          Introduction

        



        		

          NPY and Its Receptors in the Immune System

        

          		

            Sources of NPY in the Immune System

          



          		

            NPYRs in the Immune System

          



        



        



        		

          NPY Directly Regulates Immune Cells

        

          		

            Lymphocytes

          



          		

            Natural Killer Cells

          



          		

            Dendritic Cells

          



          		

            Granulocytes

          



          		

            Monocytes/Macrophages

          



          		

            Microglia

          



        



        



        		

          NPY Indirectly Regulates the Immune Response

        

          		

            NPY and BT

          



          		

            NPY and Obesity

          



          		

            NPY and Diabetes

          



          		

            NPY and Emotion

          



        



        



        		

          Summary and Prospect

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu.2019.580378_cover.jpg
, frontiers
in Immunology

Neuropeptide Y Is an
Immunomodulatory Factor:
Direct and Indirect





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-11-580378-g003.jpg
Insulin secretion  Anti-anxiety
Insulin mlmnw Anti-depression

Vl;umqhmelty Th-rmounnull Fnatomu- Fw‘jlnukp

NSl \

°~sm @/@7-
( Immune Respoﬁse )






OEBPS/Images/table2.jpg
Tissue

Perphera bood
Perphera boodt

Dental pulp

#epouen
Ratioal

Eone marow
Bone marow
Lymphnode

Adposs tssue
Perphera bood

nfanto hemangoma
Hippocamps

Celltype

Grandooyte
Moncoyte

ymphocyte

CO"granuocyte
COvympnocyte

Grandooyte

CO11b* microgia

Macrophage

Denditic col

T8 hmphooyte

Leukooyte

Macrophage

N

Microgéa cel ine

Neutrophi

T8 ymphocyte (CD™) and mst cals (iyptase)
Microgial

Receptorisoform

VIR V2R, Y5R
IR, Y28, but ot VSR
iR
iR

IR, V2R, SR
VIR Y2R

VIR Y2R

IR, V2R, V4R, VSR
YR

IR, V2R, VAR, VSR, Y6R
IR, 2R

IR, V2R, Y5R

IR, V2R, V4R, YR
YR
iR

Molecular level
Protein

mRNA
Proten

Proten
Protéin

mANA
mRNA
mRNA
Y1 (mANA and protein)

Protein

Reference

@)
©5.96)
©n

“

.19

@41
@
9
2]

@)
“@
en






OEBPS/Images/fimmu-11-580378-g001.jpg
A 12 330 31 32 34 36 9 2 3-35 36
NPy ey SERCESCTe— PYY c—

Tyr =
processed |
N processed| truncated
truncated
12 330 31 34 36 N runcate
330
[Leu31-Pro34INPY Loy Pro Ty NPYas 36
Ty
1 - . v
a3 1-ABIINPY  r2amise 31 2 36 s 335 3
Aa Aib Tyr __TV'
B AgonistsAntagonists  Ligands- R — y
Liad VIR Y2R V3R VAR YSR
PV VIR Y2R AR YSR |
i eSTPENPNRY) YiRYSR
Agonists e M
Pancreac epts vin
(RB31ABIINPY. S
BIBO3304 ViR
o Poi601T0 S
Antagonists  gers I
Uis2a0¢ i






OEBPS/Images/logo.jpg
’ frontiers
in Immunology





OEBPS/Images/fimmu-11-580378-g002.jpg
Migration

Phagocytosis Migration
Proliferation
. YeR
Granulocytes by O Development
% Cytokine secretion
‘Structural cells. \ 4 Lymphocytes

Migration
Antigens capturing
Cytokine secretion

® ]

.  NPY °
e o N Activity
L @ Migration

YIR

Dendritic cells iR
NK Cells
v s
Activity ( \ B -« Recruitment
Phagocytosis vr . (@ Phagocyiosis
Cytokine secretion 235 Cytokine secretion

Microglia Monocytes/Macrophages





OEBPS/Images/table1.jpg
Nonimmne.

vonooe
system

ymenocyte
Granuooyte

Source.
‘Splnic sympathetic nerve
Reta

MyoCaP cels

Vascuar smooth muscie cos and macophages.
Enteocyie

Bone marrow endothetal cols
Trymic epiheum

Langechans cels

Human monocyte decve OG-

Mouse bone marton-derod monocytos and
puman periphera biood monocytes

Mouse DC and macrophages

Arviay maccophages

Retinal microgia

Primary hppocampal microgia
N9 microgil ol ine

T and B hmphooyes
Masiocyte

Role

Meckates the communication between narve and Tyrosine Hyckonyasor eukocyto
Reguiates imune cals ivoked in maintainng the immuns immunity of the oye
Promotes the migraton of macrophages and the secreton of L6 to paricpate n the

reguaton ofthe tumor microenvionmont

Increases chemotus of fammatory cels, thereby amplying vascuar nfammaton
a3 trggerng the fomation of smooth musd foam el
Roguias the migraton of meduary immuno cols to mucous membranes and plys an

antiinfammatory 00

Actvates the Y1R in macrophages o promote neual protecton.

Protects thymus col doveopmont
Haps protect the sin againstinvaing microbos.
Is involed n the maturatn of dendiic oo

Is involed in the reguation of monocyte funciion

Pertorms ant-ammatory (0

15 foved i he reguation of yokine production and celuar acivy o immune csls

asihma
Is involed i the reguaion ofeye infammaton

May boreated o the immune response against sepsis

Inhiics NO synesis and L1 reease
Is invoked in hmphoope autoreguition

Excoutes a 0o i th infection and elminatin of hopatis vius

DC. denchtic celt 1L-13 nterfectdn- 17t 16, interiecidn-G: NO, nivic cwdle,

Reference

)
16,17
o8

®
o

19
©
@0
@)

@2y

@)
=]

e
@n
1)

.50
@





