Peptides 198 (2026) 171497

: - ; - =
Contents lists available at ScienceDirect
PEPTIDES

Peptides

FI. SEVIER

journal homepage: www.elsevier.com/locate/peptides

L))

Check for

The role of Kissl neurons in regulating metabolism and energy balance | e

Lingyu Sun®, Ruidong Gao , Jing Chen "

 School of Physical Education, China University of Mining and Technology, Xuzhou 221116, China
® Department of Neurosurgery, Xuanwu Hospital, China International Neuroscience Institute, Capital Medical University, Beijing 100053, China
€ School of Physical Education and Sports, Soochow University, Suzhou 215006, China

ARTICLE INFO ABSTRACT

Keywords: Hypothalamic kisspeptin, encoded by the Kiss1 gene, serves as an important regulator of the reproductive axis
Kiss1 Neurons and sexual maturation. Since reproductive physiology is tightly coupled to metabolic cues, metabolic status
Kisspeptin exerts significant influence on puberty and fertility. Emerging evidence identifies kisspeptin signaling as a key
;ﬁfﬁgﬁ;‘m 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 Kissl neurons. Peripheral metabolic hormones, including leptin, adiponectin, insulin, and
ghrelin, dynamically modulate Kissl 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

Energy Balance

in the field of metabolic disorders.

1. Introduction

Kisspeptin, encoded by the KissI 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 (Ez) upregulates AVPV/PeN Kissl neuronal activity to
mediate positive feedback, triggering the preovulatory GnRH and
luteinizing hormone (LH) surge [9,10]. Conversely, Arc Kissl 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
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mutants in Kiss1 or Kisslr 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 , Kissl 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 Kissl system in metabolic regulation and
explores how central and peripheral metabolic cues interact to modulate
Kiss1 neuronal function.

2. Arc Kissl 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
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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 Kissl-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
Kissl 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 Kissl neurons function as an interme-
diate hub connecting SCN circadian signals to hypothalamic feeding
networks. Suppression of Arc Kissl 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
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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: 1, 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

Kiss1l 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 Kissl 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 Kissl neurons induces hyper-
polarization and inhibition of NPY/AgRP neuronal via presynaptic
group II/III metabotropic glutamate receptors (mGluR2/7) [44,46-48].
Kisslr expression is detected in both POMC and NPY/AgRP neurons
[47]. Activation of Kisslr 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 Kisslr 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 Kisslr. [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 Kisslr antagonists (e.g., peptide 234 /
kisspeptin—234, p234) have been applied to verify receptor specificity.
In brain slice electrophysiology experiments, pre-treatment with 1 pM
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 Kisslr [54], kissl neurons send
extensive projections to the PVN [51,55]. Axonal tracing and opto-
genetic analyses have revealed that both Arc Kissl neurons and
AVPV/PeN Kissl 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 Kissl neurons and inhibitory
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Fig. 2. Hypothalamic Kiss1 neural circuits governing metabolic and thermo-
regulatory processes. @ AVPV/PeN Kiss1 neurons release GABA to inhibit PVN
and DMH. @ Arc Kiss1 neurons (KNDy population) send excitatory projections
to AVPV/PeN, PVN, and DMH. ® Arc Kissl-derived NKB activates NK3R in
MnPO to promote heat dissipation. @ Arc Kiss1—-AVPV/PeN—POA circuit
activates thermosensitive neurons for core temperature control. ® Within the
Arc, Kissl neurons directly or indirectly modulate AgRP/NPY and POMC neu-
rons to regulate energy metabolism.

input from AVPV/PeN Kiss1 neurons [56] (Fig. 2). Although neurons in
PVN do not express Kisslr, Arc Kiss1 neurons send glutamatergic pro-
jections to PVN neurons expressing AMPA/NMDA receptors. In addition,
AVPV/PeN Kissl 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. Kissl Neurons and energy expenditure

Kissl 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 Kissl neurons stimulates LepR and
CART neurons in the DMH via glutamate release [56]. These findings
indicate that Arc Kissl neurons promote energy expenditure through a
DMH-dependent neural circuit. In contrast, AVPV/PeN Kissl 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 Kiss1l 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
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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 Kissl 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 Kissl 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,
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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 Kissl 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 Kissl neurons modulate MnPO ac-
tivity via NKB-NK3R signaling, forming a central thermoregulatory
pathway that promotes heat loss. Anterograde tracing further reveals
that Arc Kissl neurons project densely to the AVPV/PeN, but only
sparsely to the VMPO, whereas AVPV/PeN Kissl neurons broadly
innervate POA subregions, including both VMPO and MnPO [56]
(Fig. 2). Collectively, these findings suggest that Arc Kissl 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 p-cell-derived), and ghrelin (gut-derived)

Adipose tissug
:" \ ’ .
I' ‘\

L4 |

Leptin Adiponectin

(%

LepR\W \\‘ CRTCH
NPY / AgRP = VLo }_‘/
é K|ss1 ~%|cres |
MCR3/4-¢ T =I'I§ Insulin

.. LepR\)ﬁ

S “POMC -

/)L\GHSR
A
0-MSH :

Arc

«
Pancreas = <*
ghrelin

A

Gastrointestinal tract

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 a-MSH. Leptin, ghrelin and insulin regulate Kiss1l
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 Kissl 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 Kissl neurons [45]. Consistently,
targeted ablation of AgRP/NPY neurons reduces GABA-mediated
inhibitory synaptic input onto both Arc Kissl and AVPV/PeN Kissl
neurons [43,45]. Furthermore, optogenetic activation of AgRP neurons
evokes inhibitory postsynaptic currents (IPSCs) in these Kissl pop-
ulations [43]. These findings establish direct GABAergic synaptic
transmission from AgRP/NPY to Kissl neurons as a key regulator of
Kiss1 excitability. Similarly, a-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 Kissl neurons [89]. High-frequency opto-
genetic stimulation of POMC neurons activates Arc Kiss1 neurons [22],
whereas chronic blockade of MC4R significantly reduces Kissl tran-
scription levels [88]. These findings demonstrate that POMC neurons
transmit signals to Kissl neurons and positively regulate Kissl gene
expression.

Notably, POMC and AgRP/NPY neurons act as important in-
termediaries between peripheral metabolic status and hypothalamic
Kissl 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 Kissl 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 Kissl neu-
rons fail to disrupt pubertal development and fertility, indicating that
direct leptin signaling in Kissl neurons is not strictly essential for
reproductive maturation [98]. Similarly, Cravo et al. reported no
co-expression of Kissl 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 Kissl 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 Kisslr-dependent signaling.
Furthermore, LepR is highly expressed in Arc neurons, including POMC
and AgRP/NPY neuronal populations [100], which project to and
regulate Arc Kissl neurons [45,89,101] (Fig. 3). This provides a
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pathway for the indirect modulation of Kiss1 neurons by leptin via these
intermediary populations. Additionally, deletion of LepR specifically in
GABAergic neurons markedly reduces Kiss] 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 Ser*®! 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 Kissl 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 Kissl gene
transcription [83] (Fig. 3). It should be noted that the mechanistic as-
sociation between AMPK and Kissl 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 Kissl neurons.
Accordingly, these findings remain preliminary and further validation
using primary Kiss1 neurons is still warranted. Collectively, these find-
ings indicate that adiponectin reduces Kissl 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 Kissl 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 Kissl neurons. Specific
deletion of IR in Kissl 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 Kissl 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 Kissl 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 Kissl 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 Kissl 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 (Ey) critically regulates Kiss1 neuronal sensi-
tivity to ghrelin: E5 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 Kissl neuron transcriptional levels and biological activity,
exerting detrimental effects on reproductive and metabolic regulation
[124]. This Ep-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, ERa and ERp, mediate the biological actions
of estrogen in vivo. In female mice, estrogen facilitates the release of
GnRH/LH primarily through ERa 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 ERa, triggering
ERa dimerization and subsequent binding to the Kiss1 promotor [126].
This genomic activation significantly upregulates Kissl mRNA and
protein expression in the AVPV of female rodents [127]. Specific
knockout of ERa in Kissl 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 Kissl neurons exhibit
distinct brain-region specificity. Navarro et al. [55] verified that nearly
all arcuate nucleus (Arc) Kissl neurons express ERa mRNA. Specific
deletion of ERa in Arc Kiss1 neurons of female mice leads to excessive
gonadotropin secretion, indicating a negative regulatory role of ERa
signaling in Arc Kiss1 neuronal activity [129]. Beyond the classical re-
ceptors ERa and ERB, G protein-coupled receptor 30 (GPR30), a
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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 Kissl 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
Kissl 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 Kissl
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 Kissl 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, Kissl 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.
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