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ABSTRACT 
 

Appetite regulation is a complex physiological process that is controlled by a network of hypothalamic neuropeptides. 

Among these neuropetides, pituitary adenylate cyclase-activating polypeptide (PACAP) has emerged as a key 

stimulator, but its role during fasting remains poorly defined. In this study, we assessed the expression of important 

appetite–related neuropeptides in response to fasting. PACAP has been known as an important factor that regulates 

feeding behavior through central neuropeptide signaling pathways. Expression levels of cholecystokinin (CCK), 

melanin concentrating hormone (MCH), orexin, and oxytocin in the hypothalamus of wild-type mice were notably 

upregulated in response to fasting; however, no significant changes were observed in PACAP−/− mice, indicating that 

the response is PACAP-dependent. In contrast, amylin expression was downregulated by fasting in both genotypes, 

suggesting a PACAP-independent, potentially anorexigenic role. Notably, bombesin and neurotensin expression levels 

remained unchanged across all conditions. Our results demonstrated that PACAP modulates the neuropeptidergic 

signaling network in a specific and selective manner, and therefore participates in the central regulation of appetite. 

These findings highlight the peculiar contribution of PACAP in balancing anorexigenic and orexigenic pathways during 

energy deprivation. Such selective regulation suggests that PACAP acts as a metabolic sensor, integrating fasting signals 

with hypothalamic centres that control feed intake. 
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INTRODUCTION 

 

The energy homeostasis and behavior of eating are 

mediated by a complex neuroendocrine network, in which 

signals from peripheral metabolism are integrated with 

pathways of the central nervous system (Chen et al. 2025). 

The hypothalamus is central in this network, integrating 

signals like leptin, insulin, and ghrelin, coordinating proper 

reactions by the neuropeotides that either stimulate appetite 

or suppress hunger, and therefore maintaining the 

homeostasis of energy (Bombassaro et al. 2024; Basu and 

Flak 2025). 

Fasting can trigger adaptive physiological responses in 

various animal species, such as geese (Liu et al. 2025), 

laying hens (Weng et al. 2025), birds (Liu et al. 2024) and 

dogs (McKenzie et al. 2024). In geese, these diets affect 

nutrient regulation and energy metabolism (Liu et al. 

2025). In laying hens, they alter gut microbiota and liver 

functions (Weng et al. 2025). In dogs, long-term 

consumption of high-fat diets leads to metabolic disorders 

that are similar to age-related changes, including resistance 

to insulin and dyslipidemia (McKenzie et al. 2024). The 

findings across a number of species, including both 

livestock and companion animals, indicate the significance 

of research about fasting in veterinary medicine. The 

hypothalamus is vital for the behavior of feeding and the 

maintenance of energy homeostasis. In addition, hormones 

such  as  alpha  melanin-stimulating hormone (α-MSH) and 
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neuropeptide Y (NPY) have been demonstrated to affect the 
appetite and storage of fat via hypothalamic pathways in 
several species, including chicks and quails (Liu et al. 2024). 

In the literature, the arcuate nucleus (ARC) plays a 
central role, containing neurons that express orexigenic 
neuropeptides like NPY and agouti-related peptide 
(AgRP), as well as anorexigenic peptides such as 
proopiomelanocortin (POMC) and cocaine- and 
amphetamine-regulated transcript (CART) in the 
hypothalamus (Joly-Amado et al. 2014; Tran et al. 2022; 
Song and Choi 2023). These neurons project to other 
regulatory centers, including the paraventricular nucleus 
(PVN) and lateral hypothalamic area (LHA), influencing 
downstream neuropeptides such as corticotropin-releasing 
hormone (CRH), melanin-concentrating hormone (MCH), 
orexin, and oxytocin (Schwartz et al. 2000; Ferguson et al. 
2008; Iremonger and Power 2025). In addition, peripheral 
peptides also contribute significantly to appetite regulation. 
In more detail, cholecystokinin (CCK), amylin (IAPP), and 
bombesin-like peptides mediate short-term satiety through 
gut-brain signaling (Ding et al. 2022), while centrally 
produced neuropeptides such as orexin, MCH, neurotensin, 
and oxytocin influence both feeding and energy 
expenditure (Raybould 2007; Miller 2019; Izawa et al. 
2025). These neuropeptides function within interconnected 
networks rather than in isolation. Functional redundancy 
and compensatory mechanisms often obscure the roles of 
individual peptides in gene knockout studies (Peng 2019; 
Nguyen et al. 2020; Rouf et al. 2023).  

Pituitary adenylate cyclase-activating polypeptide 
(PACAP), a neuropeptide classified within the 
VIP/secretin/glucagon family, was initially identified in the 
hypothalamus because of its capacity to stimulate cAMP 
signaling in pituitary cells (Fuentes-Fayos et al. 2022). 
Within its widespread expression in brain regions involved 
in energy regulation, PACAP is considered a strong 
candidate for modulating appetite by influencing both 
orexigenic and anorexigenic pathways (Nguyen et al. 2020; 
Sureshkumar et al. 2021; Kambe et al. 2023; Vu et al. 
2023). No prior study has comprehensively analyzed the 
effect of PACAP deficiency on the fasting-induced 
regulation of CCK, MCH, orexin, oxytocin, amylin, 
bombesin, and neurotensin in adult mice. 

To address these issues, the present study investigates 
the role of PACAP in regulating hypothalamic 
neuropeptide expression under fasting conditions. PACAP 
knockout mice were employed in the experiments to 
elucidate neuropeptidergic circuits that are regulated by 
PACAP, clarify possible compensatory mechanisms, and 
further explain how the integration of central and 
peripheral signals controls appetite. The knowledge would 
be useful in the development of treatment therapies for 
metabolic diseases, such as obesity and cachexia. 
 

MATERIALS AND METHODS 
 

Animals 
PACAP (−/−) mice (Hashimoto et al. 2001) were used 

in our experiments. Male CD-1 mice (Japan SLC Inc., 
Shizuoka, Japan) with an age range from 8 to 13 weeks 

were separately housed for a minimum of 1 week and 
during the whole experimental time, with the condition of 
a 12-hour light/dark cycle (lights on at 7:00 a.m. and off at 
7:00 p.m.). All procedures involving animals were 
reviewed and approved by the Experimental Animal 
Research Committee of Kagoshima University and the 
Vietnam National University of Agriculture. 
 

PACAP genotyping  
The method for genotyping was adapted from a 

previously published protocol (Hashimoto et al. 2001). Ear 
punch samples (0.25cm) were obtained from mice and 
incubated in 50mM NaOH at 95°C for one hour. After 
incubation, 1M Tris-HCl (pH 8.0) was added to neutralize 
the samples. PCR amplification was conducted on a thermal 
cycler (PC-320, ASTEC, Fukuoka, Japan), beginning with 
a 3-minute denaturation at 95°C, followed by 40 cycles of 
30 seconds at 95°C, 30 seconds at 59°C, and 2 minutes at 
72°C, with a final hold at 4°C. The amplified products were 
then separated and visualized using 1% agarose gel 
electrophoresis. The primer sequences employed for 
genotyping are presented in Table 1. 

 

Fasting–refeeding paradigm and gene expression 

analysis (RT-qPCR) 
In the fasting experiment, mice underwent a two-day 

period without food. Total RNA was isolated with the 
Sepasol-RNA 1 Super G kit (Nacalai Tesque, Kyoto, 
Japan) and cDNA was synthesized using the High-
Capacity cDNA Reverse Transcription Kit (Applied 
Biosystems, Foster City, CA). qPCR was performed with 
the Thunderbird SYBR qPCR kit (Toyobo Life Science, 
Osaka, Japan) on a Thermal Cycler Dice Real-Time System 
TP800 (Takara Bio Inc., Shiga, Japan). Specific primers 
targeting amylin, bombesin, CCK, MCH, neurotensin, 
orexin, and oxytocin were designed using Primer 3 
(Koressaar and Remm 2007), along with primers for the 
housekeeping gene glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH), as detailed in Table 2. All 
procedures followed the manufacturer’s instructions. Gene 
expression levels were normalized to GAPDH and 
presented as relative expression percentages. 
 

Statistical analysis 
Data are presented as mean ± S.E.M. Statistical 

analysis was performed using Student’s t-test or one-way 
ANOVA with Dunnett’s or Bonferroni’s post hoc tests, as 
appropriate, using Prism version 4.3 (GraphPad Software, 
San Diego, CA). Statistical significance was indicated 
when a p-value was less than 0.05. 

 

RESULTS 
 

Fasting-induced increments in the expression of CCK, 

MCH, orexin and oxytocin are abolished in PACAP 

(−/−) mice 
In normal mice, mRNA expression levels of CCK, 

MCH, orexin, and oxytocin in hypothalamic regions, 
including the paraventricular thalamus (PVT), bed nucleus 
of  the  stria  terminalis  (BNST),  and  medial  preoptic area 

 
Table 1: List of primer sequences used for genotyping 

Targets Expected size (bp) Forward (5' - 3') Reverse (5' - 3') 

PACAP (+/+) 293 ACCGAAAACAAATGGCTGTC GGTCCACAAAGTATATCTGTGCATTCTC 
PACAP -/-) 1078 ATCTCCTGTCATCTCACCTTGCTCCT GGTCCACAAAGTATATCTGTGCATTCTC 
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Table 2: Sequences of primers utilized in RT-qPCR 

Genes Primer names Sequences (5’-3’) References 

Amylin F 

R 

ACC ACT GAA AGG GAT CTT GAG 

TTT GTC CAT CTG AGG GTT GCT A 

This study 

Bombesin F 

R 

GGT CCT GGC TAA GAT GTA TCC G 

GTC TCT GTC AGC CGC ATA CAG 

CCK F 

R 

CCG CCT GCC CTC AAC TTA 

CAT CAC CAC GCA CAG ACA TAC G 

MCH 

 

F 

R 

GCG GTT TCA TGA ACG ATG ATG 

GAT CCT TTC AGA GCG AGG TAA G 

Neurotensin F TGG TGT GCC TGA CTC TC 

R GCT GAT CTT GGA TGT ATG CAT G 

Orexin F CTT TCC TTC TAC AAA GGT TCC C 

R TAG AGA CGG CAG GAA CAC G 

Oxytocin F GAC CTC GGC CTG CTA CAT CCA G 

R GCC GCA GGG GAG ACA CTT G 

GAPDH F GAAGGTCGGTGTGAACGGAT (Kambe et al. 2023) 

R CTCGCTCCTGGAAGATGGTG 

 

 
 

Fig. 1: Fasting-induced increments in the expression of CCK, MCH, orexin, and oxytocin are abolished in PACAP (−/−) mice. RT-

qPCR was used to quantify hypothalamic expression of CCK, MCH, orexin, and oxytocin in PACAP (+/+) (white bars) and PACAP 

(−/−) (black bars) mice under naïve or 2-day fasting conditions (n=8 per group). Data were analyzed by ANOVA with Tukey’s post hoc 

test (*P<0.05, **P<0.01). 
 

(MPOA), were remarkably upregulated as a result of 

fasting. However, the increment was absent in PACAP 

(−/−) mice, suggesting the participation of these in the 

orexigenic response mediated by PACAP. The findings, as 

shown in Fig. 1, indicate that PACAP neurons in the PVT, 

BNST, and MPOA may have extensive projections and 

play crucial roles in regulating feeding behavior. 
 

Fasting-induced decrements in the expression of amylin 

are reversed in PACAP (−/−) mice 

In opposition to the upregulation that fasting induces 

on the mRNA expression of CCK, MCH, orexin and 

oxytocin, the level of amylin mRNA in the hypothalamic 

area was significantly downregulated with fasting. 

Interestingly, this downregulation was reversed in PACAP 

knockout (PACAP−/−) mice, indicating that a PACAP-

independent mechanism is involved in the suppression of 

amylin, as shown in Fig. 2. This observation suggests an 

antagonistic role of amylin in PACAP-mediated orexigenic 

signaling, and therefore emphasizes its noticeable pathway 

in the regulation of feeding behavior. 

 

 
Fig. 2: Fasting-induced decrements in the expression of amylin 

are reversed in PACAP (−/−) mice. Amylin mRNA levels were 

measured by RT-qPCR in hypothalamic tissue from PACAP (+/+) 

(white bars) and PACAP (−/−) (black bars) mice under naïve or 

two-day fasting conditions (n=8 per group). Data were analyzed 

using ANOVA followed by Tukey’s post hoc test (*P<0.05). 
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Fig. 3: Fasting-induced lack of change in bombesin and neurotensin expression is preserved in PACAP (−/−) mice. Bombesin and 

neurotensin mRNA levels were measured by RT-qPCR in hypothalamic tissue from PACAP (+/+) (white bars) and PACAP (−/−) (black 

bars) mice under naïve or 2-day fasting conditions (n = 8 per group). Data were analyzed by ANOVA with Tukey’s post hoc test 

(*P<0.05, significant; ns, not significant P> 0.05). 

 

Bombesin and neurotensin expression remained 

unaltered by fasting or PACAP deficiency 

In contrast to results on expressions of other 

neuropeptides, the levels of bombesin and neurotensin in 

the PVT, BNST, and MPOA remained unaffected by 

fasting, and there were no significant differences between 

wild-type and PACAP (−/−) mice. These observations 

suggest that bombesin and neurotensin are not involved in 

the changes of feeding behavior induced by fasting, as 

shown in Fig. 3. 
 

DISCUSSION 

 

Our study has clarified the roles of PACAPs in the 

modulation of feeding-related neuropeptides during fasting 

in mice, and specifically focused on important 

hypothalamic regions that are known to be involved in 

appetite control. The results demonstrate the essential role 

of PACAP in the upregulation of several orexigenic 

neuropeptides in fasting, such as CCK, MCH, orexin, and 

oxytocin. However, the significant elevation in mRNA 

levels of these neuropeptides in wild-type mice was 

abolished in PACAP-deficient (PACAP−/−) mice. The 

results indicate that PACAP signaling is essential for the 

transcriptional activation of the genes when responding to 

the deficiency of energy, and therefore contributes to the 

orexigenic stimulation that increases food intake after 

fasting. 

In the first place, our results affirm the essential roles 

of PACAP in the coordination of fasting-induced 

upregulation in several key orexigenic neuropeptides, 

including CCK, MCH, orexin, and oxytocin. In wild-type 

mice, fasting significantly elevated the mRNA levels of 

these peptides, a response entirely absent in PACAP−/− 

mice, highlighting the necessity of PACAP signaling in 

their activation during energy deficiency. Cholecystokinin 

(CCK), a well-studied gut-brain peptide, plays a crucial 

role in promoting satiety by reducing meal size through its 

peripheral actions, such as stimulating gallbladder 

contraction and delaying gastric emptying (Gibbs et al. 

1973; Moran and McHugh 1982; Asim et al. 2024; Rehfeld, 

2025). Interestingly, under fasting conditions, its central 

expression might shift toward stimulating appetite under 

PACAP regulation.  

Melanin-concentrating hormone (MCH), which is 

mainly expressed in the lateral hypothalamus (LHA), is 

another potent orexigenic peptide whose expression 

increases during fasting. MCH promotes feeding and 

suppresses energy expenditure, likely through its 

interaction with the HPA axis (Qu et al. 1996; Saito et al. 

1999; Al-Massadi et al. 2021; Concetti et al. 2023; Payant 

et al. 2025). Similarly, orexin A, produced in the LHA, 

stimulates both feeding and arousal, in addition to 

regulating thermogenesis (Tsujino and Sakurai 2013; Liu 

et al. 2020; Maruyama and Ueta 2023). Its role in 

enhancing appetite is well established (Sakurai et al. 1998), 

and its elevated expression during fasting reinforces its 

involvement in maintaining energy balance.  

Conversely, oxytocin, a hormone known for its roles 

in parturition and lactation, also acts within the brain to 

suppress food intake (Olson et al. 1991; Arrowsmith and 

Wray 2014; Maier and Brecht 2022; Yukinaga and 

Miyamichi 2025). Regardless of the anorexigenic nature, 

fasting induced an increment in oxytocin expression in 

wild-type mice, but not in PACAP−/− mice, suggesting a 

more complicated and also contextual role in the 

modulation of feeding behavior. It might be explained by 

the fact that upstream in the functions of PACAP is aimed 

to modulate the hypothalamic oxytocin neurons, as the 

reaction to metabolic stress, and possibly via the direct 

signals on PAC1 receptor, or intermediary neuropeptides, 

like corticotropin-releasing hormone (CRH) or leptin. On 

the other hand, the integration of metabolic signals within 

the paraventricular nucleus (PVN) might be impaired by 

the absence of PACAP, leading to the reduction of 

oxytocinergic activation in response to fasting. There was 

also a previous study reporting the crucial contributions of 

interactions between ventromedial PACAP and 

dorsomedial galanin in the regulation of appetite by the 

hypothalamus of mice (Kambe et al. 2023). In general, the 

results indicate that PACAP plays an important role in the 

incorporation of various neuroendocrine signals in the 

response to fasting, through the integration of various 

appetite-stimulating pathways. This network leads to the 

increment in feeding motivation and the restoration of 

energy under fasting circumstances. However, future 

researches are still needed to clarify the mechanisms 

responsible for this mode of action. 

Notably, amylin shows a distinct expression pattern 

compared to the orexigenic neuropeptides examined in this 

study. Its mRNA levels were significantly downregulated 

during fasting in both wild-type and PACAP−/− mice, 

suggesting that its decrease is independent of PACAP 

signaling. This finding aligns with amylin’s well-

recognized function as an anorexigenic peptide (Roth et al. 

2012; Volčanšek et al. 2025; Walker et al. 2025). 
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Furthermore, amylin is also referred to as amyloid 

polypeptide (IAPP) that is released with insulin by 

pancreatic beta cells in response to nutrient intake (Butler 

et al. 1990; Eržen et al. 2024). It acts as a short-term 

regulator of satiety by slowing gastric emptying, 

decreasing meal size, and helping maintain blood glucose 

levels (Hankir and Le Foll 2025). Research has 

demonstrated that peripheral amylin administration 

reduces food consumption, partly by limiting meal size and 

that prolong treatment can lead to weight loss (Arnelo et al. 

1996; Lutz et al. 2000). The reduction in expression of 

amylin in fasting observed in our study suggests a 

ameliorative mechanisms that diminish anorexigenic 

signaling when amounts of energy are decreased, and 

therefore increasing the feeding desires and supporting the 

energy restoration. This mode of action contributes to the 

reduction of satiety signals in cases where the accessibility 

to nutrients is insufficient. Remarkably, the decrease in 

levels of amylin was also observed in PACAP-deficient 

mice, supporting the idea that noticeable upstream 

regulators participate in the neuropeptide systems 

controlling appetite. While PACAP is essential for the 

upregulation of appetite-stimulating peptides, such as 

CCK, MCH, orexin, and oxytocin in fasting, it is likely that 

amylin expression is mediated by a different signaling 

network, which might include the peripheral metabolic 

signals or brain circuits that are independent from PACAP. 

These findings indicate the diversity and complication of 

pathways responsible for food intake in neuroendocrine 

systems. In addition, observed results signify that the 

dualism of orexigenic and anorexigenic signals in the 

modulation of appetite is mediated by separate molecular 

routes. However, future research is necessary to elucidate 

the overlap or independence of amylin- or PACAP-

involving pathways, in both hunger and satiety conditions. 

These scientific knowledges might serve as a background 

to develop the specified targeted therapies applied in 

related diseases, such as obesity or diabetes. 

In contradiction to the results on appetite-regulating 

peptides, where the expression was suppressed or increased 

by PACAP genotype and fasting, levels of bombesin and 

neurotensin in the hypothalamic region remained 

unchanged, indicating that these neuropeptides are not 

dependent on the acute regulation generated by energy 

status or PACAP signaling. Because previous studies have 

demonstrated that the neurotensins synthesized in 

hypothalamic nuclei, such as the ARC, PVN, and DMH, 

have functions in the decrement of food intake and are 

positively controlled by leptin (Luttinger et al. 1982; Sahu 

et al. 2001; Primeaux et al. 2021; Fu et al. 2025), we 

suggest that they might be more involved in the long-term 

maintenance of energy balance. The stable expression of 

neurotensin indicates that its roles in feeding might be 

region-specific or mediated via mechanisms that are 

different from immediate transcriptional changes. 

Similarly, unchanged levels of bombesin imply that it is not 

involved in PACAP-mediated responses to short-term 

fasting. In contradiction to the results on appetite-

regulating peptides, where the expression was suppressed 

or increased by PACAP genotype and fasting, levels of 

bombesin and neurotensin in the hypothalamic region 

remained unchanged, indicating that these neuropeptides 

are not dependent on the acute regulation generated by 

energy status or PACAP signaling. Because previous 

studies have demonstrated that the neurotensins 

synthesized in hypothalamic nuclei, such as the ARC, 

PVN, and DMH, have functions in the decrement of food 

intake and are positively controlled by leptin (Luttinger et 

al. 1982; Sahu et al. 2001; Primeaux et al. 2021), we 

suggest that they might be more involved in the long-term 

maintenance of energy balance. The stable expression of 

neurotensin indicates that its roles in feeding might be 

region-specific or mediated via mechanisms that are 

different from immediate transcriptional changes. 

Similarly, unchanged levels of bombesin imply that it is not 

involved in PACAP-mediated responses to short-term 

fasting. 

 

Conclusion 

Taken as a whole, our results clarify the roles of 

PACAP in the mediation of fasting-induced responses, and 

also identify the orexigenic neuropeptides that are involved 

in the process, while, on the other hand, ruling out the 

dependence of others, such as amylin, bombesin, and 

neurotensin, on PACAP-regulating signalings. These 

findings further give an insight into mechanisms of brain 

neuropeptide signaling in feeding behaviors to adapt to 

changes in energetic levels, which could be useful to 

develop targeted therapies applied in the treatment of 

several metabolic disorders. However, further in vivo 

experiments with animal disease models are still required 

to assess mechanisms in diseased individuals. 
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