
Academic Editors: Jacques J. Tremblay,

Antonio Brunetti and Maria Mirabelli

Received: 20 May 2025

Revised: 20 August 2025

Accepted: 26 August 2025

Published: 28 August 2025

Citation: Ruggiero, M.; Vicidomini,

A.; Tafuri, D.; Mazzeo, F.; Meccariello,

R. Energy Homeostasis and

Kisspeptin System, Roles of Exercise

and Outcomes with a Focus on Male

Reproductive Health. Endocrines 2025,

6, 43. https://doi.org/10.3390/

endocrines6030043

Copyright: © 2025 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Review

Energy Homeostasis and Kisspeptin System, Roles of Exercise
and Outcomes with a Focus on Male Reproductive Health
Mario Ruggiero 1,† , Antonella Vicidomini 2,†, Domenico Tafuri 1 , Filomena Mazzeo 3

and Rosaria Meccariello 1,*

1 Department of Medical, Human Movement and Well-Being Sciences, University of Naples Parthenope,
80133 Naples, Italy; mario.ruggiero005@studenti.uniparthenope.it (M.R.);
domenico.tafuri@uniparthenope.it (D.T.)

2 Department of Medicine, Surgery and Dentistry “Scuola Medica Salernitana”, University of Salerno,
84081 Baronissi, Italy; anto.vicidomini96@gmail.com

3 Department of Economics, Law, Cybersecurity and Sports Sciences, University of Naples Parthenope,
80035 Nola, Italy; filomena.mazzeo@uniparthenope.it

* Correspondence: rosaria.meccariello@uniparthenope.it
† These authors contributed equally to this work.

Abstract

Background: Obesity is a multisystemic health problem causing chronic diseases like dia-
betes or cardiovascular diseases, but also reproductive dysfunctions like infertility in adults
or altered puberty onset in children. Exercise is a recognized intervention to control or pre-
vent energy imbalance, thus deeply contributing to metabolic health in physiological and
pathological conditions. The kisspeptin system (KS), the main gatekeeper of reproduction
and puberty onset in mammals, is also an upcoming “metabolic sensor”, linking energy
homeostasis to reproductive ability both centrally and peripherally. Objectives: This narra-
tive review aims at summarizing recent evidence from animal models and human studies
on the role of the KS in energy homeostasis, with a focus on the upcoming role of the KS as
a metabolic sensor able to modulate the functionality of the hypothalamus–pituitary–gonad
axis in males as an adaptive response to exercise. Methods: PubMed and Scopus search
(date: 2015–2025; keywords: kisspeptin and metabolism, male reproduction or exercise;
kisspeptin and doping). Results and Conclusions: This review article illustrates the crucial
role of the KS in linking energy homeostasis and male reproduction at the central and
peripheral levels, and modulation of the KS by exercise in physiological and pathological
conditions. Due to the large amount of data from animal models, knowledge gaps occur
in the analysis of the relationship among KS, energy homeostasis, male reproduction and
exercise in humans, particularly in the case of overtraining. Lastly, kisspeptin inclusion in
the doping list is also discussed.

Keywords: kisspeptin system; obesity; energy homeostasis; metabolic sensors; arcuate
nucleus; male reproduction; exercise; doping; athletes

1. Introduction
Over-consumption of calorie-rich foods and a sedentary lifestyle are the main causes

of energy imbalance, overweight, and obesity. Obesity is a multisystemic health trouble
causing several chronic diseases like diabetes, cardiovascular diseases, metabolic syndrome,
and also reproductive-related diseases like infertility [1]. According to the World Health
Organization (WHO), in 2019, an estimated 5 million non-communicable disease (NCD)
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deaths were caused by higher-than-optimal body mass index (BMI) [2]. Hence, the global
burden of obesity constitutes a major public health challenge that undermines social and
economic development throughout the world. Key points for any weight loss effort are
lifestyle habits, diet and physical activity; in this respect, the WHO recommends engaging
in regular physical activity to prevent and manage overweight and obesity [2].

At the molecular level, the control of energy homeostasis involves several peripher-
ally produced signaling molecules acting both at the central and peripheral levels. Such
molecules include: (1) leptin (Lep), produced by the adipose tissue and suppressing feed-
ing; (2) ghrelin, produced by the gut and inducing food intake; (3) peptides from the gut
suppressing food intake (glucagon-like peptide-1 (GLP-1), cholecystokinin (CCK), vasoac-
tive intestinal peptide (VIP), insulin); (4) hypothalamic arcuate nucleus (ARC) orexigenic
peptides (Neuropeptide Y (NPY), melanin-concentrating hormone (MCH), agouti-related
protein (AgRP)); (5) ARC anorexigenic peptides (proopiomelanocortin (POMC), cocaine
and amphetamine regulated transcript (CART), α melanocyte stimulating hormone (α-
MSH) [3,4]. Some relevant pathways involved in appetite are summarized in Figure 1.

Figure 1. Some relevant pathways involved in appetite. The arcuate nucleus (ARC) is responsive to
many plasma peptides correlated with increased (red arrow) or reduced food intake (blue arrow).
Different ARC neurons release different neuropeptides regulating paraventricular (PVN) and lateral
hypothalamic area (LHA) activity correlated with increased (red arrow) or reduced (blue arrow)
food intake. PVN neurons can regulate the metabolic rate due to a direct connection with autonomic
neurons and the release of CRH and TRH. LHA neurons project widely within the brain and re-
lease melanin-concentrating hormone (supposed to promote food intake) and orexin (an important
regulator of the sleep/awake state). LHA is also on the way of dopamine (DA) neurons projecting
from the ventral tegmental area (VTA) to the forebrain; DA neurons are responsible for the effect of
reinforcing stimuli, including the reinforcement produced by feeding. ACTH, adrenocorticotropic
hormone; AgRP, Agouti-related peptide; ANS, autonomic nervous system; ARC, arcuate nucleus;
CART, cocaine and amphetamine regulated transcript; CCK, cholecystokinin; CRH, corticotropin
releasing hormone; DA, dopamine; GLP-1, glucagon-like peptide-1; LHA, lateral hypothalamic area;
MCH, melanin-concentrating hormone; NPY, neuropeptide Y; POMC, pro-opiomelanocortin; PP,
pancreatic polypeptide; PYY, peptide YY; PVN, para-ventricular nucleus; T3, triiodothyronine; T4,
tetraiodothyronine; TRH, thyrotropin releasing hormone; TSH, thyroid stimulating hormone; VTA,
ventral tegmental area.
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Since sex maturation and reproduction require a minimum threshold of energy re-
serves, the orexigenic and anorexigenic signals in the ARC are strictly related also to
neuronal circuitry critical for reproduction, including, in particular, gonadotropin-releasing
hormone (GnRH)-secreting neurons that release the decapeptide GnRH in the portal
vessels to reach pituitary gland, which, in turn, discharge gonadotropins (i.e., follicle
stimulating hormone (FSH) and luteinizing hormone (LH)), to sustain sex steroid pro-
duction and gametogenesis [4,5]. Consistently, the ablation of Lep signaling in animal
models causes both infertility and obesity [6–8]. Thus, Lep adapts the functionality of the
hypothalamus–pituitary–gonad (HPG) axis to energy availability through the modulation
of orexigenic/anorexigenic neurons in the ARC, and also affects glucose metabolism in the
liver [9,10].

Indeed, the strict links between energy homeostasis and reproduction are confirmed
in humans, since obesity has been related to precocious puberty and polycystic ovary
syndrome in children and adolescents, while low levels of estradiol in menopausal women
and low testosterone levels in men have been correlated to body weight gain [11–14].

In recent years, the Kisspeptin System (KS), which includes the cleavage products
of the KISS1 pre-pro-hormone (i.e., Kp10, 13, 14, 15) encoded by the KISS1 gene and the
kisspeptin receptor (Kiss1R, previously known as GPR54), entered the neuronal crosstalk
between metabolic cues and reproduction [15]. Currently, the KS represents not only
the well-recognized gatekeeper of the HPG axis, particularly at puberty [15], but also an
upcoming “metabolic sensor”, linking energy homeostasis to reproductive ability both
centrally and peripherally [16,17].

Exercise is a recognized and effective intervention to control and prevent energy
imbalance, thus deeply contributing to the control of energy homeostasis and metabolic
health in physiological and pathological conditions at any age [2]. The beneficial effects of
an active lifestyle and exercise are well recognized, but several knowledge gaps occur in
the analysis of the relationship between energy homeostasis, reproduction and exercise,
particularly in the case of overtraining. In addition, the possible role of the KS as an
intermediate in the adaptive response to environmental factors like exercise is poorly
understood in humans, but evidence from animal models is corroborating this correlation.

This narrative review summarizes the main evidence derived from animal models
and studies in humans (pre-clinical and clinical studies) on the correlation between energy
homeostasis and the KS, both centrally and peripherally. The role of exercise and the
outcomes on male reproduction are also discussed in animal models and humans, providing
evidence about the emerging role of the KS as a metabolic sensor able to modulate the
functionality of the HPG axis in response to exercise. The recent inclusion of kisspeptin and
its analogues in the World Anti-Doping Agency (WADA) Prohibited List is also discussed.

Methods

A PubMed and Scopus search was carried out, and research articles published be-
tween 2015–2025 reporting studies in cells, animal models (i.e., mouse and rat) and hu-
mans were considered. Keyword searches incorporated the following terms: “kisspeptin
and metabolism”, “kisspeptin and metabolism and male reproduction or exercise”, and
“kisspeptin and doping”. The scientific background was further developed through analysis
of master review articles identified by the search terms: “obesity and energy homeostasis”,
“HPG axis and male reproduction”, “kisspeptin”, and “athlete performance and doping”.

2. Energy Homeostasis, KS and Reproduction at the Central Level
Originally, the KISS1 gene has been functionally related to the suppression of metasta-

sis [18]; nevertheless, the widespread distribution of the Kiss1R and data from knockout
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animals undoubtedly linked the KS to reproduction [15]. In mammals, the KS is rec-
ognized as the “gatekeeper of reproduction” due to its ability to induce gonadotropin
secretion through the stimulation of hypothalamic GnRH-secreting neurons [15]. Consis-
tently, loss-of-function mutations in the KISS1 or KISS1R genes cause hypogonadotropic
hypogonadism in humans [19–22], whereas activating mutations in the KISS1R causes
precocious puberty [23]. Within the hypothalamus, Kiss1-secreting neurons (Kiss1 neurons)
are localized in the ARC and are also referred to as KNDy neurons, due to their ability to
co-express Kiss1, the tachykinin neurokinin B and the endogenous opioid dynorphin A.
They are capable of inducing GnRH pulsatile secretion and gonadotropin discharge in turn.
Specifically, KNDy neurons modulate GnRH secretion, since kisspeptin directly stimulates
GnRH secretion, while dynorphin A and neurokinin B, respectively, inhibit and induce
Kiss1 [24,25]. In the hypothalamus of females, Kiss1 neurons are also located within the
anteroventral periventricular nucleus/periventricular nucleus continuum (AVPN/PeN)
and are specifically related to the positive feedback loop exerted by ovarian estradiol on
GnRH-secreting neurons to induce ovulation [15].

The hypothalamic Kiss1 neurons represent the main conveyor of environmental cues
and lifestyle like stressors, energy homeostasis, diet or sedentary life to control the function-
ality of the reproductive axis, thus affecting the timing of puberty onset and reproductive
functions. The metabolic status affects the hypothalamic expression of the Kiss1 gene, with
decreased levels of Kiss1 mRNA observed in the ARC of obese female mice [26], fasted
rodents [27,28], or in diabetic male rats [29]. Interestingly, KNDy neurons within the ARC
co-express insulin receptor and Lep receptor and may function as an intermediate in the
communication between the ARC orexigenic and anorexigenic neurons and the GnRH-
secreting neurons [4,16,17], thus linking energy balance to reproduction. For example,
within the ARC, the feeding-inducing signals AgRP and NPY directly inhibit Kiss1 neurons
under energy-deficient conditions. Consistently, obesity alters the crosstalk between POMC
and Kissp1 neurons, reducing LH in male mice [30,31]. This crosstalk is reciprocal since the
kisspeptin antagonist KP234 regulates POMC neurons and also NPY neurons through an
indirect mechanism based on enhancing the GABA-mediated inhibitory synaptic tone [30].

Both AgRP neurons and Kiss1 neurons respond to Lep that is secreted by adipocytes
into the bloodstream with a direct correlation with fat reserves [32–36]. Interestingly,
infertility and obesity occur in animal models deficient in Lep signaling (i.e., ob/ob or
db/db mice) [6–8].

Lastly, Kiss1 neurons in the ARC also participate in the modulation of circadian
rhythms, specifically those concerning food intake and metabolism [37]. In fact, the i.c.v.
injection of kisspeptin reduces food intake [38–40], while in Kiss1R Knockout, obesity
develops [41]. Conditional knockout within the Kiss1 neurons in the ARC also produces
body weight gain [42], but the selective reactivation of Kiss1R in the GnRH neurons restores
all the metabolic features observed in knockout animals. Interestingly, this occurs only
in males and not in females, thus revealing sexually dimorphic mechanisms possibly
involving sex steroid-mediated pathways [43].

Taking also into consideration the upcoming roles of the KS in the circadian control
of feeding behavior [37], the KS may act in the ARC as a neuroendocrine player in energy
expenditure rather than in food intake [17]. To date, melatonin, the methoxyindole syn-
thesized and secreted principally by the pineal gland at night under normal light/dark
conditions that regulates the rhythmicity of physiological functions, is a modulator of
kisspeptin release and puberty timing [44–46]. Consistently, melatonin treatment sup-
presses the expressions of Kiss1, Kiss1R and GnRH in the hypothalamus, and the expression
of GnRHR in the pituitary of female mouse model of central precocious puberty [47].
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Changes in the hypothalamic KS due to energy homeostasis may be reversible, and
epigenetic mechanisms involving DNA methylation, histone tail modifications, and the
production of non-coding RNA have been reported and elsewhere reviewed [17,48,49].
Hence, the molecular, cellular, endocrine and neuroendocrine modulation of KS allows
Kiss1 neurons to respond to circulating factors like Lep or ghrelin, adapting reproduction
to energy state.

Particularly studied is the involvement of KS as a determinant for puberty onset
in mammals. Since 1971, when Frisch and Revelle proposed the “critical body weight
hypothesis” for the determination of puberty onset [50], increasing evidence confirms that
this critical process is largely dependent on body weight rather than chronological age in
several mammalian species and in humans [51].

In rat models, undernutrition can delay puberty onset in females through the suppres-
sion of Kiss1 and dynorphin A (Pdyn) expression in the ARC, whereas ad libitum feeding
increases the number of Kiss1 and Pdyn-expressing neurons in the ARC, and Kiss1 in the
AVPV, thus stimulating the secretion of LH and inducing puberty onset in the growth-
retarded female rats [52]. The metabolic sensor SIRT1, a NAD+ dependent deacetylase
capable of epigenetically modulating gene expression [53,54], restrains female puberty
via epigenetic repression of Kiss1 transcription through the interaction with the polycomb
silencing complex to decrease the activity of the Kiss1 promoter [49]. Overnutrition antici-
pates the eviction of SIRT1 from the Kiss1 promoter, thus leading to early puberty onset;
consistently, undernutrition delays Kiss1 expression, retaining the Kiss1 promoter in a
repressive state [49]. Hence, data in mammalian animal models revealed the need for
suitable energy availability to switch chromatin landscape into a permissive status to favor
the transcription of the Kiss1 gene, meaning that nutritional cues and obesity affect female
puberty in mammals via SIRT1.

Recently, male puberty was also investigated [55]. Several binding sites for the tran-
scription factor Nescient Helix-Loop-Helix 2 (encoded by the Nhlh2 gene) have been
identified in the 5′regulatory regions of Kiss1 and Tac3, the latter encoding for neurokinin B
in humans. Consistently, conditional knockout of Nhlh2 in the Kiss1 neurons of the ARC
delays the onset of puberty in male mice, but not in females. Lastly, impaired response
to Lep and a higher susceptibility to metabolic changes in LH secretion have also been
suggested in the absence of Nhlh2 in Kiss1 neurons [55].

3. Energy Homeostasis, KS and Reproduction at Periphery
Beyond the hypothalamus, in vertebrates, the KS has been characterized in different

brain areas [51,56] and at the periphery in male gonads and gametes [57], liver, pancreas
and white and brown adipose tissue (WAT and BAT, respectively) [16].

In the testis of vertebrates, the distribution of Kiss1/Kiss1R revealed species-specific
patterns [57–59], but, in general, the activity of the KS has been linked to the modulation of
gene expression and steroidogenesis in Leydig cells [57,60–62], and spermatogenesis pro-
gression within the germinal epithelium, as reviewed elsewhere [57]. A significant crosstalk
has been characterized between the estrogen and the endocannabinoid systems [63–67],
two major signaling systems notably involved in the physiology of the testis and the pro-
duction of high-quality gametes [51,57,68], and also in metabolism, energy homeostasis
and obesity [4,69,70].

The production of high-quality gametes is affected by lifestyle and nutritional status,
as obesity can affect male fertility with a negative impact on the reproductive axis and on
semen quality; the possibility of transferring to offspring an impaired epigenetic signature
also occurs [71,72].
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Apart from reproductive impairment, data from knockout/conditional-knockout
revealed that the lack of KS signaling causes obesity and diabetes [37] as a consequence
of the impairment of KS signaling within the pancreas and the BAT, in which the KS
is functional for glucose tolerance and energy expenditure. Hence, accumulating data
from animal models suggest that, besides reproduction, the KS signaling regulates several
metabolic parameters, including body weight, energy expenditure, food intake, glucose
metabolism, adipose tissue function and deposition, respiratory rates, locomotor activity,
and thermoregulation, as recently reviewed [37,56].

The relationship between circulating hormones and metabolic status has been in-
vestigated in clinical studies. To date, low testosterone levels in men cause body weight
gain [14]. Accordingly, a multicenter study, carried out on a cohort of n.3369 European
men demonstrated that obesity severity correlates with the effects on male reproduction. In
fact, a BMI of 30 kg/m2 or higher has been associated with secondary hypogonadism (i.e.,
low testosterone and low/normal LH) [73]. Also, circulating kisspeptin levels negatively
correlate with BMI in humans and have been associated with the secretion of insulin in
non-diabetic subjects [74]. Lastly, a cross-sectional, observational study reported lower
circulating kisspeptin and primary hypogonadism in men with type 2 diabetes [75]. A
recent manuscript by Izzi-Engbeaya et al. investigated the effects of kisspeptin during intra-
venous glucose challenges on β-cell function, serum metabolites and appetite in 15 healthy
men (mean BMI: 22.3 ± 0.5), revealing, for the first time, a beneficial role of kisspeptin
on insulin secretion in humans in vivo [76]. This finding may be useful for the ongoing
development of kisspeptin-based therapies for both reproductive and metabolic conditions.
Nevertheless, there is a need for further clinical studies in the field to fill several knowledge
gaps in the relationship between circulating levels of kisspeptin, energy homeostasis and
related metabolic diseases.

4. Energy Homeostasis, KS and Exercise: The Outcomes on Reproduction
The combination of a healthy diet and physical exercise is the most effective approach

to achieve significant weight loss in the management of obesity [77]. Table 1 summarizes
the WHO physical activity guidelines, categorized by population group, and includes
examples of recommended exercises. Hence, physical exercise is a recognized “therapeutic
approach” in the treatment of obesity due to its pleotropic effects on muscle, liver, bone,
neuroendocrine and cardiovascular systems. As a consequence, via the production of
exercise-inducible soluble factors (e.g., myokines, adipokines, hepatokines, osteokines,
or cytokines among the others), it has a role in the loss of body fat mass, in optimizing
global energy expenditure with redistribution of energy substrates, in decreasing systemic
inflammation, in improving glucose uptake, and in enhancing hypothalamic circuits that
control appetite-satiety circuitry [78].
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Table 1. Physical activity guidelines by population group: recommendations and adaptable examples.

Population Group Recommended Physical Activity Examples of Activities Notes

Children and Adolescents
(5–17 years)

At least 60 min/day of
moderate-to-vigorous physical

activity, mostly aerobic.
3 days/week: vigorous activity +

muscle- and
bone-strengthening exercises.

Active play, running, swimming,
cycling, team sports (soccer,

volleyball) [79,80]

Limit sedentary time, especially
screen time.

Adults
(18–64 years)

150–300 min/week of moderate
aerobic activity or

75–150 min/week of
vigorous activity.

2 days/week:
muscle-strengthening exercises.

Brisk walking, swimming,
running, intense cycling [81,82]

Replace sedentary time with
activity of any intensity.

Older Adults (65+ years)

150–300 min/week of moderate
aerobic activity or 75–150 min of

vigorous activity.
2 days/week:

muscle-strengthening.
3 days/week: balance exercises

(e.g., multicomponent).

Walking, pilates, dancing,
gardening, light weight exercises,
fall-prevention exercises [83,84]

Adapt intensity to
physical abilities.

Pregnant and Postpartum Women

150 min/week of moderate
aerobic activity.

Muscle-strengthening and
stretching exercises.

May continue vigorous activity if
already habitual.

Walking, swimming, prenatal
yoga, pelvic floor exercises [85–87]

Avoid high-risk activities
(falling/overexertion). Consult

a doctor.

People with Disabilities

Same recommendations as their
age group, adapted to individual
abilities. Consult a specialist for

personalized activities.

Adapted sports (e.g., wheelchair
basketball, mixed ability rugby),

water exercises, stretching [88,89]

Ensure inclusive and
safe opportunities.

People with Chronic Conditions
(e.g., diabetes,

hypertension, cancer)

Same recommendations as
adults/older adults, adjusted for

health conditions. Consult a
doctor to plan activities.

Walking, swimming, cycling, light
resistance exercises [90–92]

Physical activity improves
disease management.

Data from Ref. [93].

In addition to Lep, adipose tissue also produces adiponectin, an adipokine with
a recognized role in insulin resistance, diabetes, and the metabolic syndrome because
of its antidiabetic and antiatherogenic effects, due to antioxidant and antinflammatory
activities [94]. Circulating adiponectin levels are decreased under obesity conditions in
both animal models and clinical studies [94], and are increased following exercise [95]. In
this respect, adiponectin from skeletal muscle may function as a myokine that acts in an
autocrine/paracrine manner to protect muscle from environmental insults like a high-fat
diet; nevertheless, when metabolic insults are sustained or obesity occurs, the expression
of muscle adiponectin decreases and this protective response fails [96]. Nevertheless,
adiponectin also contributes to the inhibition of Kiss1 expression in different contexts, like
primary culture of rat islets of Langerhans and CRI-D2 cell line [97], hypothalamic GT1-1
neurons [98] or ovary [99].

The adipose tissue is both a source and a target for kisspeptin since its ability to
expresses both ligand and receptor, thus responding to locally or distantly produced
kisspeptin. In fact, exercise increases the expression of the Kiss1 gene just within the
adipose tissue, as a consequence of exercise-induced adaptive responses, as demonstrated
in genetically modified animal models (i.e., adipose-specific Kiss1 knockout and adipose
tissue Kiss1-overexpressing mice) [100]. In particular, after prolonged aerobic exercise, the
effects of the adipose-derived kisspeptin signal on glucose and lipid homeostasis in gonadal
WAT and the expression of metabolic related cofactors in soleus muscle (i.e., Peroxisome
proliferator-activated receptor-gamma coactivator (PGC-1α) and maximum oxygen uptake
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(VO2max)) were more significant in females than male mice, suggesting that kisspeptin acts
as an adipokine that, in a sex-specific manner, increases organ sensitivity to glucose, lipids,
and oxygen consumption following aerobic exercise [100].

Nevertheless, in spite of the efficacy of aerobic exercise in improving several unde-
sirable health outcomes, its implications in the HPG axis are still controversial, at least in
males. We summarize in the next section the main evidence in animal models and humans.

4.1. Animal Models

In this respect, recent studies in animal models reported the modulation of the KS
in the exercise-induced modulation of reproduction, once again confirming the strong
link between energy homeostasis, male HPG axis and exercise. In male rats, forced and
prolonged swimming exercises exerted negative effects on the HPG axis, reducing Kiss1,
Kiss1R, GnRH mRNA within the hypothalamus, GnRH Receptor (GnRHR) mRNA in pi-
tuitary, Kiss1R mRNA in testis, and decreasing serum levels of both gonadotropins (LH
and FSH) and testosterone, with negative impact on gametogenesis and sperm produc-
tion and quality, probably due to increased oxidative stress and reduced oxidative stress
defenses [101]. Conversely, exercise ameliorates the impairment of the male HPG axis in
the case of energy imbalance with mechanisms involving the kisspeptin-GnRH neuronal
networks. The effects of aerobic exercise (i.e., treadmill running) on the KS have been
recently reported under different experimental conditions. Exercise carried out from early
childhood (post natal day, PND 21) to puberty onset (PND 43) and sex maturity (PND
56) was able to correct the adverse effects of HFD on the physiological expression of the
hypothalamic KS during post-natal development, ensuring the functionality of the male
HPG axis and the activity of Leydig cells in testosterone biosynthesis [102]. In obesity
induced adult rats, exercise improves the sexual behavior disorder dependent on HFD
and increases the expression of Kiss1/Kiss1R in brain areas associated with reproduction
and sexual behavior (i.e., prefrontal cortex, hypothalamus, hippocampus and corpus stria-
tum) [103]. Curiously, exercise alone significantly decreased the expression rate of both
Kiss1 and Kiss1R within the aforementioned brain areas [103], in agreement with the reports
by Arisha et al., showing a reduction in Kiss1 and Kiss1R expression within the hypotha-
lamus and a consequent reduction in testosterone levels, following forced swimming in
normo-weight male rats [101]. Chang et al. observed increasing levels of tumor necrosis
factor alpha (TNF-α) and decreased levels of GnRH, LepR, Kiss1 (but not Kiss1R), and anti-
inflammatory interleukin-10 (IL-10) at mRNA and protein levels within the hypothalamus
of HFD-induced obese mice; in parallel, poor sperm quality (i.e., low sperm count, low
sperm motility and high sperm apoptosis rate), low gonadotropins (both LH and FSH) and
testosterone, high circulating estradiol, leptin and TNF-α were detected in the serum of
obese mice [104].

Obesity and metabolic dysfunction may often be attributed to a difficulty for Lep to
cross the blood–brain barrier and/or interact with its own receptor. This condition is known
as Lep resistance and is characterized by reduced satiety, over-consumption of nutrients,
and increased total body mass [105]. Interestingly, both moderate and high load exercise
reduced Lep levels and body fat, but the intensity of the aerobic exercise produced different
effects on the HPG axis of obese male mice. In fact, while high load exercise promoted
inflammation without any beneficial effect on the hypothalamic Kiss1/GnRH, testosterone
production and sperm quality, moderate load exercise produced anti-inflammatory ef-
fects, improved Lep resistance, and in parallel ameliorated gonadotropin discharge and
testosterone biosynthesis via the increased expression of Kiss1 and GnRH [82]. Hence,
in conditions of energy imbalance and high load exercise, Lep and inflammation have a
synergic effect on the negative regulation of the male HPG axis through the modulation of



Endocrines 2025, 6, 43 9 of 18

hypothalamic Kiss1. Consistently, eccentric exercise leads to hypothalamic inflammation,
with concomitant reduction in food intake and body weight gain in overtrained mice;
however, after 2 weeks of recovery, the effects on neuroinflammation, food intake and body
weight were totally reversed [106].

In a study by Khajehnasiri et al. [107], the effects of a prolonged moderate or intensive
exercise on the male HPG axis were compared, revealing that intensive exercise only
decreased GnRH mRNA and circulating testosterone; both training protocols increased
Pdyn mRNA levels in the ARC, whereas prolonged moderate exercise only decreased
neurokinin B (Nkb) mRNA. Hence, a different modulation of the KNDy neurons by exercise
intensity may cause different outcomes on the HPG axis. Consistently, in mice, a high-fat
diet causes obesity and a decline in sperm quality via leptin resistance and an impairment
of the testosterone/estradiol ratio via the Lep–JAK–STAT pathway. Both moderate and
high-volume exercises were able to reduce body fat, but moderate exercise only rescued
sperm quality and the sex steroids ratio [108].

4.2. Studies in Humans

Besides animal models, studies in humans are poor and the data are almost con-
tradictory. A short-term intervention program based on aerobic training, i.e., a 16-week
aerobic training program on a treadmill, improved semen quality in sedentary obese adults
(n = 45 obese vs. n = 45 controls). This finding may be explained, at least in part, by
an improvement in the reproductive hormone profile [109] with an increase in serum
testosterone. The same study reported significant correlations between seminal outcomes
and abdominal obesity [109]. Data from the Longitudinal Investigation of Fertility and
the Environment (LIFE) study revealed that in a cohort of n = 501 couples attempting to
conceive, the percentage of men with abnormal volume, concentration and total sperm
increased with increasing body size, but the authors did not identify any relationship
between physical activity and semen parameters [110]. In a trial by Rafiee et al., semen
parameters and BMI ameliorated after six months of exercise intervention [111]. Lastly, a
prospective study by Wise et al. investigated the association between cycling and fertility
in men from two cohorts, from Denmark and North America, revealing that, in general,
the average hours/week of vigorous physical activity, moderate physical activity and total
metabolic equivalents were inversely associated with fecundability in the European cohort
only; the authors also warrant the need for further evaluations in the field taking into
consideration also BMI and the possible effect of bike seat type [112].

Since the role of sex hormones in muscle development, bone density, or energy home-
ostasis [113], and the ability of the KS to modulate the functionality of the HPG axis and
sex steroid production [57], the link between the KS, energy availability and reproduc-
tive function deserves attention in sport. Nevertheless, the situation in athletes is quite
controversial due to the paucity of focused studies in the field. Table 2 summarizes the
connections between the KS, energy availability, reproductive function, and potentially
bone health in athletes.
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Table 2. KS and its connection between energy availability, reproductive function, and potentially
bone health in athletes.

Description Implications for Sport

Primary Role

Central regulation of the
hypothalamic–pituitary–gonadal (HPG)

axis, which controls reproduction
through the release of GnRH

(Gonadotropin-Releasing Hormone).

Influences the production of sex hormones (testosterone in
men, estrogen in women), important for muscle

development, bone density, energy, and libido, all relevant
factors for athletic performance [113].

GnRH: Section S2 of the World Anti-Doping Agency
(WADA) Prohibited List [114].

Response to Exercise

Physical exercise can influence kisspeptin
levels. The response may vary depending

on the intensity, duration, and type of
exercise, as well as the individual’s

energy status.

Intense and/or chronic exercise, especially in combination
with caloric restriction (common in some sports), can

suppress the kisspeptin system, leading to a reduction in sex
hormones [113]. This can have negative consequences on

performance, recovery, and general health (e.g., bone
density, menstrual cycle in women) [115].

Energy Balance

The kisspeptin system is sensitive to
energy status. Low energy levels (caloric

deficit) can inhibit the activity of
kisspeptin neurons.

Athletes in sports that require low body weight or who
follow restrictive diets are at risk of overthrow of the

kisspeptin system, with potential negative impacts on
reproduction and metabolic health [116].

Gender Differences

There are differences in the regulation of
the kisspeptin system between men and

women, as well as in the response
to exercise.

Female athletes may be more susceptible to
exercise-induced hormonal imbalances due to the complex
interaction between the kisspeptin system, the menstrual

cycle, and energy balance [117].

Potential Applications

Understanding the role of kisspeptin in
sport could lead to strategies to optimize

hormonal health and athletic
performance; for example, through

targeted nutritional or
training interventions.

Monitoring kisspeptin and related hormone levels could be
useful in identifying athletes at risk of hormonal imbalances.

Interventions to maintain adequate energy balance and
modulate training intensity could preserve the function of

the kisspeptin system and hormonal health [118,119].

In fact, the suppression of the HPG axis can occur in the context of energy deprivation
by caloric restriction, especially in combination with excessive energy expenditure. This
condition has been largely described in female athletes as the “female athletic triad” con-
sisting of disordered eating, amenorrhea and osteoporosis [120]. However, the relationship
between overtraining, energy homeostasis and neuroendocrine/reproductive axis has been
poorly described in male athletes and is quite limited to muscle dysmorphia, a condition
that overlaps with anorexia and eating disorders [121]. Nevertheless, in 2014, the Interna-
tional Olympic Committee (IOC) defined “Relative energy deficit in sport (REDS)” as the
condition of whole body energy deficits due to inadequate caloric intake in the context of
excessive exercise (overtraining) [122]. During states of energy deficit, such as starvation
or intense exercise without adequate caloric intake, the levels of metabolic signals like
leptin decrease [119]. This can lead to a reduction in kisspeptin secretion, subsequently
suppressing the GnRH–LH/FSH axis and potentially impairing male reproductive function.
This is a protective mechanism to save energy when resources are scarce [104]. The impact
of exercise on the KS and male reproduction is complex and depends on the intensity,
duration, and type of exercise, as well as the individual’s energy balance. Prolonged,
high-intensity exercise, especially when coupled with insufficient energy intake, can lead to
a state of negative energy balance [123]. This can result in decreased kisspeptin levels and
subsequent suppression of the HPG axis, potentially leading to reduced testosterone levels
and impaired spermatogenesis. Studies in animal models have shown that chronic intense
exercise can downregulate the expression of kisspeptin and GnRH signaling components.
Moreover, some studies suggest that moderate regular exercise might have a beneficial
impact on the male reproductive axis [124].
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Is There a Link Between the KS and Doping?

KS’s role in stimulating the release of gonadotropins, which in turn boost testos-
terone production, has led to concerns about its potential misuse as a doping agent in
sports [125]. By increasing LH and FSH levels, kisspeptin and its agonists can elevate
testosterone production, particularly in males. Testosterone is a well-known anabolic
steroid that increases muscle mass, strength, and recovery, providing a potential advantage
in athletic performance (doping) [126,127]. In addition to testosterone, kisspeptin can
stimulate the production of the growth hormone (GH), although the stimulatory effects
are variable according to context and species [128–130]. Identifying this potential for mis-
use, the WADA has explicitly added “kisspeptin and its agonist analogues” to the list
of prohibited substances, either in-competition and out-of-competition. They are classi-
fied under “S2. Peptide Hormones, Growth Factors, Related Substances, and Mimetics,
specifically within the subcategory of S2.2.1 Testosterone-Stimulating Peptides in Males”.
Therefore, kisspeptin agonists represent a form of “indirect androgen doping.” Instead of
directly administering testosterone or other anabolic steroids, they stimulate the body’s
own production of testosterone. Nevertheless, anti-doping agencies are actively involved
in research to develop effective detection methods, often through sophisticated techniques
like liquid chromatography-high-resolution mass spectrometry (LC-HRMS). An important
contest is differentiating naturally occurring kisspeptin from synthetic peptides and es-
tablishing reference ranges for endogenous kisspeptin levels [90]. Studies are ongoing to
understand the metabolism of kisspeptin and its analogues to identify specific metabolites
that can serve as markers for doping [114,131].

In conclusion, the KS plays a crucial role in naturally boosting testosterone levels by
stimulating the release of LH and FSH from the pituitary gland. These hormones then
act on the testes to increase testosterone production. While the KS is a natural regulator
of testosterone, its potential for misuse as a performance-enhancing substance has led to
its prohibition by WADA. Ongoing scientific efforts are crucial to developing effective
detection strategies to maintain the integrity of sports.

5. Conclusions
The KS plays a crucial role in regulating reproductive function in both sexes. Re-

cently, the role of kisspeptin in linking energy homeostasis to reproduction in the brain
and at the periphery as an adipokine has emerged. This intricate interplay means that
the body’s energy status significantly influences male reproductive competencies [132].
It is well-known that the KS acts as a central modulator of the HPG axis, thus affect-
ing the endocrine route (i.e., GnRH, gonadotropins and sex steroids), which is essential
for spermatogenesis [5,53,54] and the development of male secondary sexual characteris-
tics [133]; nevertheless, in the hypothalamic ARC, Kiss1 neurones convey on the reproduc-
tive axis orexigenic and anorexigenic signals to adapt reproduction to energy availabil-
ity [16]. Beyond the brain, studies in animal models or cell lines revealed that the KS is an
intratesticular modulator of spermatogenesis and sex steroid biosynthesis [62–67], but also
a metabolic sensor related to the physiology of liver, adipose tissue or pancreas [16]. Con-
sistently, circulating kisspeptin levels are higher in fertile men compared to infertile men,
further underlining its importance in male reproductive health [72,75,134], and negatively
correlate with BMI [74].

Physical exercise is a key modulator of energy balance and a recognized therapeutic
intervention in the treatment of obesity. Upcoming evidence from animal models has
revealed that physical exercise can also exert considerable effects on the KS, adapting the
functionality of the HPG axis to environmental cues. In fact, exercise can affect the expres-
sion of the hypothalamic KS and, consequently, the production of sex steroids and male
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reproduction, with effects mainly depending on the intensity of the training programme.
For example, chronic, strenuous exercise, such as prolonged swimming, suppressed the
kisspeptin-GnRH signaling pathway, leading to decreased levels of reproductive hormones
and impaired sperm parameters. On the contrary, moderate physical activity may have
beneficial effects on general health and potentially reproductive function [135]. This sug-
gests that the intensity and duration of exercise can influence the male reproductive axis
through the KS [101]. Unfortunately, the link between exercise, KS and male reproduction
is poorly studied in humans, and the few available data on exercise and male reproduction
are almost contradictory, with either no correlation or some beneficial effects on male
reproduction after exercise intervention or training, particularly in the case of overweight
or obesity [86–89].

Hence, a full understanding of the role of this system is essential to develop strategies
to preserve male reproductive health under different physiological conditions and in
response to various lifestyles, including physical activity. Further research is needed to
delineate the precise mechanisms by which exercise influences the KS and the long-term
consequences for male fertility.

KS has the ability to modulate the functionality of the HPG axis and sex steroid
production as a consequence [57]; sex steroids affect the physiology of muscle, bones,
adipose tissue, and energy homeostasis in turn [113]. Hence, the link between the KS,
energy availability and reproductive function deserves attention in sport. Currently, the
situation in athletes is quite controversial due to the paucity of focused studies in the field.
Nevertheless, kisspeptin and its agonist analogues were added to the WADA Prohibited
List in 2024 as a substance with a high potential for misuse in sports doping [136]. Ongoing
research by anti-doping agencies is focused on developing detection methods to prevent its
illicit use and ensure fair competition [131,137]. Athletes should be aware of the potential
health risks and ethical implications associated with using such investigational substances.
Nevertheless, the suppression of the HPG axis via KS reported in animal models after
intensive training deserves interest in athletes. In this respect, the relationship between
overtraining, energy homeostasis and the neuroendocrine/reproductive axis has been
poorly described in male athletes, and there is a need to fill this knowledge gap.
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