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An individual’s nutritional status has a powerful effect on sexual maturation. Puberty onset is
delayed in response to chronic energy insufficiency and is advanced under energy abundance. The
consequences of altered pubertal timing for human health are profound. Late puberty increases
the chances of cardiometabolic, musculoskeletal and neurocognitive disorders, whereas early
puberty is associated with increased risks of adult obesity, type 2 diabetes mellitus, cardiovascular
diseases and various cancers, such as breast, endometrial and prostate cancer. Kennedy and
Mitra’s trailblazing studies, published in 1963 and using experimental models, were the first to
demonstrate that nutrition is a key factor in puberty onset. Building on this work, the field has
advanced substantially in the past decade, which is largely due to the impressive development of
molecular tools for experimentation and population genetics. In this Review, we discuss the latest
advances in basic and translational sciences underlying the nutritional and metabolic control of
pubertal development, with a focus on perspectives and future directions.

Introduction

Puberty is a major developmental event in the life-course of any individual. Puberty is
characterized by an array of somatic, psychological and behavioural changes, which include
completion of growth and sexual maturation, as well as developing the ability to reproduce?.
Pubertal timing is defined by strong genetic determinants, but is also sensitive to a wide
variety of endogenous and environmental cues?.

The main neuroendocrine pillar for pubertal development is the activation of

the hypothalamic—pituitary—gonadal (HPG) axis. In this highly hierarchical system,
gonadotropin-releasing hormone (GnRH) from the hypothalamus drives the pulsatile
secretion of pituitary gonadotropins (luteinizing hormone (LH) and follicle-stimulating
hormone), which in turn activate gonadal maturation and the secretion of sex steroids and
peptides. Pulses of GnRH are the hypothalamic output of the HPG axis, and these pulses
are a reflection of episodic activity of afferent neuronal inputs; in particular a population of
kisspeptin neurons that is now understood to be the long-sought ‘pulse generator’3-. Timed
activation of the HPG axis is responsible for sexual and phenotypic maturation at puberty.

In humans, the clinical hallmarks of puberty onset are the initiation of breast development
in girls (that is, thelarche) and enlargement of testicular volume, to over 3 ml, in boys (that
is, gonadarche). According to normative data, the occurrence of these indices before the age
of 8 years in girls or 9 years in boys defines the clinical condition of precocious puberty. By
contrast, initiation of breast development or testicular growth that occurs after the age of 13
years or 14 years, respectively, usually denotes delayed puberty.

The need for stored energy to enable reproductive success has been known for centuries,

and was based on empirical observations of livestock fertility by farmers. However, it was
not until rigorous experimental studies under controlled environmental conditions performed
in rats by Kennedy and Mitra® that the effects of nutrition and body weight were identified
as major determinants of pubertal development. By adjusting litter size at birth, and hence
the availability of milk for each offspring, the authors created conditions of overnutrition
(small litter size) and undernutrition (large litter size) in early postnatal development. They
observed that the time of puberty onset was delayed in rats raised in large litters. These rats
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were also smaller than those in normal size and small litters, leading to the hypothesis that
sexual maturation is correlated with body weight, not chronological age.

About a decade later, epidemiological studies showed that conditions of extreme leanness in
girls delayed pubertal progression, which suggested there was a role for a critical amount

of body adipose tissue within the body weight factor that was required for proper sexual
maturation’:8. Following much debate and inconsistencies generated by experimental studies
in animal models with distinct reproductive strategies®?, it is now well accepted that in
primates and laboratory mice and rats, sufficient stored energy must be available during
pubertal transition for growth and differentiation of reproductive organs and tissues.

Kennedy and Mitra’s seminal studies are highly relevant for human health. In the past five
decades, studies from around the world have consistently found earlier ages at puberty onset
in girls, as defined by the initiation of breast development19-13, In boys, less definitive
evidence suggests a trend towards earlier onset of testicular enlargement3-14, The obesity
pandemic has been proposed as one of the determinants for this trend in girls, and possibly
also in boys®18, These trends are concerning, as early puberty has been associated with
increased risks of some health issues in adulthood, including obesity, type 2 diabetes
mellitus, cardiovascular diseases and various cancers, such as breast, endometrial and
prostate cancer, which lead to reduced life expectancy3:17-20,

Disruption of pubertal timing in humans also occurs in conditions of undernutrition,
including anorexia nervosa, strenuous exercise, chronic illness and relative energy
deficiency, which might lead to cardiometabolic, musculoskeletal and neurocognitive
disorders (that is, psychosocial functioning and educational achievements) in adult life2?.
In addition, relative energy deficiency due to exercise or extreme leanness leads to primary
amenorrhoea in college athletes and women22:23,

Undernutrition combined with late puberty was a common phenomenon during the early
Industrial Revolution, with onset of menstruation (menarche) typically occurring at 15—

16 years of agel0.13.14 From the early 19th to the mid-20th century, the average age at
menarche reduced by about 4 years, which was probably due to improved nutrition. More
recently, however, the decline in age at menarche seems to have slowed down in most
developed countries!1-13.24.25 |ndeed, global data since the 1960s show contrasting findings
in menarcheal timing26-29, whereas most studies have consistently documented earlier ages
at thelarche over time11:12.14.26.29.30 The conflicting data must be evaluated with caution as
socioeconomic traits, ethnicity and genetic differences are also pieces of the same puzzle
(Box 1), and the specific cause (or causes) of the potential disruption of the timing and
tempo of pubertal development within a population is unclear. Early breast development

in girls with obesity could be the result of increased aromatase activity in adipocytes and
increased oestrogen production31:32, Whether this effect leads to the activation of the HPG
axis is debatable.

Altogether, these observations highlight the association between pubertal timing and body
energy reserves, nutritional status and growth, as initially hypothesized by Kennedy and
Mitra in 1963. In this Review, we aim to synthesize the vast literature and scientific
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knowledge produced following their seminal work. We focus on developments over the
past two decades in basic and translational sciences, with an emphasis on future directions
and the relevance of pubertal timing for human health.

Indicators of energy reserves

In most mammals, one of the main strategies to store energy is the accumulation of lipids
in the form of triacylglycerol in adipocytes. High-energy fatty acids are then produced via
lipolysis and are released when required33. Adipocytes also secrete hormones that serve as
metabolic cues that convey the amount of stored energy available; this information is used
during sexual maturation, for differentiation and for growth. Of these hormones, leptin is a
key permissive signal for pubertal progression that acts in the brain34:3%,

Circulating levels of leptin are closely correlated with the amount of body adipose tissue

and the nutritional status of the individual. Synthesis and release of leptin is modulated by a
complex network of neurohumoral factors that also influence pubertal development. Of these
factors, insulin, growth hormones (GH), gonadal hormones, pro-inflammatory cytokines and
the autonomic nervous system are well described3:36,

Absent or dysfunctional leptin signalling disrupts sexual maturation in rodents and
humans37-38, Leptin administration to leptin-deficient mice induces puberty, and excess
leptin advances puberty onset in wild-type mice38-41, These effects of leptin are attained via
actions on subsets of hypothalamic neurons that relay metabolic cues to the neuroendocrine
reproductive axis.

The endocrine role of adipose tissue goes well beyond leptin physiology, but the action of
other adipokines on pubertal development has yet to be demonstrated. An inhibitory role

for adiponectin is suggested by its inverse relationship with leptin levels#2. Consistent with
this suggestion, total adiponectin levels are reduced in girls with central precocious puberty
(CPP) and are negatively correlated with the Tanner stages of sexual maturity rating*3. Of
note, the opposite trend is documented for high molecular weight adiponectin levels, which
are high in CPP and are positively correlated with Tanner stages*3. Further work is needed to
determine whether these relationships are causal, and, if so, the underlying mechanisms.

Excess energy consumption might directly alter hypothalamic function independently of the
hormones present in the circulation. Studies from several laboratories have demonstrated
that the hypothalamus has increased levels of ceramide in mouse models of obesity444°.
Ceramides are sensors of fatty acids, which might drive cellular stress and dysfunction
when in excess. Using the litter size paradigm pioneered by Kennedy and Mitra®, studies
demonstrated that early overfed rats (raised in small litters) with advanced puberty have

a high ceramide content in the paraventricular nucleus of the hypothalamus (PVH)%6.
Blockade of ceramide synthesis in the PVH markedly delays puberty in overweight female
rats, which suggests that the overfeeding-induced elevated levels of ceramide in the PVH has
arole in pubertal progression#6. This finding is particularly relevant as the PVH is a crucial
hub in neuroendocrine and autonomic regulation.
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Indicators of nutritional status

Breakdown of nutrients into glucose, amino acids and free fatty acids provides signals of
nutritional status. Sensors for these various substrates are expressed on cells throughout
the body, including cells of reproductive tissues and hypothalamic cells involved in GnRH
release?”-49, such as kisspeptin neurons and GnRH neurons. In addition, food intake affects
the secretion of specific hormones, such as ghrelin, insulin, fibroblast growth factor 21
(FGF21) and glucagon-like peptide 1, that signal states of nutrient deficit or surplus.

Ghrelin is a hunger-associated peptide that is secreted by cells in the gastrointestinal
tract®0. When ghrelin is administered during the pubertal transition, pubertal maturation

is delayed in male rats®!, whereas administration of a ghrelin antagonist during pregnancy
in mice advances puberty in male and female offspring®2. Thus, ghrelin might be a signal
of nutritional deficiency that alters pubertal timing. Although the molecular mechanism
associated with these effects is not entirely clear, ghrelin might signal energy deficits by
increasing the activity of sirtuins in the hypothalamus (such as SIRT1)°3, which is discussed
in a subsequent section (see section on ‘Epigenetic regulation’) in more detail. Ghrelin can
also have opposing effects on pubertal timing, due to its ability to promote GH secretion.
Ghrelin administration increases plasma concentrations of GH and accelerated vaginal
opening in mice when administered from birth®0. The timing and duration of elevations

in levels of ghrelin are critical to its effects on pubertal development.

Insulin, which is associated with satiety and abundant energy stores, also has a role in the
metabolic control of puberty. Prior to the discovery of insulin, humans with uncontrolled
type 1 diabetes mellitus (T1DM) usually exhibited an absence of pubertal development

and had hypogonadotropic hypogonadism. The introduction of insulin (from the 1920
onwards) improved fertility, but on average menarche occurred 1.1 years later in girls with
T1DM than in those without TIDM and a considerable proportion of the girls with TLDM
exhibited primary amenorrhoea into their late teens®*. Even into the 1990s, studies found
that menarche was delayed by 5 months to 1 year in girls with TADM who were using one
or two daily insulin injections®®6, Modern insulin therapy seems to result in only mild
delays in thelarche and menarche®’. In boys with TLDM under current treatment paradigms
initiation of puberty seems to occur at the usual ages, but these boys might progress through
puberty faster than boys without TLDM?®8, Direct actions of insulin that might underlie these
findings have been clarified by animal studies. Insulin receptors are found at all levels of
the HPG axis and are required for normally timed puberty and adult fertility in mice>9-60,
Although circulating levels of insulin correlate positively with body weight and adiposity,
mouse studies demonstrate that hyperinsulinaemia without obesity can induce early female
puberty8L, Importantly, insulin receptors on astrocytes®2, rather than on neurons6%:63, seem
to be the main players in this effect.

FGF21, a liver-derived hormone involved in metabolic regulation, and its co-receptor,
B-klotho, can contribute to pubertal maturation in mice and humans by promoting GnRH
neurite outgrowth and release®*. During starvation, levels of FGF21 increase, which drives
ketogenesis and suppresses whole-body growth. Overexpression of FGF21 in mice delays
puberty and causes infertility in females. These mice are smaller than wild-type mice, but
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the percentage of adipose tissue mass and concentrations of leptin and adiponectin are
unchanged, which indicates that FGF21 has a role in reproductive maturation and function
that is independent of adipokines®. In addition, the anorexigenic neuropeptide, glucagon-
like peptide 1, which is produced in the gut following a meal and in the brainstem, might
contribute to pubertal onset through stimulation of GnRH and LH release. This effect might
involve direct actions on kisspeptin neurons®6:67,

In addition to these tissue-derived factors, the gut microbiome might influence puberty by
regulating the host’s levels of sex hormone®8:69 or by releasing factors that reflect nutrient
status into the circulation. High-fat diet feeding reduces the amount of short-chain fatty acids
released by the gut microbiome’. Furthermore, early puberty induced by a high-fat diet in
rodents can be reversed by administration of short-chain fatty acids’! or probiotics’2. Early
puberty induced by a high-fat diet can be reproduced by transplanting the microbiota of
these mice to mice fed a low-fat diet’3:74. Admittedly, however, tests of causality have yet to
be performed in humans.

Indicators of musculoskeletal growth

Levels of several hormones that modulate both muscle growth and reproductive function
increase markedly during human adolescence, including the anabolic hormones (GH”>-77,
insulin® and insulin-like growth factor 1 (IGF1)7>79-81) and the myokines (myostatin

and irisin82-8%), This increase is transient in the cases of GH and insulin, and only

evident in boys in the case of myostatin. Mice with whole-body or brain-specific genetic
deletion of the receptors for these hormones remain fertile59-86-88 \which indicates that their
roles in reproductive maturation must be modulatory rather than necessary. Nevertheless,
components of the growth axis might contribute to the wide variation that exists in human
pubertal timing.

Pulsatile GH secretion increases at puberty, driving a pronounced and sustained increase

in IGF1 levels’ 79, Conditional GH receptor knockout from either kisspeptin neurons or
the brain has shown that central GH signalling is not required for pubertal timing8°. A
stronger case exists, however, for IGF1. Individuals with very low levels of IGF1 experience
delayed puberty®0, whereas girls with precocious puberty have elevated IGF1 levels®1:92,
Male and female rats treated centrally with IGF1 or IGF1 antibodies exhibit advanced

or delayed puberty, respectively®3:94. Conditional IGF1 receptor knockout has revealed a
requirement for the actions of IGF1 on GnRH neurons for typical pubertal timing in male
and female mice8’. Furthermore, electrophysiological measurements from brain slices taken
from prepubertal and pubertal male mice indicate that IGF1 disinhibits endocannabinoid
suppression of GnRH neuronal activity, which increases presynaptic y-aminobutyric acid
(GABA) release to activate GnRH neurons®.

In most mammals, including humans, muscle mass correlates with pubertal timing at least
as well as adiposity correlates with pubertal timing®6-99. Although myostatin’s role in
pubertal growth and sexual maturation has received little attention, one study published in
2022 showed that its levels increase with age and pubertal stage in boys82, presumably

to modulate muscle hypertrophy driven by anabolic hormones. Furthermore, sows with a
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mutation in the gene encoding myostatin exhibit delayed puberty19, Levels of another
myokine hormone, irisin, are also elevated in girls with CPP101. Global deletion of the
gene encoding irisin, treatment with an irisin receptor antagonist or neuronal irisin receptor
knockout all delay female (but not male) puberty in mice®8. Further studies on this subject
are warranted (Box 1).

Neural effectors in pubertal timing

Although GnRH neurons themselves seem to have a role in the control of pubertal timing
and prepubertal growth192, the effect of metabolic cues on puberty is mediated mainly
by neural targets upstream of GnRH neurons34193, In the past decade, the neuronal
circuitry and glial components of this tightly controlled developmental programme have
been unravelled through collaborative work of laboratories around the world.

The primary order neurons of this network are mostly located in the hypothalamus, where
receptors of metabolic cues, such as those for leptin (leptin receptor (LepR)), ghrelin

(GH secretagogue receptor), IGF1 (IGF1 receptor) and insulin (insulin receptors), are
abundant34. Leptin, an adipokine that is produced by the white adipocytes and secreted

in the bloodstream in levels correlated with adipose tissue mass, is relevant for sexual
maturation104105, Dye to its critical role, leptin is also the most studied adipokine in timed
sexual maturation.

Leptin reaches the brain parenchyma via three independent mechanisms. One mechanism
is fenestrated capillaries in circumventricular organs, including the vascular organ of the
lamina terminalis and the median eminence. Another mechanism is carrier-mediated or
receptor-mediated active transport for targets inside the blood—brain barrier. The final
mechanism is active transport of tanycytes along the third ventricle106-108,

Within the brain, leptin targets the primary order neurons; that is, those expressing the LepR
long form (LepRb), which are mostly located in the hypothalamus and brainstem. A dense
collection of LepRb is found in the arcuate nucleus (ARH), the ventral premammillary
nucleus (PMV) and the medial preoptic area (MPA) (Fig. 1). In the ARH, neurons
expressing kisspeptin, neurokinin B and dynorphin (KNDy) are key elements in HPG
activation and pubertal progression109-111 and are highly responsive to metabolic and
nutritional cues!12-114, These responses seem to be attained via direct and/or indirect

paths. For example, KNDy neurons are directly affected by metabolic sensors, including
mammalian target of rapamycin (MTOR) and AMP-activated kinase (AMPK)*7:48, Direct
leptin action in KNDy neurons, however, is not necessary for typical pubertal maturation115,
In fact, LepRb expression in a subset of KNDy neurons is induced after puberty by as-
yet-unidentified mechanisms, which indicates that leptin’s effect on sexual maturation is
upstream of KNDy neurons. The main candidate in this regard is GABAergic neurons,
which fall into numerous subpopulations, usually grouped by region and the different
neuropeptides they produce.

A prominent role for leptin-responsive GABAergic neurons has been described by
independent laboratories!16:117. Among several first-order GABAergic neurons, those
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expressing neuropeptide Y (NPY) and agouti-related protein (AgRP) are thought to be the
main players. The expression of Ajpyand Agrp increases in conditions of negative energy
balance (for example, fasting) or blunted leptin signalling!18-120, Re-expression of the gene
encoding endogenous LepRb only in AgRP neurons of obese and infertile LepR-null mice
restores puberty and deletion of LepRb from AgRP neurons delays pubertal development

in female micel21. AgRP neurons directly innervate KNDy neurons, conveying signals of
energy deficiencyl22. Together, these findings indicate that leptin action in AGRP, NPY and
GABA neurons comprises a crucial component of pubertal timing via downstream actions in
KNDy neurons, potentially via GABAergic neurotransmission122,

AgRP neurons are part of the melanocortin system along with proopiomelanocortin (POMC)
neurons, which also express LepRb. Most of the metabolic and reproductive effects of
POMC neurons are mediated by the actions of a-melanocyte-stimulating hormone (aMSH)
on melanocortin receptors 3 and 4 (MC3R and MC4R)123, POMC neurons located in

the ARH are comprised of a mixed group of GABAergic and glutamatergic neurons but,
contrary to what was initially thought, deletion of LepRb from POMC neurons does not
disrupt puberty onset in mice24125 The melanocortin system does have a role in adult
reproduction, based on rodent studies, but the downstream effectors and the neural circuitry
are still under debate. For example, a role for MC4R in sexual maturation has been reported
in rats, but not mice, using pharmacological challenges'26:127 whereas population and
mouse genetics suggest that MC3R is required for typical pubertal timing128:129, Additional
studies using conditional and temporal manipulation of melanocortin receptors are necessary
to probe these issues in a controlled manner.

Using similar genetic manipulation of LepRb expression in mice, the PMV has been
identified as another key hypothalamic site of leptin action in pubertal development130-132,
Obese and infertile LepRb-null mice with re-expression of endogenous LepRb in PMV
neurons show pubertal development and improved fertility. The PMV neurons are mostly
stimulated (depolarized) by acute leptin administration33, and express glutamate, pituitary
adenylate cyclase-activating polypeptide (PACAP) and the gaseous neurotransmitter, nitric
oxide (N0)132,134,135_

The role of NO in GnRH neuronal firing and secretion is well-established136137 NO
controls the amplitude of the first postnatal activation of the HPG axis, which is called mini-
puberty130.138 |n addition, mice lacking neuronal NO synthase (nNOS) (encoded by AosZ)
and humans with rare mutations in NOS1 are infertile130. Furthermore, global inhibition or
deletion of NO production blocks leptin-induced secretion of GnRH and LH139140, Deletion
of LepRb from nNOS cells negatively affects pubertal maturation; however, which primary
order neurons are associated with these effects is still under debatel41, Leptin administration
increases phosphorylation and activity of nNOS in the PMV and MPA134.140_|n addition,
blockade of nNOS in MPA cells and lesions of PMV neurons disrupt the ability of leptin

to restore puberty in leptin-deficient mice31.140, Similarly, deletion of PACAP from LepRb
neurons, which are also co-expressed in the PMV, disrupts typical pubertal maturation142,
The effects of the PMV and MPA on puberty are attained via direct actions on GnRH
neurons, kisspeptin neurons and KNDy neurons132:140.142,
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Combined RNA and TRAP sequencing in wild-type and leptin-deficient mice has been used
to identify novel candidate genes associated with pubertal transition. This technique enabled
the identification of a dynamic change in genes associated with neuropil remodelling in

the mediobasal hypothalamus!43. In fact, GnRH neurons morphologically and functionally
interact with glial cells, including astrocytes and tanycytes44. As an integral part of the
GnRH neural network, the glial cells sense, coordinate and relay homeostatic information to
GNnRH neurons that are necessary for puberty onset!44.145_ At birth, GnRH neurons already
morphologically interact with tanycytic processes, which regulate their periodic access to
pituitary portal blood vessels at their termination field in the median eminencel46. However,
in the preoptic region, GNRH neurons assemble their own glial entourage around their cell
bodies during early postnatal development by establishing communication channels with
glial progenitors using chemotrophic factors, such as prostaglandin D,147. Once recruited
by GnRH neurons, glial cells eventually differentiate into astrocytes that are associated with
the neurons throughout lifel4”. This infantile astrogenesis in the vicinity of GnRH neurons
is not only required for their correct wiring in the developing hypothalamus4’ but also for
the modulation of their firing activity via the paracrine activation of erythroblastic oncogene
B receptors and the release of potent gliotransmitters, such as prostaglandin E;147-149,
Interfering with these early neuron—glia interactions in rats and mice leads to delayed
puberty and altered adult oestrous cyclicity and fertility disordersl47:150-152 \Whether this
neuron—glia communication is sensitive to early nutritional stress needs further investigation.

In the hypothalamus, as in other brain areas, astrocytes are not only involved in
synaptogenesis and are sophisticated sensors and modulators of neuronal activity®3:154 but,
along with tanycytes, are also involved in regulating energy metabolism at multiple levels.
For example, they detect blood-borne energy signals and shuttle them into the brain155-160
and use connexin-43-mediated cellular networks to efficiently transmit metabolites in certain
hypothalamic functional domains161.162, This function is epitomized by the crucial role of
insulin in the central control of puberty. As mentioned already, findings in experimental
models show that the ability of astrocytes to sense insulin, which is shuttled into the
mediobasal hypothalamus by tanycytes or active transporters in endothelial cells160.163,
seems to underlie the ability of insulin to advance the onset of puberty in mice®2. Whether
this phenomenon also occurs in humans needs further investigation.

Similar to the alterations in tanycytic shuttling of ghrelin from the periphery into the
hypothalamus caused by early postnatal overfeeding in mice (as a result of rearing in

small litter sizes)164, astrocyte morphology, receptor expression and receptor function are
also altered by maternal or early life exposure to a high-fat diet65166_Fyrther studies are
needed to unravel the mechanisms by which the metabolic state affects these two glial cell
populations, and the implications of these mechanisms for GnRH system regulation and the
establishment of fertility.

Molecular pathways engaged by metabolic and nutritional cues

As indicated in previous sections, six decades after Kennedy and Mitra’s ingenious work, it
is now clear that diverse signals from stored energy, nutritional status and growth modulate
pubertal timing. Although a lot remains to be learned about how these metabolic and
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nutritional components ultimately calibrate GnRH neurons to regulate puberty onset, several
molecular components have been identified, as summarized in this section (Fig. 2).

Leptin acting upon LepRb recruits discrete intracellular signalling pathways9°. Lacking
intrinsic tyrosine kinase activity, LepRb uses Janus kinase 2 (JAK?2) to phosphorylate three
of its highly conserved phosphotyrosine residues. These binding sites enable signalling
molecules to become phosphorylated and either move into the nucleus to serve as
transcription factors or interact with a variety of other transcription factors16”. The
importance of these pathways in mediating leptin’s role in pubertal timing is incompletely
understood.

Signal transducer and activator of transcription 3 (STAT3) is critical for leptin’s effects on
appetite and metabolism, but its role in puberty and adult reproductive function remains
unclear. In LepRb—STAT3 knockout micel68:169 or mice with a mutated LepRb that
precludes STAT3 phosphorylationl70, puberty onset and oestrous cycles are normal despite
moderate obesity. By contrast, puberty does not occur in mice with brain-wide STAT3
deletionl1, similar to mice with global leptin or LepRb deficiency. One caveat for the
LepRb-STAT3 knockout experiments is that the Lepr~-Cre mouse line probably expresses
Cre recombinase fairly weakly; it is plausible that this weak expression results in partial
STAT3 deletion that is sufficient to disrupt metabolic regulation but not pubertal onset. The
same Cre driver was used to demonstrate that LepRb—STAT5 signalling is not required for
puberty168, Studies using global STATS5 deletion12 or mutation of the STATS5 activation

site on LepRb173 have also shown no or minimal reproductive deficits. In addition to
JAK-STAT signalling, extracellular signal-regulated kinases 1/2 (ERK1/2) are also recruited
by LepRb, which leads to the activation of various transcription factors!®?, including the
adaptor protein SHP2. Neuronal deletion of the ERK1/2-SHP2 pathway leads to subfertility
in female micel”4, but whether this phenotype is a result of metabolic dysregulation needs
investigation.

As with insulin and IGF1 receptor activation, leptin-LepRb binding can also activate the
insulin receptor substrate—phosphoinositide 3-kinase (PI13K)-AKT pathway. Downstream of
PI3K are mTOR and the transcription factor forkhead box protein 1 (FOX01)167. Female
mice with specific deletion of the PI3K-p110a subunit in cells with LepRb exhibit delayed
pubertal development and are insensitive to leptin’s promotion of puberty onset; however,
this effect might be secondary to the lean phenotype of these micel’®. PI3K-AKT inhibits
the activation of FOXO1. Activated FOXO1 stimulates transcription of Agrp and Apy and
suppresses transcription of Pomct76-178 'which might suppress GnRH activity.

Compelling evidence gathered in preclinical models strongly suggests that key cellular
energy and metabolic sensors, operating in Kisspeptin neurons and/or their upstream
afferents, have a major role in pubertal timing. According to experimental data from
female rodent models, these metabolic sensors probably include mTOR and AMPK, which,
as mentioned already, operate in discrete hypothalamic neuronal populations to regulate
body energy homeostasis, acting in a reciprocal manner’9, and can modulate downstream
signalling factors of key metabolic hormones, such as FOXOL1. Thus, the mTOR signalling
pathway, which modulates FOXO1-mediated gene transcription in conditions of energy
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abundance and leptin sufficiency, has been suggested to suppress feeding. By contrast,
activation of this pathway via AMPK in the hypothalamus in conditions of energy and

leptin deficiency leads to orexigenic responses and suppressed thermogenesis. In keeping
with these roles in energy homeostasis, it has been documented that preserved brain mTOR
signalling, which reflects sufficient energy stores and nutritional inputs, is needed for normal
pubertal progression and adequate KissZ expression in the ARH, as well as for mediating
the permissive effects of leptin on pubertal maturation in female rats180, By contrast,
pharmacological or virogenetic activation of AMPK signalling in the brain during an energy
deficit delays puberty in female rats#’. In genetics studies in mice, independent laboratories
demonstrated that the role of AMPK as a metabolic sensor in pubertal timing and female
cyclicity is attained via actions in kisspeptin neurons#7:48,

Epigenetic regulation

Different epigenetic mechanisms, including changes in DNA methylation, histone
modifications and microRNAs (miRNAs), which operate mainly in kisspeptin and GnRH
neurons, participate in pubertal control, and might contribute to its modulation by nutritional
cues (Table 1).

A major hub for the epigenetic control of puberty is formed by two groups of transcriptional
regulators: the polycomb group and the trithorax group. These factors repress or activate,
respectively, Kiss1 expression, mainly in the ARH. Two members of the Polycomb group,
namely embryonic ectoderm development protein (EED) and chromobox 7, interact with the
Kiss1 promoter. During the prepubertal period, they contribute to the suppression of Kissz
expression, mainly by inducing a repressive chromatin configuration linked to H3K27me3.
Increased methylation of the gene promoters of EED and chromobox 7 during pubertal
maturation in female rats leads to reduced levels of these repressors, and hence increased
Kiss1 expressionl8L, Prepubertally, EED also represses the expression of lysine demethylase
6B (KDM6B) in female rats, as a complementary mechanism for epigenetic control of
puberty182, KDMB6B is responsible for erasing trimethylation of histones at the K27 residue,
which is a repressive mark. The resulting weakening of EED expression during the pubertal
transition enhances KDMG6B levels in rats and thereby reduces inhibitory epigenetic action at
the Kissl promoter182,

Exactly how epigenetic mechanisms might contribute to the nutritional control of puberty

is yet to be revealed. As mentioned in a previous section (see section ‘Indicators of
nutritional status’), a plausible component of such mechanisms is a metabolic sensor, SIRT1
(ref. 183). SIRT1 is the best-characterized member of the sirtuin family, with pleotropic
functions in the control of cell and body metabolism, as well as healthy lifespan. Studies

in female rats have shown that SIRT1 recruits EED to the KissZ promoter as a means of
suppressing Kiss1 expression. Accordingly, hypothalamic SIRT1 content decreases during
pubertal maturation183. Moreover, nutritional status modulates SIRT1 levels in kisspeptin
neurons in the ARH; levels of SIRT1 increase in conditions of undernutrition and decrease
in conditions of early onset obesity (as a result of small litter rearing and subsequent high-fat
diet feeding after weaning). Notably, molecular analyses demonstrated that SIRT1 acts as
repressor of the K7ssZ promoter, which delays pubertal onset in conditions of undernutrition.
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By contrast, early obesity advances the physiological removal of SIRT1 from the KissZ
promoter, a phenomenon that seems to contribute to an acceleration of puberty onset that is
linked to overweight in rats183, As it operates as a protein deacetylase, targeting chromatin
histones (among others), SIRT1 probably constitutes one of the epigenetic mechanisms that
links early nutritional status and pubertal timing.

In addition to DNA methylation and histone modifications, miRNAs also modulate central
and peripheral elements of the HPG axis184-186 and might have roles in puberty. Genome-
wide association studies (GWAS) point to a major role in puberty for lin-28 homologue

B (LIN28B), which is an RNA-binding protein that inhibits maturation of let-7 miRNAs.
Functional genomic studies have shown that blockade of canonical miRNA biosynthesis by
conditional ablation of Dicer in GnRH neurons prevents completion of pubertal maturation
and causes infertility in micel88. In addition, miR-200, miR-429 and miR-155 control the
activator switch of GnRH neurons during pubertal maturation86, which, if not properly
flipped, can lead to GnRH deficiency later in life, as shown in a trisomic mouse model87.
Similarly, specific knockout of Dicer in KissI-expressing cells causes central hypogonadism
and impairment of pubertal completion in female micel88, Nevertheless, initiation of puberty
is observed in both sexes despite congenital ablation of Dicer; male mice lacking Dicer in
cells expressing Kiss1 even attain fertility. However, both male and female mice rapidly
progress towards hypogonadotropic hypogonadism, apparently due to a marked suppression
of Kiss1transcription caused by enhanced expression of specific K7ss repressors, preceding
a loss of kisspeptin neurons after 1 month of age. In addition, miR-30b has been suggested
to cooperate in pubertal control189 via its capacity to suppress makorin ring finger protein 3
gene (MKRNJ3) expression, which operates as a pubertal repressor in humans9., Whether
these miRNA-related pathways participate in the nutritional control of puberty is yet to be
defined and future investigation is warranted.

Population genetics and clinical relevance

Population genetics provides a powerful approach to understanding the determinants of
pubertal timing and its links with nutritional status and metabolism. GWAS and, over the
past decade, whole-exome studies (WES) avoid the limitations of specifying candidate genes
and enable pooling of data from large cohort studies around the world. Early GWAS for
pubertal timing, based on recalled age at menarche, identified a substantial shared genetic
architecture with BMI and obesity9. Furthermore, Mendelian randomization was used to
infer a causal effect of increasing BMI on risk of early menarchel92, However, this overlap
(the genome-wide genetic correlation between BMI and age at menarche was —0.35, P=

1.6 x 10772) made it difficult to distinguish between BMI-related and BMI-unrelated age at
menarche variants!’.

In 2021, a study using both GWAS and WES identified MC3R as a key factor linking the
leptin-melanocortin sensing of nutritional status to hypothalamic KNDy neurons2®, In the
UK Biobank, women who carried rare variants in MC3R that had been experimentally
characterized as deleterious, or predicted to be deleterious using in silico techniques,
reported age at menarche several months later than non-carriers. These women were also
shorter as children and adults and had reduced lean body mass compared with non-carriers.
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Hypothalamic neuron expression data suggest that MC3R might also link nutritional sensing
to GH axis activation129,

Another approach that has gained traction over the past decade is the effective partitioning
of GWAS variants related to age at menarche by their associations with early childhood
weight gain. As such, it is possible to distinguish between genes and biological pathways
that influence puberty timing through early growth and nutrition from those mechanisms
that directly trigger sex hormone activation and responsel93. An observation described

in a preprint1®4 is that even those variants that directly promote earlier age at menarche
(without increasing childhood weight) also promote increased adult BMI and obesity risk.
It is unclear how earlier puberty timing might promote higher BMI; however, puberty is
characterized by marked metabolic changes, including insulin resistance and body adipose
tissue gains in girls, and longitudinal studies are needed to explore how these changes differ
by age at puberty9>. Hence, 60 years after Kennedy and Mitra’s seminal publication, it
seems that the link between metabolism and pubertal development is bidirectional, and this
insight has important implications for understanding how sex hormone pathways affect the
risks of future metabolic diseases0l.

Although population genetics have had an important role in understanding the determinants
of pubertal timing and their links with nutritional status and metabolism, studies of
individual patients and families with extreme perturbations in body weight and in pubertal
timing have led to identification of key players in these processes. In this context, it has been
hypothesized that familial CPP might be linked with genetic factors that affect metabolism
and body weight. Loss-of-function mutations in MKRN3, a maternally imprinted gene
located on human chromosome 15q in the Prader-Willi syndrome critical region, have been
identified in families with CPP1%0, Experimental studies suggest that MKRN3 acts in KNDy
neurons to reduce levels of neurokinin B and kisspeptin through both transcriptional and
post-transcriptional mechanisms96-198_ Although Prader-Willi syndrome is associated with
obesity, the roles of MKRNS in obesity and in the interaction between metabolism and
pubertal timing remain unclear. The effects of MKRN3 on pubertal timing seem to be
independent of leptin in vivo in micel®, but other metabolic mediators have not yet been
formally assessed. Of note, it has been reported that low serum levels of MKRN3 in girls
with CPP are reduced further in girls with obesity and CPP200, which suggests that MKRN3
has a metabolic influence.

Genetic defects in another maternally imprinted gene, Delta-like homologue 1 (DLKJ),
which is located on chromosome 14q, have been identified in association with familial
CPP201, DLK1 is a non-canonical ligand of the delta—notch signalling pathway and
influences a range of developmental processes, including the differentiation of preadipocytes
into mature adipocytes292, The mechanisms by which DLK1 deficiency leads to human

CPP remain unknown. Notably, metabolic abnormalities, such as overweight, obesity and
insulin resistance, are more prevalent in individuals with CPP that is associated with DL K1
mutations, than in patients who have idiopathic CPP, which suggests that DLK1 is a new
factor linking puberty and metabolism?203,

Nat Rev Endocrinol. Author manuscript; available in PMC 2024 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Anderson et al.

Page 14

Conclusions

The observations of Kennedy and Mitra opened a new era for the understanding of
environmental determinants of pubertal timing, with long-reaching implications for human
health. Their seminal work not only set the scene for epidemiological studies by Frisch

and colleagues on the critical adipose tissue mass hypothesis?%4, but paved the way for a
plethora of experimental, clinical and genetic studies that, over the past half century, have
expanded our knowledge on the neural and molecular basis of pubertal development, and its
modulation by metabolic cues. Far more complex than initially thought, this interaction is
bidirectional, illustrating the dynamic interplay between reproductive and metabolic signals
across the lifespan. These interactions are also highly redundant, with multiple convergent
factors, which arise from different tissues and operate at multiple levels to finely tune body
metabolic status and pubertal timing. The complexity and redundancy of these interactions
reflect the critical importance of ensuring sufficient energy stores to enable successful
reproduction and infant survival, and of adjusting pubertal timing to internal environmental
cues, including the nutritional and hormonal milieu.

Although progress in the field has been astonishing, much is yet to be determined about

the molecular mechanisms and neuroendocrine circuits responsible for the fine tuning of
puberty by nutritional and metabolic cues, and, even more importantly, of the hierarchy

of the multiple signals involved. One intriguing issue is whether similar or divergent
mechanisms operate to transduce the effects of energy deficit or excess on pubertal
maturation. Although ‘permissive’ signals that are downregulated in conditions of energy
deficiency might explain why this deficit leads to pubertal delay, the mechanisms connecting
obesity and earlier puberty are less clear and will probably require substantial efforts to

be elucidated in the coming years. The specific nutrients or global energy signatures and

the specific neuronal populations mediating the effect of early obesity on pubertal timing
remain unexplained and future investigation is warranted. From a clinical perspective,
challenges remain in distinguishing between pubertal variations associated with metabolic
cues (or other systemic or environmental inputs), sex differences and pathological conditions
associated with advanced or delayed puberty.

All in all, improved understanding of the links between nutritional status and pubertal
timing will generate insights into the clinical and epidemiological associations between
childhood nutrition, pubertal timing and risks of metabolic diseases and cancers in later life.
These research directions will expand the legacy of Kennedy and Mitra’s seminal work and
promise to further fuel the field for many decades to come.
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Key points

In 1963, Kennedy and Mitra published a seminal study in rats demonstrating
that body weight is a major determinant of pubertal timing.

An increasing incidence of earlier ages at puberty has been documented;
early pubertal timing favours the occurrence of type 2 diabetes mellitus,
cardiovascular diseases and certain cancers in adulthood.

Macronutrients and hormones that modulate growth and/or signal adipose
tissue mass serve as metabolic cues conveying the nutritional status and stored
energy available for sexual maturation, differentiation and growth.

The effect of metabolic cues on puberty is mediated by neural targets
upstream of GnRH neurons; considerable progress in defining the neuronal
circuitry and glial components has been achieved.

A number of molecular pathways and epigenetic mechanisms have been
identified as primary components in the modulation of pubertal timing by
hormones and nutritional cues.
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Box 1
Effects of ethnicity and genetics on timing of growth and puberty

One of the many factors contributing to the remarkably wide age range of human puberty
onset is ethnicity. For example, in several studies the average age at menarche has been
reported to be about 7 months earlier in African American girls and in girls of Pacific
descent than in girls of European ancestry?12-214 African American girls and girls of
Pacific descent generally have a greater average BMI than girls of European ancestry,
which suggests that childhood body weight has an effect on the timing of puberty in
these groups. Although adiposity contributes to early puberty, other factors also need

to be considered. It is important to note that BMI is not an ideal adiposity index for
comparisons across ethnicities; for the same BMI, African American children?1%:216 and
children of Pacific descent?1” might have less visceral adipose tissue and an earlier
muscle growth spurt than other groups. For some ethnicities, early puberty onset might
at least in part reflect this earlier muscle growth. Ignoring ethnic differences in body
composition can lead to over-simplified assumptions about the relationship between body
adipose tissue and puberty timing that fail to incorporate variations in the age at which
the childhood growth spurt starts. This observation highlights the need for improved
understanding of the role of hormones linked to muscle growth, such as insulin-like
growth factor 1 and irisin, in pubertal timing.
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Fig. 1 I. Schematic illustration of the neural pathways associated with leptin action in pubertal
development in mice.

Primary order neurons (that is, those that respond directly to circulating levels of leptin,
expressing leptin receptor long-form (LepRb)) are located in three distinct nuclei. In the
arcuate nucleus (ARH), in the medial preoptic area (MPA) and in the ventral premammillary
nucleus (PMV). In the ARH, LepRb neurons co-express neuropeptide Y (NPY), agouti-
related protein (AgRP) and GABA, or proopiomelanocortin (POMC). In the MPA and PMV,
LepRb neurons co-express nitric oxide synthase (nNOS) and glutamate, and specifically for
PMV, they also co-express pituitary adenylate cyclase-activating polypeptide (PACAP). The
primary order neurons modulate the activity of downstream targets, gonadotropin-releasing
hormone (GnRH) and kisspeptin neurons. AVPV, anteroventral paraventricular nucleus.
Adapted with permission from ref. 34, American Physiological Society.
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Fig. 2 I. Summary of the major signalling pathways engaged by hypothalamic long form of the
leptin receptor in pubertal development.

The leptin receptor long form (LepRb) uses JAK2 to phosphorylate its phosphotyrosine
residues, which then serve as binding sites where signalling molecules become
phosphorylated and either move into the nucleus to serve as transcription factors or interact
with a variety of other transcription factors. The LepRb signalling pathways include STAT,
SHP2-ERK1/2 and PI3K-AKT-FOXO1 pathways. AGRP, agouti-related peptide; AMPK,
adenosine monophosphate-activated protein kinase; ERK, extracellular signal-regulated
kinase; FOXO1, forkhead box protein O1; GRB2, growth factor receptor-bound protein

2; IRS, insulin receptor substrate; JAK2, Janus kinase 2; mTOR, mammalian target of
rapamycin NPY, neuropeptide Y; PDK1, phosphatidylinositol-dependent protein kinase

1; PI3K, phosphoinositide 3-kinase; PIP2, phosphatidylinositol 4,5-biphosphate; PIP3,
phosphatidylinositol 3,4,5-triphosphate; POMC, pro-opiomelanocortin; RSK, p90 ribosomal
S6 kinase; S6, ribosomal protein S6; S6K, p70 S6 kinase; SHP2, Src homology-2 domain-
containing protein tyrosine phosphatase-2; SH2B1, Src homology-2B adaptor protein 1;
STAT, signal transducer and activator of transcript. Adapted from ref. 167, CC-BY 4.0.
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Table 11

The major epigenetic mechanisms involved in the control of puberty, and its eventual modulation by

nutritional cues
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Epigenetic mechanism Species Refs.
Pubertal changes in DNA methylation and/or hypothalamic expression of ZNF genes Human, rhesus 181,205
monkey and rat
Polycomb group-mediated transcriptional repression of KissI before puberty Rat 181
SIRT1 repression of KissI transcription Rat 183
Trithorax group-mediated activation of Kiss transcription Rat 206
Repression of KDM6B by EED (member of polycomb group) before puberty controls KissZ gene expression  Rat 182
Polycomb group members mediate transgenerational effects of endocrine disruptors Rat 207
Variations in the L/N28B locus are associated with age at menarche Human 208-211
miR-200, miR-429 and miR-155 contribute to changes in gonadotropin-releasing hormone expression at Mouse 186
puberty
miRNA biogenesis in kisspeptin neurons is required for completion of female puberty Mouse 188
miR-30b represses Mkrn3 expression to modulate female pubertal timing Rat 189

EED, embryonic ectoderm development protein; KDM6B, lysine demethylase 6B; miRNA, microRNA; SIRT1, sirtuin 1.
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