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A B S T R A C T

Hypothalamic kisspeptin, encoded by the Kiss1 gene, serves as an important regulator of the reproductive axis 
and sexual maturation. Since reproductive physiology is tightly coupled to metabolic cues, metabolic status 
exerts significant influence on puberty and fertility. Emerging evidence identifies kisspeptin signaling as a key 
determinant of central energy homeostasis. This review focuses on distinct Kiss1 neuronal populations in the 
arcuate nucleus of hypothalamus (Arc) and anteroventral periventricular/periventricular nucleus (AVPV/PeN) in 
regulating energy balance. Arc Kiss1 neurons suppress appetite via activation of POMC neurons and inhibition of 
AgRP/NPY neurons, while enhance energy expenditure through excitatory projections to the PVN and DMH. In 
contrast, AVPV/PeN Kiss1 neurons primarily exert inhibitory GABAergic regulation on PVN and DMH neurons. 
This indicates their suppressive modulatory function, which generally opposes the excitatory metabolic effects 
mediated by Arc Kiss1 neurons. Peripheral metabolic hormones, including leptin, adiponectin, insulin, and 
ghrelin, dynamically modulate Kiss1 neuronal activity through direct receptor or indirect POMC/AgRP path
ways. By integrating these peripheral signals, Kiss1 neurons act as important modulators of metabolic homeo
stasis. Taken together, these findings indicate that Kiss1 neuronal pathway may be worth additional investigation 
in the field of metabolic disorders.

1. Introduction

Kisspeptin, encoded by the Kiss1 gene, was first identified as a 
metastasis suppressor, but subsequent research has firmly established its 
essential role in initiating puberty and maintaining reproductive 
competence [1,2]. Within the hypothalamus, Kiss1 neurons form two 
anatomically and functionally distinct populations: those located in the 
arcuate nucleus (Arc) and those within the anteroventral periventricular 
nucleus (AVPV) and adjacent periventricular nucleus (PeN). Both groups 
are critical to reproductive regulation [3,4]. Notably, hypothalamic 
gonadotropin-releasing hormone (GnRH) neurons lack intrinsic pulsa
tility and require kisspeptin-mediated stimulation to generate rhythmic 
secretion [5,6]. This process is governed by the kisspeptin receptor, 
Kiss1r (also known as GPR54), which is expressed on GnRH neurons [7, 
8]. Estradiol (E₂) upregulates AVPV/PeN Kiss1 neuronal activity to 
mediate positive feedback, triggering the preovulatory GnRH and 
luteinizing hormone (LH) surge [9,10]. Conversely, Arc Kiss1 neurons 
sustain both tonic and pulsatile GnRH/LH release, thereby coordinating 
gonadal steroidogenesis, gametogenesis, and menstrual cyclicity
[11–13]. This hierarchical organization explains why loss-of-function 

mutants in Kiss1 or Kiss1r result in hypogonadotropic hypogonadism 
and infertility in both humans and mice [3,14–16].

Energy homeostasis is tightly linked to reproductive capacity: 
adequate energy availability is required for sexual maturation and 
fertility, whereas reproductive function reciprocally influences systemic 
metabolism and hormone secretion. Emerging evidence indicates that 
energy deficit states (e.g., food deprivation, exercise) alter peripheral 
metabolic cues—including leptin, insulin, and ghrelin—which subse
quently modulates Kiss1 neuronal activity and gene expression through 
both direct and indirect mechanisms [17–19]. Beyond its canonical 
reproductive role, hypothalamic kisspeptin signaling has emerged as a 
contributor of energy homeostasis, influencing food intake, body 
weight, and energy expenditure, while concurrently influencing ther
mogenesis and glucose metabolism [20–22].

Previous studies have highlighted the broad role of kisspeptin 
signaling in regulating systemic energy metabolism [23]. However, 
tissue-specific kisspeptin exerts varying effects on the organism's energy 
homeostasis [24,25]. For example，Kiss1 signaling in brown adipose 
tissue (BAT) paradoxically impairs glucose tolerance, suppresses basal 
metabolic rate, reduces energy expenditure, and diminishes locomotor 
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activity, collectively promoting weight gain [24]. In contrast, kisspeptin 
derived from white adipose tissue (WAT) enhances lipid oxidation and 
improves glucose clearance, thereby promoting metabolic flexibility 
[25]. The majority of mechanistic studies discussed herein derive from 
rodent models, with a primary focus on female subjects. Caution is 
needed when extrapolating these findings to other species and male 
individuals. Species and sex differences are discussed wherever relevant 
literature is available. Given the hypothalamus’s established role as the 
central hub for systemic energy regulation [26,27], the bidirectional 
communication between hypothalamic Kiss1 neurons and whole-body 
metabolic homeostasis-particularly its underlying molecular 
mechanisms-remains incompletely understood. This review therefore 
focuses on the hypothalamic Kiss1 system in metabolic regulation and 
explores how central and peripheral metabolic cues interact to modulate 
Kiss1 neuronal function.

2. Arc Kiss1 neurons in the regulation of energy metabolism

2.1. Kiss1 neurons and feeding behavior

Extensive evidence indicates that kisspeptin, a hypothalamic neu
ropeptide best known for its reproductive function, also plays a critical 
role in appetite regulation. The anorexigenic effects of kisspeptin were 
first demonstrated in mice. Stengel et al. reported that intra
cerebroventricular administration of kisspeptin− 10 dose-dependently 
suppressed food intake during the 2–3 h following lateral ventricular 
injection [28]. This reduction was primarily due to a decrease in meal 
frequency, without significant effects on meal size or gastric emptying. 
These findings suggest that kisspeptin promotes satiety rather than 
impairing digestion. Interestingly, this appetite-suppressing effect 
occurred exclusively in fasting-refeeding mice, whereas the same dose of 
kisspeptin had no effect in ad libitum-fed mice [28]. Subsequent studies 
have yielded similar results in male rats [29]and female desert jumping 
rats [30], indicating that central injection of kisspeptin− 10 reduces 
early-phase food intake following fasting. However, cumulative 24-hour 
intake remain unchanged [28–30], likely due to kisspeptin’s short bio
logical half-life [31,32], which limits its sustained activity. More recent 
studies demonstrate that both central kisspeptin− 10 injection via the 
lateral ventricle in fed Wistar rats [33] and intraperitoneal injection in 
fed mice [34] significantly reduce 24-hour food intake (Fig. 1).

Beyond pharmacological evidence, genetic and viral manipulation 
studies have provided deeper insights into kisspeptin's role in appetite 
regulation. Using transgenic models and adeno-associated virus (AAV) 
were utilized to overexpress or silence kisspeptin signaling. For instance, 
Padilla et al. selectively silenced Arc Kiss1 neurons by injecting tetanus 
toxin (TeTx) into the Arc [35]. Although ablation of these neurons did 
not alter total food intake, it considerably disrupted circadian feeding 

patterns compared with controls [35] (Fig. 1). Quantitatively, 
Kiss1-silenced mice consumed more food in the light (inactive) phase 
and less in the dark (active) phase, with obvious shifts in waking state 
and locomotor behavior. These mice exhibited notable body weight gain 
without a net rise in total caloric intake, suggesting meal timing imposes 
a stronger impact than overall food consumption [35]. Besides, reduced 
locomotor activity was also detected in Kiss1-silenced mice [35]. 
Accordingly, the observed weight gain may partially reflect lowered 
energy expenditure caused by altered arousal state, instead of feeding 
pattern changes alone. Circadian rhythms are fundamental for main
taining metabolic homeostasis. Even with constant caloric intake, 
circadian disruption can raise susceptibility to obesity and metabolic 
dysfunction in rodents and humans (e.g., shift work) [36]. The Arc 
contains a circadian oscillator [37], and multiple studies have identified 
reciprocal synaptic connections between the Arc and the suprachias
matic nucleus (SCN) or its downstream targets [37–41]. Although Arc 
Kiss1 neurons do not project directly to the SCN [35]; they send axonal 
projections to SCN target regions, such as the subparaventricular zone 
(SPZ) and the dorsomedial hypothalamus (DMH) [35,42]. The SPZ re
lays circadian signals from the SCN, and the DMH combines these 
rhythmic inputs with metabolic and feeding circuits. Anatomically, Arc 
Kiss1 neurons can obtain indirect circadian information via the 
SCN→SPZ→Arc pathway, and modulate downstream feeding centers 
through projections to the SPZ and DMH [35].

Current evidence implies Arc Kiss1 neurons function as an interme
diate hub connecting SCN circadian signals to hypothalamic feeding 
networks. Suppression of Arc Kiss1 neurons leads to redistribution of 
food intake throughout light-dark cycles, instead of simply raising or 
lowering total food consumption.

Beyond daily total caloric intake, it remains unclear whether kiss
peptin signaling regulates macronutrient choice among carbohydrates, 
fats, and proteins. Few relevant systematic studies have been published 
to date. Respiratory quotient (RQ), which reflects carbohydrate-fat 
oxidation ratio, offers indirect evidence. Peripheral kisspeptin− 10 in
jection increase dark-phase RQ in high-fat diet (HFD)-fed female mice, 
suggesting enhanced carbohydrate metabolism relative to fat break
down [33].

No direct feeding experiments have verified macronutrient prefer
ence changes in kisspeptin-manipulated animals. Hence, it cannot be 
confirmed whether kisspeptin alters feeding preference or only lowers 
total food intake. This forms a notable research gap. Elucidating kiss
peptin’s divergent impact on different macronutrients may treat meta
bolic dysfunction caused by unhealthy diets.

In summary, kisspeptin effects on feeding behavior are multifaceted 
and context-dependent, varying according to nutritional state and 
experimental parameters such as timing, dose, and route of adminis
tration. Persistent contradictions in the literature regarding its 

Fig. 1. Effects of kisspeptin signaling and Kiss1 neuronal silencing on feeding behavior. (A) Central and peripheral administration of kisspeptin generally suppresses 
food intake. (B) Silence of Arc Kiss1 neurons did not affect total daily intake but disrupted circadian feeding rhythms. Symbols: ↑, increase: ↓, decrease: ↔, no change.
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orexigenic versus anorexigenic roles [28–30,33,34] highlight the 
complexity of its regulatory mechanisms. Deciphering how kisspeptin 
signaling integrates with satiety and circadian networks will be crucial 
for elucidating its physiological and therapeutic relevance in metabolic 
disorders.

2.1.1. Kiss1 neurons suppress appetite via POMC neurons activation and 
NPY/AgRP neurons inhibition

Kiss1 neurons regulate energy balance through multiple brain re
gions, including the Arc, median preoptic nucleus (MnPO), bed nucleus 
of the stria terminalis (BNST), paraventricular nucleus (PVN), and 
lateral hypothalamus (LH) [42]. Among these areas, the Arc serves as 
the key integrative hub for appetite control. Arc Kiss1 neurons exhibit 
close synaptic connectivity with proopiomelanocortin (POMC) neurons, 
as well as with agouti-related peptide (AgRP) and neuropeptide Y (NPY) 
neurons [43–45]. As glutamatergic cells, Arc Kiss1 neurons directly 
excite POMC neurons through activation of group I metabotropic 
glutamate receptors (mGluR1/5) [44]. Conversely, high-frequency 
(20-Hz) optogenetic stimulation of Arc Kiss1 neurons induces hyper
polarization and inhibition of NPY/AgRP neuronal via presynaptic 
group II/III metabotropic glutamate receptors (mGluR2/7) [44,46–48]. 
Kiss1r expression is detected in both POMC and NPY/AgRP neurons 
[47]. Activation of Kiss1r on POMC neurons enhances sodium-calcium 
exchanger (NCX) activity and opens transient receptor potential ca
nonical (TRPC) channels, leading to membrane depolarization and 
neuronal excitation [47–49]. Kisspeptin cannot directly regulate 
AgRP/NPY neurons through Kiss1r activation, as these neurons do not 
express Kiss1r. Instead, AgRP/NPY neurons express the RFamide-related 
peptide receptor (NPFFR1, (also known as GPR147), the endogenous 
receptor for the orexigenic peptide RFRP− 3. Accumulating evidence 
reveals that kisspeptin binds to NPFFR1 and acts as a competitive 
antagonist, preventing endogenous RFRP− 3 from activating this re
ceptor. By inhibiting RFRP− 3 signaling, kisspeptin indirectly suppresses 
their activity. This indirect, non-canonical mechanism differs from its 
canonical biological actions mediated by Kiss1r. [48–50]. Additionally, 
Kiss1 neurons may recruit intermediate GABAergic interneurons that 
synapse onto AgRP/NPY neurons, providing an additional inhibitory 
pathway [47] (Fig. 2).

Pharmacological studies have further supported these mechanistic 
findings. Selective Kiss1r antagonists (e.g., peptide 234 / 
kisspeptin− 234, p234) have been applied to verify receptor specificity. 
In brain slice electrophysiology experiments, pre-treatment with 1 μM 
p234 significantly weakened kisspeptin-evoked excitation of POMC 
neurons and eliminated corresponding membrane depolarization [47]. 
In comparison, pharmacological evidence linking kisspeptin to 
NPY/AgRP receptors remains insufficient. Electrophysiological studies 
reveal that kisspeptin suppresses NPY/AgRP neurons indirectly via 
presynaptic GABA release [47]. Further evidence is required to clarify 
the association between kisspeptin and NPY/AgRP neurons.

In conclusion, kisspeptin exerts an inhibitory effect on NPY/AgRP 
neurons while exerting an excitatory effect on POMC neurons. These 
dual regulatory actions collectively provide a mechanistic basis for 
explaining the central appetite-suppressive role of kisspeptin.

2.1.2. Arc Kiss1 neurons promote satiety by projecting to the PVN
The PVN of the hypothalamus serves as a key autonomic and 

neuroendocrine center essential for energy homeostasis [51]. It contains 
both magnocellular and parvocellular neurons [52,53]. Although PVN 
neurons themselves do not express Kiss1r [54], kiss1 neurons send 
extensive projections to the PVN [51,55]. Axonal tracing and opto
genetic analyses have revealed that both Arc Kiss1 neurons and 
AVPV/PeN Kiss1 neurons innervate distinct PVN subregions but exert 
opposite effects. Specifically, optogenetic activation studies demon
strated that prodynorphin (Pdyn)-expressing and vesicular glutamate 
transporter 2 (Vglut2)-expressing neurons in the medial parvocellular 
PVN receive excitatory input from Arc Kiss1 neurons and inhibitory 

input from AVPV/PeN Kiss1 neurons [56] (Fig. 2). Although neurons in 
PVN do not express Kiss1r, Arc Kiss1 neurons send glutamatergic pro
jections to PVN neurons expressing AMPA/NMDA receptors. In addition, 
AVPV/PeN Kiss1 neurons release GABA onto PVN neurons expressing 
GABA_A/GABA_B receptors. Thus, Kiss1 neurons modulate PVN activity 
through conventional neurotransmitter release, not via direct 
kisspeptin-Kiss1r signaling on PVN cells. These PVN neurons are known 
to modulate feeding behavior and energy expenditure [57–59]. The 
exact neural circuit between Kiss1 neurons and the PVN in metabolism 
has not been fully clarified and requires further study.

2.2. Kiss1 Neurons and energy expenditure

Kiss1 neurons project robustly to the DMH, a nucleus critically 
involved in regulating thermogenesis, body weight, body temperature, 
and energy expenditure [55,60–64]. Optogenetic stimulation of leptin 
receptor (LepR) neurons within the DMH, some of which co-express 
cocaine- and amphetamine-regulated transcript (CART) and NPY, pro
motes energy expenditure by enhancing sympathetic-BAT circuits [56, 
65,66]. Conversely, the ablation of LepR-expressing neurons in the DMH 
results in weight gain due to a reduction in energy expenditure and lo
comotor activity [67]. These findings underscore the pivotal role of the 
DMH in maintaining metabolic balance [68–70].

Optogenetic activation of Arc Kiss1 neurons stimulates LepR and 
CART neurons in the DMH via glutamate release [56]. These findings 
indicate that Arc Kiss1 neurons promote energy expenditure through a 
DMH-dependent neural circuit. In contrast, AVPV/PeN Kiss1 neurons 
also project to the DMH but act via inhibitory GABAergic signaling. 
Optogenetic activation of these neurons evokes outward inhibitory 
currents in DMH neurons [56]. Under conditions of elevated ambient 
temperature, AVPV/PeN Kiss1 neurons contribute to the inhibition of 
BAT thermogenesis via the DMH, thereby regulating energy expenditure 
and core body temperature [56] (Fig. 2).

Additionally, temperature-sensitive neurons in the preoptic area 
(POA) directly regulate DMH neurons to modulate BAT activity. In 
warm ambient conditions, inhibitory GABAergic signals from the POA to 

Fig. 2. Hypothalamic Kiss1 neural circuits governing metabolic and thermo
regulatory processes. ① AVPV/PeN Kiss1 neurons release GABA to inhibit PVN 
and DMH. ② Arc Kiss1 neurons (KNDy population) send excitatory projections 
to AVPV/PeN, PVN, and DMH. ③ Arc Kiss1-derived NKB activates NK3R in 
MnPO to promote heat dissipation. ④ Arc Kiss1→AVPV/PeN→POA circuit 
activates thermosensitive neurons for core temperature control. ⑤ Within the 
Arc, Kiss1 neurons directly or indirectly modulate AgRP/NPY and POMC neu
rons to regulate energy metabolism.
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DMH neurons suppress BAT thermogenesis [71]. Studies indicate that 
Kiss1 neurons project extensively to the POA, including the ventrome
dial preoptic (VMPO) and MnPO regions [56]. It is plausible that Kiss1 
neurons indirectly influence DMH-regulated thermogenic responses 
through POA-mediated pathways, although this requires further exper
imental validation.

2.3. Kiss1 neurons and thermoregulation

The hypothalamus serves as the central integrator of homeostatic 
processes, including energy balance and thermoregulation. Increasing 
evidence implicates kisspeptin neurons in regulation of core body tem
perature. Activation of Arc Kiss1 neurons evokes a robust heat- 
dissipation response, characterized by cutaneous vasodilation and a 
consequent reduction in core body temperature in both sexes [72]. 
Notably, this thermoregulatory response is markedly enhanced 
following estrogen withdrawal, such as post-ovariectomy. Similarly 
supporting this, ablation of Arc Kiss1 neurons by injecting a selective 
toxin for neurokinin− 3 expressing neurons [NK(3)-saporin (SAP)] into 
the rat caused cutaneous vasodilation, resulting in enhanced heat 
dissipation and a reduction in tail-skin temperature [73]. Furthermore, 
toxin-induced silencing of Arc Kiss1 neurons attenuates the amplitude of 
circadian temperature fluctuations [35]. Collectively, these findings 
underscore the vital role of Arc Kiss1 neurons in thermoregulatory 
physiology.

The POA is recognized as the principal integrative center for ther
moregulation within the hypothalamus [74,75]. The VMPO contains 
warm-sensitive neurons rapidly activated by elevated ambient temper
ature, whereas the MnPO comprises distinct glutamatergic and 
GABAergic neuronal subsets responsive to heat or cold stimuli, 

respectively [76–78]. Arc Kiss1 neurons project densely to the POA, with 
predominant terminations in the MnPO [55,79]. Theses neurons belong 
to the KNDy (kisspeptin/neurokinin B/dynorphin) population [80–82]. 
Notably, neurokinin B (NKB) released from KNDy neurons acts on 
neurokinin− 3 receptors (NK3R) expressed in the MnPO [71]. Opto
genetic stimulation of Arc Kiss1 axon terminals in the MnPO re
capitulates a heat-dissipation response resulting in vasodilation 
(flushing) and a corresponding reduction of core-body temperature, 
while pharmacological blockade of NK3R in the same brain region 
abolishes this effect [72]. Thus, Arc Kiss1 neurons modulate MnPO ac
tivity via NKB-NK3R signaling, forming a central thermoregulatory 
pathway that promotes heat loss. Anterograde tracing further reveals 
that Arc Kiss1 neurons project densely to the AVPV/PeN, but only 
sparsely to the VMPO, whereas AVPV/PeN Kiss1 neurons broadly 
innervate POA subregions, including both VMPO and MnPO [56]
(Fig. 2). Collectively, these findings suggest that Arc Kiss1 neurons 
indirectly influence VMPO thermosensitive neurons via AVPV/PeN 
relay circuits. Further studies are warranted to define the synaptic or
ganization and physiological significance of this multi-nuclear thermo
regulatory network.

3. Central and peripheral metabolic signals regulating Kiss1 
neurons

Hypothalamic Kiss1 signaling dynamically responds to organismal 
metabolic status [17,83,84]. Both positive and negative energy imbal
ance alter kisspeptin expression in hypothalamic nuclei [85–87]. 
Metabolic organs secrete hormones that respond to changes in metabolic 
status. Circulating factors such as adiponectin and leptin (adipose-der
ived), insulin (pancreatic β-cell-derived), and ghrelin (gut-derived) 

Fig. 3. Integration of peripheral metabolic cures by hypothalamus Kiss1 neurons. Energy imbalance alters the secretion of metabolic hormones, which directly or 
indirectly influence hypothalamus kiss1 neurons. GABAergic projections originating from AgRP/NPY neurons target specific Kiss1 neurons, leading to direct inhi
bition of Kiss1 neuron activity. POMC neurons exert excitatory regulation on Kiss1 neurons through the release of α-MSH. Leptin, ghrelin and insulin regulate Kiss1 
neurons through dual pathways: direct activation and indirect mediation via POMC and AgRP/NPY neurons. Leptin enhances Kiss1 transcription via AMPK 
inhibition-induced CRTC1-CREB activation. Adiponectin inhibits Kiss1 transcriptional activity through AMPK activation.
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directly or indirectly regulate hypothalamic Kiss1 neuronal activity 
(Fig. 3). This section synthesizes current evidence on how these meta
bolic cues modulate hypothalamic Kiss1 signaling pathways.

3.1. Modulation of hypothalamic Kiss1 neurons by Arc POMC and 
AgRP/NPY neurons

In sheep, Backholer et al. identified synaptic contacts between hy
pothalamic AgRP/NPY neurons and Kiss1 neurons [45]. Consistently, 
targeted ablation of AgRP/NPY neurons reduces GABA-mediated 
inhibitory synaptic input onto both Arc Kiss1 and AVPV/PeN Kiss1 
neurons [43,45]. Furthermore, optogenetic activation of AgRP neurons 
evokes inhibitory postsynaptic currents (IPSCs) in these Kiss1 pop
ulations [43]. These findings establish direct GABAergic synaptic 
transmission from AgRP/NPY to Kiss1 neurons as a key regulator of 
Kiss1 excitability. Similarly, α-MSH, a key product of POMC, primarily 
exerts its biological effects by binding to the melanocortin 4 receptor 
(MC4R). Given that MC4R is expressed on hypothalamic Kiss1 neurons, 
the kisspeptin signaling pathway is likely to receive signals from 
POMC/CART neurons [88]. Studies employing pseudorabies viruses 
(PRV), well-established retrograde tracers, revealed that Arc POMC 
neurons project directly to Kiss1 neurons [89]. High-frequency opto
genetic stimulation of POMC neurons activates Arc Kiss1 neurons [22], 
whereas chronic blockade of MC4R significantly reduces Kiss1 tran
scription levels [88]. These findings demonstrate that POMC neurons 
transmit signals to Kiss1 neurons and positively regulate Kiss1 gene 
expression.

Notably, POMC and AgRP/NPY neurons act as important in
termediaries between peripheral metabolic status and hypothalamic 
Kiss1 signaling. These neurons express receptors for leptin (LepR), 
ghrelin (GHSR), and insulin (IR), thereby enabling peripheral hormones 
to indirectly modulate Kiss1 neurons via POMC and AgRP/NPY neurons 
(Fig. 3).

3.2. Modulation of hypothalamic Kiss1 neurons by leptin

Leptin, a hormone secreted by adipose tissue, plays a pivotal role in 
maintaining energy homeostasis and regulating body weight [90,91]. Its 
receptor (LepR) is widely expressed in the hypothalamus, including on 
40% of Arc Kiss1 neurons [84,92,93]. Under negative energy balance, 
reduced leptin levels correlate with decreased Arc kisspeptin expression 
[94–96], while exogenous leptin increases it [97], suggesting a direct 
stimulatory effect of leptin on Kiss1 neurons. However, conflicting evi
dence suggests that the relationship between leptin and Kiss1 neurons is 
far more complex. Using conditional knockout mice, Donato et al. 
showed that selective ablation of leptin receptors (LepR) in Kiss1 neu
rons fail to disrupt pubertal development and fertility, indicating that 
direct leptin signaling in Kiss1 neurons is not strictly essential for 
reproductive maturation [98]. Similarly, Cravo et al. reported no 
co-expression of Kiss1 and LepR in prepubertal mice, leading to the 
conclusion that kisspeptin neurons are not direct target of leptin during 
puberty onset [99]. In contrast, electrophysiological studies in guinea 
pigs demonstrated that leptin directly depolarizes Kiss1 neurons via 
activation of TRPC channels [46]. These inconsistent outcomes may 
arise from multiple factors: (i) species differences (guinea pig vs. 
mouse); (ii) variations in developmental stage (prepubertal vs. adult); 
(iii) differences in endogenous estrogen status of the subjects; and (iv) 
technical differences between ex vivo slice electrophysiology and in vivo 
genetic manipulation. Collectively, these findings suggest that leptin can 
directly modulate excitability of Kiss1 neuron under specific conditions. 
Even so, its primary action on the reproductive axis may be relayed 
indirectly via upstream neurons (e.g., in the ventral premammillary 
nucleus), rather than through direct Kiss1r-dependent signaling. 
Furthermore, LepR is highly expressed in Arc neurons, including POMC 
and AgRP/NPY neuronal populations [100], which project to and 
regulate Arc Kiss1 neurons [45,89,101] (Fig. 3). This provides a 

pathway for the indirect modulation of Kiss1 neurons by leptin via these 
intermediary populations. Additionally, deletion of LepR specifically in 
GABAergic neurons markedly reduces Kiss1 mRNA in the Arc and 
AVPV/PeN [102], establishing that LepR-expressing GABAergic sub
populations are essential conduits for leptin's action on Kiss1 neurons. 
This finding indicates that LepR-expressing GABAergic subpopulations 
may provide inhibitory input to other inhibitory neurons that excite 
Kiss1 neurons. However, the exact circuit connectivity remains to be 
defined. The 5′ adenosine monophosphate-activated protein kinase 
(AMPK) pathway offers an alternative route for Leptin to indirectly 
activate kisspeptin signaling [103]. Leptin inhibits AMPK via p70 S6 
kinase (p70S6K)-mediated Ser491 phosphorylation [104]. Concurrently, 
leptin promotes CREB-regulated transcriptional coactivator 1 (CRTC1) 
dephosphorylation and nuclear translocation in the Arc (here, CREB 
denotes cAMP-response element binding protein), facilitating 
CRTC1-CREB complex formation [105]. Since AMPK constrains CRTC 
activation [106], leptin’s suppression of AMPK [107] would relieve this 
inhibition, thereby amplifying CRTC1-CREB activity. This complex 
directly binds a cAMP response element in the Kiss1 promoter to drive 
transcription [108]. Collectively, these findings support the existence of 
a potential leptin-AMPK-CRTC-Kiss1 regulatory axis, though detailed 
mechanistic validation of this pathway remains warranted (Fig. 3).

Previous research has primarily focused on the involvement of leptin 
and kisspeptin in maintaining reproductive function and gonadal 
development [102]. However, emerging evidence highlights that central 
kisspeptin signaling not only regulates reproductive physiology across 
developmental stages but also plays a pivotal role in modulating central 
energy metabolism circuits. Through molecular crosstalk with leptin 
signaling pathways, kisspeptin may regulate hypothalamic control of 
energy homeostasis, although further mechanistic studies are necessary 
to substantiate this regulatory relationship.

3.3. Modulation of hypothalamic Kiss1 neurons by adiponectin

Adiponectin, an adipokine secreted by adipocytes [109,110], is 
upregulated during states of energy deficit [109,111] and is inversely 
correlated with adiposity. Hypothalamic adiponectin receptors (Adi
poR1/R2) [107,108] mediate its effects primarily through AMPK acti
vation [112,113]. At the molecular level, adiponectin activates 
hypothalamic AMPK signaling, which in turn modulates Kiss1 gene 
transcription [83] (Fig. 3). It should be noted that the mechanistic as
sociation between AMPK and Kiss1 gene transcription was predomi
nantly characterized using the GT1–7 hypothalamic cell line [83]. 
Although complementary in vivo evidence from rat studies supported 
the general regulatory trend, immortalized cell lines cannot fully reca
pitulate the physiological properties of endogenous Kiss1 neurons. 
Accordingly, these findings remain preliminary and further validation 
using primary Kiss1 neurons is still warranted. Collectively, these find
ings indicate that adiponectin reduces Kiss1 gene transcription via 
AMPK activation, which may consequently contribute to the suppression 
of reproductive function during energy deficit.

3.4. Modulation of hypothalamic Kiss1 neurons by insulin

Beyond its classical role in glucose regulation, insulin directly in
fluences hypothalamic Kiss1 expression and reproductive–metabolic 
function [18]. It activates phosphatidylinositol 3-kinase (PI3K)-protein 
kinase B (Akt) signaling in Kiss1 neurons, leading to the opening of TRPC 
channels. This depolarization triggers action potentials in hypothalamic 
Kiss1 neurons and stimulates kisspeptin synthesis [114]. Furthermore, 
insulin receptors (IR) are expressed on Arc Kiss1 neurons. Specific 
deletion of IR in Kiss1 neurons delayed puberty onset in mice, while 
reproductive function in adulthood was preserved in this model [115]
(Fig. 3). These findings demonstrate that insulin directly acts on Kiss1 
neurons and that insulin signaling within these neurons is essential for 
pubertal initiation but not strictly required for maintaining adult sexual 
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maturation. Reduced hypothalamic Kiss1 expression occurs during 
short-term fasting or chronic diabetes [95,116,117]-physiological con
ditions associated with hypoinsulinemia. This likely reflects indirect 
effects mediated by altered metabolic inputs (e.g., leptin, glucose) or 
neuroendocrine stress pathways. Current research seeks to define in
sulin's actions on Kiss1 neurons in reproductive control. Intriguingly, 
global Kiss1r deficiency disrupts glucose metabolism [23], suggesting 
Kiss1 neurons participate in central glucose regulation. Whether insulin 
signaling in Kiss1 neurons contributes to systemic metabolic control 
remains unknown. Thus, elucidating how insulin modulates intrinsic 
metabolic properties of Kiss1 neurons is prominent for understanding 
central metabolic-reproductive crosstalk.

3.5. Modulation of hypothalamic Kiss1 neurons by ghrelin

Ghrelin, a peptide hormone secreted primarily from the stomach, 
potently stimulates appetite [118,119]. Its circulating levels increase 
during negative energy balance and decrease upon energy repletion 
[119–121]. The growth hormone secretagogue receptor (GHSR), ghre
lin's receptor, is expressed on Kiss1 neurons. Mechanistic studies indi
cate that ghrelin suppresses hypothalamic Kiss1 transcriptional activity, 
as evidenced by reduced expression following either food deprivation or 
exogenous ghrelin administration [122] (Fig. 3). Additionally, ghrelin 
indirectly modulates Kiss1 neurons via AgRP/NPY neuronal circuits 
[123]. Notably, estradiol (E2) critically regulates Kiss1 neuronal sensi
tivity to ghrelin: E2 upregulates GHSR expression specifically within the 
Arc [124]. This increases the proportion of Arc Kiss1 neurons responsive 
to ghrelin [124]. Subsequent ghrelin stimulation leads to a significant 
decrease in Kiss1 neuron transcriptional levels and biological activity, 
exerting detrimental effects on reproductive and metabolic regulation 
[124]. This E2-dependent amplification of ghrelin's inhibitory effects 
may represent an adaptive mechanism that suppresses reproductive 
function during metabolic stress.

3.6. Estrogen modulation of Kiss1 neuron sensitivity to metabolic signals

Kiss1 neurons integrate feedback signals from sex hormones and 
serves as a regulator of neuroendocrine homeostasis [125]. Hypotha
lamic Kiss1 neurons express estrogen receptors (ERs), and estrogen ex
erts bidirectional regulatory effects on kisspeptin secretion, thereby 
modulating the hypothalamic‑pituitary‑gonadal (HPG) axis via down
stream signaling pathways [126].

Two main ER subtypes, ERα and ERβ, mediate the biological actions 
of estrogen in vivo. In female mice, estrogen facilitates the release of 
GnRH/LH primarily through ERα and estrogen-response element (ERE)- 
dependent pathways, and this regulatory process is indirectly mediated 
via Kss1 neurons rather than direct action on GnRH neurons [30]. In the 
AVPV, estrogen diffuses into Kiss1 neurons and binds to ERα, triggering 
ERα dimerization and subsequent binding to the Kiss1 promotor [126]. 
This genomic activation significantly upregulates Kiss1 mRNA and 
protein expression in the AVPV of female rodents [127]. Specific 
knockout of ERα in Kiss1 neurons of female mice abolishes the alter
ations in hypothalamic Kiss1 mRNA expression induced by ovariectomy 
or exogenous estrogen administration [11]. In prepubertal female rats, 
estrogen injection elevates central kisspeptin levels and accelerates 
vaginal opening, a hallmark of precocious puberty [128]. Collectively, 
these findings demonstrate that estrogen and other sex hormones 
modulate HPG axis hormone secretion by mediating feedback regulation 
on hypothalamic Kiss1 neurons.

Notably, the regulatory effects of estrogen on Kiss1 neurons exhibit 
distinct brain-region specificity. Navarro et al. [55] verified that nearly 
all arcuate nucleus (Arc) Kiss1 neurons express ERα mRNA. Specific 
deletion of ERα in Arc Kiss1 neurons of female mice leads to excessive 
gonadotropin secretion, indicating a negative regulatory role of ERα 
signaling in Arc Kiss1 neuronal activity [129]. Beyond the classical re
ceptors ERα and ERβ, G protein-coupled receptor 30 (GPR30), a 

membrane-localized atypical ER, mediates rapid regulation of kiss
peptin expression. Estrogen binding to membrane GPR30 in Arc Kiss1 
neurons rapidly suppresses kisspeptin expression, with a much faster 
kinetic response than the slow genomic pathway-mediated kisspeptin 
upregulation in the AVPV. Such different, region-specific regulatory 
mechanisms provide a critical molecular foundation for the dual feed
back effects of estrogen on Kiss1 neurons in the AVPV and Arc.

Furthermore, estrogen modulates Kiss1 neuron functions beyond the 
reproductive endocrine axis, participating in the crosstalk between 
reproductive hormones and metabolic homeostasis. Estrogen upregu
lates growth hormone secretagogue receptor (GHSR) expression in Arc 
Kiss1 neurons, which potentiates the inhibitory effect of ghrelin on 
kisspeptin signaling transduction [124]. In addition, estrogen depriva
tion, as observed in postmenopausal status or after ovariectomy, induces 
excessive activation of KNDy neurons, which further triggers thermo
regulatory abnormalities including hot flashes via NKB signaling cas
cades [72]. These evidences collectively reveal a complex bidirectional 
interaction between estrogen status, metabolic profiles, and Kiss1 
neuron function.

Female estrous cycle stage and menopausal status represent critical 
confounding variables that require rigorous control in future studies. 
Meanwhile, sex-based differences in the estrogen-Kiss1 signaling axis 
needs in-depth exploration. Overall, estrogen status must be regarded as 
a critical controlled variable in investigating the metabolic regulatory 
functions of Kiss1 neurons, to ensure the accuracy and reproducibility of 
relevant research conclusions.

4. Conclusions

Overall, compelling evidences support that kisspeptin signaling in 
hypothalamus plays a modulatory role in metabolism and energy bal
ance. Arc Kiss1 neurons release excitatory transmitters to PVH, DMH 
and POA, and increase energy expenditure. Conversely, AVPV/PeN 
Kiss1 neurons control energy metabolism via sending inhibitory trans
mitters to the PVH and DMH. In the Arc, Kiss1 neurons directly excite 
POMC/CART neurons, potentially through activation of NCX and TRPC 
channels. Besides, kisspeptin inhibits NPY/AgRP neuron firing, either 
directly through non-canonical activation of the RFRP− 3 receptor 
GPR147, or indirectly through the activation of intermediary GABAergic 
neurons projecting to NPY/AgRP neurons. Energy imbalance can stim
ulate the release of leptin and adiponectin from adipose tissue, insulin 
from pancreas and ghrelin from gastrointestinal tract. These peripheral 
metabolic factors can directly or indirectly stimulate Kiss1 neurons in 
hypothalamus, and then affect energy homeostasis. This review provides 
a better understanding of the hypothalamus Kiss1 neurons in metabolic 
regulation and provides a potential therapeutic target for metabolic 
disorders. Despite significant progress, several key questions remain: (1) 
How do Kiss1 neurons integrate diverse hormonal and nutrient-derived 
signals to generate unified behavioral and physiological outputs? (2) 
How does chronic dysregulation of Kiss1 signaling contribute to obesity, 
metabolic syndrome, and infertility? (3) Can selective modulation of 
Kiss1 pathways offer therapeutic potential for restoring metabol
ic–reproductive equilibrium? Addressing these questions will require 
integrative approaches combining single-cell multiomics, circuit-level 
manipulation, and real-time physiological monitoring to delineate the 
full spectrum of Kiss1 neuronal function.

Funding

This work was supported by National Key R&D Program of China 
(2025YFA1804601).

CRediT authorship contribution statement

Lingyu Sun: Writing – original draft, Visualization. Ruidong Gao: 
Visualization. Jing Chen: Writing – review & editing, Visualization, 

L. Sun et al.                                                                                                                                                                                                                                      Peptides 198 (2026) 171497 

6 



Supervision, Conceptualization.

Declaration of Competing Interest

The authors declare no conflict of interest.

References

[1] J.H. Lee, et al., KiSS-1, a novel human malignant melanoma metastasis- 
suppressor gene, J. Natl. Cancer Inst. 88 (23) (1996) 1731–1737.

[2] M. Kotani, et al., The metastasis suppressor gene KiSS-1 encodes kisspeptins, the 
natural ligands of the orphan G protein-coupled receptor GPR54, J. Biol. Chem. 
276 (37) (2001) 34631–34636.

[3] X. Yin, et al., Chronic exposure to perfluorohexane sulfonate leads to a 
reproduction deficit by suppressing hypothalamic kisspeptin expression in mice, 
J. Ovarian Res. 14 (1) (2021) 141.

[4] S. Manchishi, M. Prater, W.H. Colledge, Transcriptional profiling of Kiss1 neurons 
from arcuate and rostral periventricular hypothalamic regions in female mice, 
Reproduction 167 (1) (2024).

[5] J. Clarkson, A.E. Herbison, Postnatal development of kisspeptin neurons in mouse 
hypothalamus; sexual dimorphism and projections to gonadotropin-releasing 
hormone neurons, Endocrinology 147 (12) (2006) 5817–5825.

[6] T. Goto, M. Hagihara, K. Miyamichi, Dynamics of pulsatile activities of arcuate 
kisspeptin neurons in aging female mice, eLife 12 (2023).

[7] J. Pielecka-Fortuna, Z. Chu, S.M. Moenter, Kisspeptin acts directly and indirectly 
to increase gonadotropin-releasing hormone neuron activity and its effects are 
modulated by estradiol, Endocrinology 149 (4) (2008) 1979–1986.

[8] C. Perdices-Lopez, et al., Connecting nutritional deprivation and pubertal 
inhibition via GRK2-mediated repression of kisspeptin actions in GnRH neurons, 
Metabolism 129 (2022) 155141.

[9] J. Clarkson, et al., Kisspeptin-GPR54 signaling is essential for preovulatory 
gonadotropin-releasing hormone neuron activation and the luteinizing hormone 
surge, J. Neurosci. 28 (35) (2008) 8691–8697.

[10] S.H. Yip, et al., Conditional viral tract tracing delineates the projections of the 
distinct kisspeptin neuron populations to gonadotropin-releasing hormone 
(GnRH) neurons in the mouse, Endocrinology 156 (7) (2015) 2582–2594.

[11] J.T. Smith, et al., Regulation of Kiss1 gene expression in the brain of the female 
mouse, Endocrinology 146 (9) (2005) 3686–3692.

[12] E. Terasawa, K.A. Guerriero, T.M. Plant, Kisspeptin and puberty in mammals, 
Adv. Exp. Med. Biol. 784 (2013) 253–273.

[13] J. Qiu, et al., High-frequency stimulation-induced peptide release synchronizes 
arcuate kisspeptin neurons and excites GnRH neurons, Elife 5 (2016).

[14] S.B. Seminara, et al., The GPR54 gene as a regulator of puberty, N. Engl. J. Med. 
349 (17) (2003) 1614–1627.

[15] N. de Roux, et al., Hypogonadotropic hypogonadism due to loss of function of the 
KiSS1-derived peptide receptor GPR54, Proc. Natl. Acad. Sci. USA 100 (19) 
(2003) 10972–10976.

[16] B. Patel, et al., The emerging therapeutic potential of kisspeptin and neurokinin B, 
Endocr. Rev. 45 (1) (2024) 30–68.

[17] J.M. Castellano, M. Tena-Sempere, Metabolic control of female puberty: potential 
therapeutic targets, Expert. Opin. Ther. Targets 20 (10) (2016) 1181–1193.

[18] J.H. Sliwowska, et al., Insulin: its role in the central control of reproduction, 
Physiol. Behav. 133 (2014) 197–206.

[19] A.D. Hudson, A.S. Kauffman, Metabolic actions of kisspeptin signaling: effects on 
body weight, energy expenditure, and feeding, Pharmacol. Ther. 231 (2022) 
107974.

[20] K.P. Tolson, et al., Impaired kisspeptin signaling decreases metabolism and 
promotes glucose intolerance and obesity, J. Clin. Invest. 124 (7) (2014) 
3075–3079.

[21] R. Talbi, V.M. Navarro, Novel insights into the metabolic action of Kiss1 neurons, 
Endocr. Connect. 9 (5) (2020) R124, r133.

[22] O.K. Rønnekleiv, J. Qiu, M.J. Kelly, Hypothalamic Kisspeptin neurons and the 
control of homeostasis, Endocrinology 163 (2) (2022).

[23] K.P. Tolson, et al., Metabolism and energy expenditure, but not feeding or glucose 
tolerance, are impaired in young Kiss1r KO female mice, Endocrinology 157 (11) 
(2016) 4192–4199.

[24] K.P. Tolson, et al., Conditional knockout of kisspeptin signaling in brown adipose 
tissue increases metabolic rate and body temperature and lowers body weight, 
Faseb J. 34 (1) (2020) 107–121.

[25] C. Liang, et al., Adipose Kiss1 controls aerobic exercise-related adaptive responses 
in adipose tissue energy homeostasis, Faseb J. 38 (13) (2024) e23743.

[26] S. Carmo-Silva, C. Cavadas, Hypothalamic dysfunction in obesity and metabolic 
disorders, Adv. Neurobiol. 19 (2017) 73–116.

[27] E. Roh, D.K. Song, M.S. Kim, Emerging role of the brain in the homeostatic 
regulation of energy and glucose metabolism, Exp. Mol. Med. 48 (3) (2016) e216.

[28] A. Stengel, et al., Centrally injected kisspeptin reduces food intake by increasing 
meal intervals in mice, Neuroreport 22 (5) (2011) 253–257.

[29] R. Saito, et al., Centrally administered kisspeptin suppresses feeding via nesfatin- 
1 and oxytocin in male rats, Peptides 112 (2019) 114–124.

[30] R. Talbi, et al., Kisspeptin and RFRP-3 differentially regulate food intake and 
metabolic neuropeptides in the female desert jerboa, Sci. Rep. 6 (2016) 36057.

[31] V.M. Navarro, et al., Characterization of the potent luteinizing hormone-releasing 
activity of KiSS-1 peptide, the natural ligand of GPR54, Endocrinology 146 (1) 
(2005) 156–163.

[32] C.N. Jayasena, et al., The effects of kisspeptin-10 on reproductive hormone 
release show sexual dimorphism in humans, J. Clin. Endocrinol. Metab. 96 (12) 
(2011) E1963–E1972.

[33] F. Cázarez-Márquez, et al., Role of central kisspeptin and RFRP-3 in energy 
metabolism in the male Wistar rat, J. Neuroendocrinol. 33 (7) (2021) e12973.

[34] T.S. Dong, et al., Intraperitoneal treatment of kisspeptin suppresses appetite and 
energy expenditure and alters gastrointestinal hormones in mice, Dig. Dis. Sci. 65 
(8) (2020) 2254–2263.

[35] S.L. Padilla, et al., Kisspeptin neurons in the arcuate nucleus of the hypothalamus 
orchestrate circadian rhythms and metabolism, Curr. Biol. 29 (4) (2019) 
592–604.e4.

[36] A. Chaix, et al., Time-restricted feeding prevents obesity and metabolic syndrome 
in mice lacking a circadian clock, Cell. Metab. 29 (2) (2019) 303–319.e4.

[37] M. Abe, et al., Circadian rhythms in isolated brain regions, J. Neurosci. 22 (1) 
(2002) 350–356.

[38] T.L. Horvath, Suprachiasmatic efferents avoid phenestrated capillaries but 
innervate neuroendocrine cells, including those producing dopamine, 
Endocrinology 138 (3) (1997) 1312–1320.

[39] K. Saeb-Parsy, et al., Neural connections of hypothalamic neuroendocrine nuclei 
in the rat, J. Neuroendocrinol. 12 (7) (2000) 635–648.

[40] C. Guilding, et al., A riot of rhythms: neuronal and glial circadian oscillators in 
the mediobasal hypothalamus, Mol. Brain 2 (2009) 28.

[41] M.A. Guzmán-Ruiz, et al., Role of the suprachiasmatic and arcuate nuclei in 
diurnal temperature regulation in the rat, J. Neurosci. 35 (46) (2015) 
15419–15429.

[42] S.H. Yeo, A.E. Herbison, Projections of arcuate nucleus and rostral periventricular 
kisspeptin neurons in the adult female mouse brain, Endocrinology 152 (6) 
(2011) 2387–2399.

[43] S.L. Padilla, et al., AgRP to Kiss1 neuron signaling links nutritional state and 
fertility, Proc. Natl. Acad. Sci. USA 114 (9) (2017) 2413–2418.

[44] C.C. Nestor, et al., Optogenetic stimulation of arcuate nucleus kiss1 neurons 
reveals a steroid-dependent glutamatergic input to POMC and AgRP neurons in 
male mice, Mol. Endocrinol. 30 (6) (2016) 630–644.

[45] K. Backholer, et al., Kisspeptin cells in the ewe brain respond to leptin and 
communicate with neuropeptide Y and proopiomelanocortin cells, Endocrinology 
151 (5) (2010) 2233–2243.

[46] J. Qiu, et al., Guinea pig kisspeptin neurons are depolarized by leptin via 
activation of TRPC channels, Endocrinology 152 (4) (2011) 1503–1514.

[47] L.Y. Fu, A.N. van den Pol, Kisspeptin directly excites anorexigenic 
proopiomelanocortin neurons but inhibits orexigenic neuropeptide Y cells by an 
indirect synaptic mechanism, J. Neurosci. 30 (30) (2010) 10205–10219.

[48] J. Qiu, et al., Estrogenic-dependent glutamatergic neurotransmission from 
kisspeptin neurons governs feeding circuits in females, eLife 7 (2018).

[49] R.L. Moss, M. Kelly, P. Riskind, Tuberoinfundibular neurons: dopaminergic and 
norepinephrinergic sensitivity, Brain Res. 89 (2) (1975) 265–277.

[50] J.A. Bonini, et al., Identification and characterization of two G protein-coupled 
receptors for neuropeptide FF, J. Biol. Chem. 275 (50) (2000) 39324–39331.

[51] M. Marraudino, et al., Kisspeptin innervation of the hypothalamic paraventricular 
nucleus: sexual dimorphism and effect of estrous cycle in female mice, J. Anat. 
230 (6) (2017) 775–786.

[52] M. Hallbeck, D. Larhammar, A. Blomqvist, Neuropeptide expression in rat 
paraventricular hypothalamic neurons that project to the spinal cord, J. Comp. 
Neurol. 433 (2) (2001) 222–238.

[53] J.E. Stern, Neuroendocrine-autonomic integration in the paraventricular nucleus: 
novel roles for dendritically released neuropeptides, J. Neuroendocrinol. 27 (6) 
(2015) 487–497.

[54] A.E. Herbison, et al., Distribution and postnatal development of Gpr54 gene 
expression in mouse brain and gonadotropin-releasing hormone neurons, 
Endocrinology 151 (1) (2010) 312–321.

[55] J. Clarkson, et al., Distribution of kisspeptin neurones in the adult female mouse 
brain, J. Neuroendocrinol. 21 (8) (2009) 673–682.

[56] T.L. Stincic, et al., Arcuate and preoptic kisspeptin neurons exhibit differential 
projections to hypothalamic nuclei and exert opposite postsynaptic effects on 
hypothalamic paraventricular and dorsomedial nuclei in the female mouse, 
eNeuro 8 (4) (2021).

[57] G.Q. Chang, et al., Dietary fat stimulates endogenous enkephalin and dynorphin 
in the paraventricular nucleus: role of circulating triglycerides, Am. J. Physiol. 
Endocrinol. Metab. 292 (2) (2007) E561–E570.

[58] A.S. Garfield, et al., A neural basis for melanocortin-4 receptor-regulated 
appetite, Nat. Neurosci. 18 (6) (2015) 863–871.

[59] Y. Li, et al., Hypothalamic circuits for predation and evasion, Neuron 97 (4) 
(2018) 911–924, e5.

[60] E. Hrabovszky, et al., The kisspeptin system of the human hypothalamus: sexual 
dimorphism and relationship with gonadotropin-releasing hormone and 
neurokinin B neurons, Eur. J. Neurosci. 31 (11) (2010) 1984–1998.

[61] M.N. Lehman, et al., Anatomy of the kisspeptin neural network in mammals, 
Brain Res. 1364 (2010) 90–102.

[62] M.A. Bosch, C. Xue, O.K. Ronnekleiv, Kisspeptin expression in guinea pig 
hypothalamus: effects of 17beta-estradiol, J. Comp. Neurol. 520 (10) (2012) 
2143–2162.

[63] N. Martinez-Sanchez, et al., The sympathetic nervous system in the 21st century: 
Neuroimmune interactions in metabolic homeostasis and obesity, Neuron 110 
(21) (2022) 3597–3626.

[64] V.S. Hernandez, et al., Comprehensive chemoanatomical mapping, and the 
gonadal regulation, of seven kisspeptin neuronal populations in the mouse brain, 
J. Neuroendocrinol. 37 (5) (2025) e70019.

L. Sun et al.                                                                                                                                                                                                                                      Peptides 198 (2026) 171497 

7 

http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref1
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref1
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref2
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref2
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref2
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref3
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref3
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref3
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref4
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref4
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref4
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref5
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref5
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref5
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref6
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref6
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref7
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref7
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref7
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref8
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref8
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref8
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref9
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref9
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref9
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref10
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref10
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref10
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref11
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref11
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref12
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref12
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref13
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref13
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref14
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref14
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref15
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref15
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref15
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref16
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref16
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref17
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref17
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref18
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref18
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref19
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref19
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref19
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref20
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref20
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref20
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref21
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref21
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref22
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref22
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref23
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref23
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref23
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref24
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref24
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref24
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref25
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref25
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref26
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref26
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref27
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref27
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref28
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref28
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref29
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref29
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref30
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref30
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref31
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref31
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref31
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref32
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref32
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref32
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref33
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref33
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref34
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref34
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref34
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref35
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref35
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref35
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref36
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref36
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref37
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref37
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref38
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref38
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref38
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref39
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref39
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref40
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref40
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref41
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref41
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref41
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref42
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref42
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref42
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref43
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref43
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref44
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref44
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref44
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref45
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref45
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref45
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref46
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref46
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref47
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref47
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref47
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref48
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref48
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref49
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref49
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref50
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref50
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref51
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref51
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref51
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref52
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref52
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref52
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref53
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref53
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref53
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref54
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref54
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref54
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref55
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref55
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref56
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref56
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref56
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref56
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref57
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref57
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref57
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref58
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref58
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref59
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref59
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref60
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref60
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref60
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref61
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref61
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref62
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref62
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref62
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref63
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref63
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref63
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref64
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref64
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref64


[65] S.J. Lee, et al., Leptin stimulates neuropeptide Y and cocaine amphetamine- 
regulated transcript coexpressing neuronal activity in the dorsomedial 
hypothalamus in diet-induced obese mice, J. Neurosci. 33 (38) (2013) 
15306–15317.

[66] Z. Liu, T. Xiao, H. Liu, Leptin signaling and its central role in energy homeostasis, 
Front. Neurosci. 17 (2023) 1238528.

[67] K. Rezai-Zadeh, et al., Leptin receptor neurons in the dorsomedial hypothalamus 
are key regulators of energy expenditure and body weight, but not food intake, 
Mol. Metab. 3 (7) (2014) 681–693.

[68] Y. Zhang, et al., Leptin-receptor-expressing neurons in the dorsomedial 
hypothalamus and median preoptic area regulate sympathetic brown adipose 
tissue circuits, J. Neurosci. 31 (5) (2011) 1873–1884.

[69] R.R. Freedman, Menopausal hot flashes: mechanisms, endocrinology, treatment, 
J. Steroid Biochem. Mol. Biol. 142 (2014) 115–120.

[70] S. Draper, et al., Differential gene expression between neuropeptide Y expressing 
neurons of the dorsomedial nucleus of the hypothalamus and the arcuate nucleus: 
microarray analysis study, Brain Res. 1350 (2010) 139–150.

[71] S.F. Morrison, K. Nakamura, Central neural pathways for thermoregulation. 
Front. Biosci. (Landmark Ed. ) 16 (1) (2011) 74–104.

[72] S.L. Padilla, et al., A neural circuit underlying the generation of hot flushes, Cell. 
Rep. 24 (2) (2018) 271–277.

[73] M.A. Mittelman-Smith, et al., Role for kisspeptin/neurokinin B/dynorphin 
(KNDy) neurons in cutaneous vasodilatation and the estrogen modulation of body 
temperature, Proc. Natl. Acad. Sci. USA 109 (48) (2012) 19846–19851.

[74] M. Kashio, Thermosensitive TRPM2: The regulatory mechanisms of its 
temperature sensitivity and physiological functions, J. Physiol. Sci. 75 (1) (2025) 
100008.

[75] Z. Cao, W.H. Yung, Y. Ke, Repeated activation of preoptic area recipient neurons 
in posterior paraventricular nucleus mediates chronic heat-induced negative 
emotional valence and hyperarousal states, eLife 13 (2025).

[76] C.L. Tan, et al., Warm-sensitive neurons that control body temperature, Cell 167 
(1) (2016) 47–59, e15.

[77] S.B.G. Abbott, C.B. Saper, Median preoptic glutamatergic neurons promote 
thermoregulatory heat loss and water consumption in mice, J. Physiol. 595 (20) 
(2017) 6569–6583.

[78] S.F. Morrison, K. Nakamura, Central mechanisms for thermoregulation, Annu. 
Rev. Physiol. 81 (2019) 285–308.

[79] S.J. Krajewski, et al., Forebrain projections of arcuate neurokinin B neurons 
demonstrated by anterograde tract-tracing and monosodium glutamate lesions in 
the rat, Neuroscience 166 (2) (2010) 680–697.

[80] R.L. Goodman, et al., Kisspeptin neurons in the arcuate nucleus of the ewe express 
both dynorphin A and neurokinin B, Endocrinology 148 (12) (2007) 5752–5760.

[81] V.M. Navarro, et al., Regulation of gonadotropin-releasing hormone secretion by 
kisspeptin/dynorphin/neurokinin B neurons in the arcuate nucleus of the mouse, 
J. Neurosci. 29 (38) (2009) 11859–11866.

[82] R.M. Cravo, et al., Characterization of Kiss1 neurons using transgenic mouse 
models, Neuroscience 173 (2011) 37–56.

[83] J.P. Wen, et al., Adiponectin inhibits KISS1 gene transcription through AMPK and 
specificity protein-1 in the hypothalamic GT1-7 neurons, J. Endocrinol. 214 (2) 
(2012) 177–189.

[84] J.T. Smith, et al., KiSS-1 neurones are direct targets for leptin in the ob/ob mouse, 
J. Neuroendocrinol. 18 (4) (2006) 298–303.

[85] J.M. Castellano, et al., Kisspeptins: bridging energy homeostasis and 
reproduction, Brain Res. 1364 (2010) 129–138.

[86] F. Wahab, M. Shahab, R. Behr, The involvement of gonadotropin inhibitory 
hormone and kisspeptin in the metabolic regulation of reproduction, 
J. Endocrinol. 225 (2) (2015) R49–R66.

[87] V.M. Navarro, Metabolic regulation of kisspeptin - the link between energy 
balance and reproduction, Nat. Rev. Endocrinol. 16 (8) (2020) 407–420.

[88] F. Wahab, et al., Metabolic impact on the hypothalamic kisspeptin-Kiss1r 
signaling pathway, Front. Endocrinol. 9 (2018) 123.

[89] S.H. Yeo, et al., Mapping neuronal inputs to Kiss1 neurons in the arcuate nucleus 
of the mouse, PLOS One 14 (3) (2019) e0213927.

[90] S. Galiniak, et al., Serum leptin and its relation to body composition, puberty, and 
metabolism in severe obesity, Endocr. Connect. 14 (7) (2025).

[91] M. Mannelli, et al., STAT3 signalling drives LDH up-regulation and adiponectin 
down-regulation in cachectic adipocytes, Int. J. Mol. Sci. 24 (22) (2023).

[92] Anubhuti, S. Arora, Leptin and its metabolic interactions: an update, Diabetes 
Obes. Metab. 10 (11) (2008) 973–993.

[93] X. Li, C. Liang, Y. Yan, Novel insight into the role of the Kiss1/GPR54 system in 
energy metabolism in major metabolic organs, Cells 11 (19) (2022).

[94] R.M. Luque, R.D. Kineman, M. Tena-Sempere, Regulation of hypothalamic 
expression of KiSS-1 and GPR54 genes by metabolic factors: analyses using mouse 
models and a cell line, Endocrinology 148 (10) (2007) 4601–4611.

[95] J.M. Castellano, et al., Expression of hypothalamic KiSS-1 system and rescue of 
defective gonadotropic responses by kisspeptin in streptozotocin-induced diabetic 
male rats, Diabetes 55 (9) (2006) 2602–2610.

[96] J.H. Quennell, et al., Leptin deficiency and diet-induced obesity reduce 
hypothalamic kisspeptin expression in mice, Endocrinology 152 (4) (2011) 
1541–1550.

[97] Q. Luo, et al., Leptin/leptinR-kisspeptin/kiss1r-GnRH pathway reacting to 
regulate puberty onset during negative energy balance, Life Sci. 153 (2016) 
207–212.

[98] J. Donato Jr., et al., Leptin's effect on puberty in mice is relayed by the ventral 
premammillary nucleus and does not require signaling in Kiss1 neurons, J. Clin. 
Investig. 121 (1) (2011) 355–368.

[99] R.M. Cravo, et al., Leptin signaling in Kiss1 neurons arises after pubertal 
development, PLoS. One 8 (3) (2013) e58698.

[100] H.L. Tan, et al., Leptin-activated hypothalamic BNC2 neurons acutely suppress 
food intake, Nature 636 (8041) (2024) 198–205.

[101] C.M. Patterson, et al., Molecular mapping of mouse brain regions innervated by 
leptin receptor-expressing cells, Brain Res. 1378 (2011) 18–28.

[102] C. Martin, et al., Leptin-responsive GABAergic neurons regulate fertility through 
pathways that result in reduced kisspeptinergic tone, J. Neurosci. 34 (17) (2014) 
6047–6056.

[103] O. Kwon, K.W. Kim, M.S. Kim, Leptin signalling pathways in hypothalamic 
neurons, Cell. Mol. Life Sci. 73 (7) (2016) 1457–1477.

[104] B. Wang, K.K. Cheng, Hypothalamic AMPK as a mediator of hormonal regulation 
of energy balance, Int. J. Mol. Sci. 19 (11) (2018).

[105] G.H. Kim, et al., Leptin recruits Creb-regulated transcriptional coactivator 1 to 
improve hyperglycemia in insulin-deficient diabetes, Mol. Metab. 4 (3) (2015) 
227–236.

[106] S.H. Koo, et al., The CREB coactivator TORC2 is a key regulator of fasting glucose 
metabolism, Nature 437 (7062) (2005) 1109–1111.

[107] M.C. Evans, R.A. Lord, G.M. Anderson, Multiple leptin signalling pathways in the 
control of metabolism and fertility: a means to different ends? Int. J. Mol. Sci. 22 
(17) (2021).

[108] J.Y. Altarejos, et al., The Creb1 coactivator Crtc1 is required for energy balance 
and fertility, Nat. Med. 14 (10) (2008) 1112–1117.

[109] T. Kadowaki, et al., Adiponectin and its receptors: implications for obesity- 
associated diseases and longevity, Lancet Diabetes Endocrinol. 2 (1) (2014) 8–9.

[110] R. Han, et al., Adipokines and their potential impacts on susceptibility to 
myocardial ischemia/reperfusion injury in diabetes, Lipids Health Dis. 23 (1) 
(2024) 372.

[111] F. Wahab, et al., Effect of peripheral kisspeptin administration on adiponectin, 
leptin, and resistin secretion under fed and fasting conditions in the adult male 
rhesus monkey (Macaca mulatta), Horm. Metab. Res. 42 (8) (2010) 570–574.

[112] T. Kaminski, et al., Expression of adiponectin and its receptors in the porcine 
hypothalamus during the oestrous cycle, Reprod. Domest. Anim. 49 (3) (2014) 
378–386.

[113] A. Rak, et al., Adiponectin and resistin: potential metabolic signals affecting 
hypothalamo-pituitary gonadal axis in females and males of different species, 
Reproduction 153 (6) (2017) R215–R226.

[114] L. Plum, B.F. Belgardt, J.C. Bruning, Central insulin action in energy and glucose 
homeostasis, J. Clin. Investig. 116 (7) (2006) 1761–1766.

[115] X. Qiu, et al., Delayed puberty but normal fertility in mice with selective deletion 
of insulin receptors from Kiss1 cells, Endocrinology 154 (3) (2013) 1337–1348.

[116] F. Wahab, et al., Decrease in hypothalamic Kiss1 and Kiss1r expression: a 
potential mechanism for fasting-induced suppression of the HPG axis in the adult 
male rhesus monkey (Macaca mulatta), Horm. Metab. Res. 43 (2) (2011) 81–85.

[117] J.M. Castellano, et al., Alterations in hypothalamic KiSS-1 system in experimental 
diabetes: early changes and functional consequences, Endocrinology 150 (2) 
(2009) 784–794.

[118] J.P. Camina, et al., Regulation of ghrelin secretion and action, Endocrine 22 (1) 
(2003) 5–12.

[119] P. Pusztai, et al., Ghrelin: a new peptide regulating the neurohormonal system, 
energy homeostasis and glucose metabolism, Diabetes Metab. Res. Rev. 24 (5) 
(2008) 343–352.

[120] A.M. Wren, et al., Ghrelin enhances appetite and increases food intake in humans, 
J. Clin. Endocrinol. Metab. 86 (12) (2001) 5992.

[121] M. Tena-Sempere, Interaction between energy homeostasis and reproduction: 
central effects of leptin and ghrelin on the reproductive axis, Horm. Metab. Res. 
45 (13) (2013) 919–927.

[122] S. Forbes, et al., Effects of ghrelin on Kisspeptin mRNA expression in the 
hypothalamic medial preoptic area and pulsatile luteinising hormone secretion in 
the female rat, Neurosci. Lett. 460 (2) (2009) 143–147.

[123] C. De Vriese, C. Delporte, Influence of ghrelin on food intake and energy 
homeostasis, Curr. Opin. Clin. Nutr. Metab. Care 10 (5) (2007) 615–619.

[124] R. Frazao, et al., Estradiol modulates Kiss1 neuronal response to ghrelin, Am. J. 
Physiol. Endocrinol. Metab. 306 (6) (2014) E606–E614.

[125] O. Brock, J. Bakker, The two kisspeptin neuronal populations are differentially 
organized and activated by estradiol in mice, Endocrinology 154 (8) (2013) 
2739–2749.

[126] A.K. Treen, et al., Divergent regulation of ER and Kiss genes by 17beta-estradiol in 
hypothalamic ARC versus AVPV models, Mol. Endocrinol. 30 (2) (2016) 217–233.

[127] Y. Horii, et al., Estrogenic regulation of Kiss1 mRNA variants in Hatano rats, Gen. 
Comp. Endocrinol. 181 (2013) 246–253.

[128] R. Yang, et al., Prepubertal exposure to an oestrogenic mycotoxin zearalenone 
induces central precocious puberty in immature female rats through the 
mechanism of premature activation of hypothalamic kisspeptin-GPR54 signaling, 
Mol. Cell. Endocrinol. 437 (2016) 62–74.

[129] V.M. Navarro, et al., Developmental and hormonally regulated messenger 
ribonucleic acid expression of KiSS-1 and its putative receptor, GPR54, in rat 
hypothalamus and potent luteinizing hormone-releasing activity of KiSS-1 
peptide, Endocrinology 145 (10) (2004) 4565–4574.

L. Sun et al.                                                                                                                                                                                                                                      Peptides 198 (2026) 171497 

8 

http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref65
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref65
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref65
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref65
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref66
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref66
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref67
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref67
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref67
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref68
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref68
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref68
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref69
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref69
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref70
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref70
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref70
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref71
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref71
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref72
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref72
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref73
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref73
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref73
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref74
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref74
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref74
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref75
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref75
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref75
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref76
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref76
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref77
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref77
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref77
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref78
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref78
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref79
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref79
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref79
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref80
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref80
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref81
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref81
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref81
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref82
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref82
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref83
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref83
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref83
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref84
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref84
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref85
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref85
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref86
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref86
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref86
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref87
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref87
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref88
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref88
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref89
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref89
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref90
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref90
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref91
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref91
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref92
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref92
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref93
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref93
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref94
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref94
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref94
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref95
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref95
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref95
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref96
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref96
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref96
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref97
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref97
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref97
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref98
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref98
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref98
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref99
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref99
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref100
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref100
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref101
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref101
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref102
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref102
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref102
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref103
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref103
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref104
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref104
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref105
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref105
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref105
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref106
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref106
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref107
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref107
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref107
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref108
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref108
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref109
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref109
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref110
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref110
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref110
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref111
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref111
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref111
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref112
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref112
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref112
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref113
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref113
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref113
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref114
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref114
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref115
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref115
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref116
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref116
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref116
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref117
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref117
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref117
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref118
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref118
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref119
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref119
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref119
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref120
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref120
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref121
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref121
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref121
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref122
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref122
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref122
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref123
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref123
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref124
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref124
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref125
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref125
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref125
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref126
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref126
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref127
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref127
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref128
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref128
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref128
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref128
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref129
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref129
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref129
http://refhub.elsevier.com/S0196-9781(26)00034-3/sbref129

	The role of Kiss1 neurons in regulating metabolism and energy balance
	1 Introduction
	2 Arc Kiss1 neurons in the regulation of energy metabolism
	2.1 Kiss1 neurons and feeding behavior
	2.1.1 Kiss1 neurons suppress appetite via POMC neurons activation and NPY/AgRP neurons inhibition
	2.1.2 Arc Kiss1 neurons promote satiety by projecting to the PVN

	2.2 Kiss1 Neurons and energy expenditure
	2.3 Kiss1 neurons and thermoregulation

	3 Central and peripheral metabolic signals regulating Kiss1 neurons
	3.1 Modulation of hypothalamic Kiss1 neurons by Arc POMC and AgRP/NPY neurons
	3.2 Modulation of hypothalamic Kiss1 neurons by leptin
	3.3 Modulation of hypothalamic Kiss1 neurons by adiponectin
	3.4 Modulation of hypothalamic Kiss1 neurons by insulin
	3.5 Modulation of hypothalamic Kiss1 neurons by ghrelin
	3.6 Estrogen modulation of Kiss1 neuron sensitivity to metabolic signals

	4 Conclusions
	Funding
	CRediT authorship contribution statement
	Declaration of Competing Interest
	References


