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The mechanisms underlying the initiation of puberty, one of the cornerstones of human

evolution, have not been fully elucidated as yet. However, recently, an accumulating body

of evidence has helped unravel several critical aspects of the process. It is clear that a

change in the pattern of pituitary gonadotropin secretion serves as a hormonal trigger

for puberty induction. This change is directly guided by the hypothalamic GnRH pulse

generation, a phenomenon regulated by the Kisspeptin-Neurokinin-Dynorphin (KNDy)

system also in the hypothalamus. This represents the kisspeptin molecule, which is

crucial in augmenting GnRH secretion at puberty, whose secretion is fine-tuned by the

opposing signals neurokinin B and dynorphin. Recently, the novel kisspeptin inhibitory

signal MKRN3 was described, whose role in puberty initiation provided further insight

into the mechanistic aspects of pubertal onset. Furthermore, the description of higher

inhibitory and stimulatory signals acting upstream of the KNDy neurons suggested that

the trigger point of puberty is located upstream of the KNDy system and the GnRH

pulse generator. However, the mechanism of pubertal onset should not be considered

as an isolated closed loop system. On the contrary, it is influenced by such factors as

adipose tissue, gastrointestinal function, adrenal androgen production, energy sensing,

and physical and psychosocial stress. Also, fetal and early life stressful events, as well as

exposure to endocrine disruptors, may play important roles in pubertal initiation, the latter

primarily through epigenetic modifications. Here we present the available data in the field

and attempt to provide an integrated view of this unique and crucial phenomenon.
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INTRODUCTION

According to Webster’s dictionary, puberty is defined as “the period of first becoming capable of
reproducing, and is marked by maturation of the genital organs, development of secondary sex
characteristics, acceleration in linear growth velocity, changes in affect, and, in the female, the
occurrence of menarche.” It is obvious that this period of quick and radical changes of human
physiology, as well as of psychosocial and psycho-behavioral functions, is regulated by hormonal
mechanisms. However, despite the major work carried out in this field during the past five decades
and, notwithstanding the accumulation of a significant amount of data, there are still several gaps
in our understanding of the mechanisms regulating this puzzling phenomenon.
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At the level of physiology, puberty should not be considered
a novel organismal process but rather a reawakening of a
network developed already during fetal life. Indeed, in the
developing brain the main components of the reproductive
axis are apparently formed, including the hypothalamic
Kisspeptin-Neurokinin-Dynorphin (KNDy) system and its
downstream GnRH pulse generator in the arcuate nucleus of
the hypothalamus. This pathway is active during infancy, a
phenomenon that has been termed “mini-puberty,” but is turned
off during the transition from infancy to the juvenile phase,
as early as 4–6 months of life in the male and as late as 24
months in the female. This active inhibitory process is crucial
for the sexually quiescent period of childhood, serving as a
neurobiological brake of reproductive function. Its regression
signals the onset of puberty (1). In our species, from an
evolutionary point of view, childhood is essential for allowing the
intellectual development and physical growth of an individual
before attempting to reproduce (2). Accordingly, the mystery of
puberty lies in the nature of the above neurobiological brake and
its elimination at the end of the juvenile period.

Several factors, such as genetics, epigenetics and lifestyle, are
implicated in the onset and completion of puberty, while stress
and energy sensing processes also play important roles. We
propose that during this crucial period of life there is a dynamic
interplay of multiple factors whose elucidation will guide us to a
more comprehensive recognition of the mechanisms regulating
the onset and achievement of puberty.

GnRH PULSE GENERATOR

The function of the hypothalamic-pituitary-gonadal (HPG)
axis is orchestrated by a diffuse network of hypothalamic
neurons, which generates recurrent pulsatile discharges of the
neuropeptide GnRH into the hypophysial portal circulation with
a frequency of about 1 every 60–90min. These secretory episodes
10 regulate the synthesis and secretion of pituitary gonadotropins
into the systemic circulation, stimulating ovarian and testicular
function. This key neuronal network is termed the “GnRH pulse
generator” (3).

GnRH exerts its actions via its specific G-protein-coupled
receptor (GnRH-R) located on the surface of the pituitary
gonadotropin-secreting cells. GnRH is secreted into the
hypophysial portal circulation, and its actions are reflected by
the episodic systemic secretion of LH and FSH.

GnRH actions on pituitary gonadotrophs is a highly
sophisticated system. Specifically, low GnRH levels induce
dissociation of the Gas subunit of the GnRH receptor,
intermediate concentrations induce dissociation of the Gaq
subunit of the same receptor, while high concentrations induce
dissociation of the Gai subunit (4). These different subunit
dissociations modify GnRH release and regulate pulsatile
gonadotropin secretion in a very “tight” manner (5). Indeed, one
of the first stages of puberty is the observation of an increase in
both observed frequency and amplitude of GnRHpulse generator
bursts. These changes constitute an early neurobiological event
in the initiation of puberty. It is evident that mutations of either

the GnRH or its receptor gene may modify, inter alia, the timing
of puberty (6). However, such genetic aberrations account for
only a negligible proportion of subjects who experience either
precocious or delayed puberty, strongly indicating that the GnRH
pulse generator is influenced by upstream networks.

STIMULATORY SIGNALS

The KNDy System
Various hypothalamic factors influence GnRH secretion, while
both excitatory and inhibitory trans-synaptic neuronal inputs
modulate the function of the GnRH pulse generator. Among
them, the immediate upstream and apparently most important
system involved in the fine-tuning of GnRH secretion, is
the KNDy system. The importance of Kisspeptin, neurokinin
B (NKB) and dynorphin neuromodulators was conclusively
confirmed when selective ablation of any of them in rats
significantly decreased LH secretion. The discovery of kisspeptin
secretion and its impact on the GnRH pulse generator was
a major step in our understanding of the pubertal process
(7, 8). Furthermore, the detection of NKB and dynorhin as
reciprocal stimulatory (NKB) and inhibitory (dynorphin) signals
fine-tuning kisspeptin oscillation, further elucidated KNDy
function in the regulation of GnRH (9). The role of KNDY
in humans is highlighted from the observations that loss-
of-function mutations in the genes encoding for kisspeptin
(KISS1), kisspeptin receptor (KISS1R), NKB (TAC3), or NKB
receptor (TACR3) are associated with delayed puberty and
hypogonadism (10). Elegant experiments carried out in mice
have shown that while kisspeptin neurons in mice inherently
exhibit intracellular calcium oscillations at 8-min intervals, the
GnRH/LH pulse frequency in the same animal model was about
every 20min, suggesting that kisspeptin, although essential for
GnRH release, it is not the only factor directly contributing to
GnRH oscillations (11).

The quiescence of the gonadotropin axis during childhood,
is followed by a reawakening of the GnRH pulse generator at
the onset of puberty, owing to enhanced stimulatory influences
on the GnRH neuronal network. One of the cardinal stimulants
is glutamate, which is the main excitatory neurotransmitter in
the brain. Interestingly, hypothalamic release of glutamate is
greatly increased during puberty, as administration of N-methyl-
D-aspartate (NMDA), a glutamate receptor agonist, in juvenile
monkeys, led to premature puberty initiation (12).

Transcription factors are also impacted in pubertal onset.
Thus, a significant increase in the expression of two such
factors in the mediobasal hypothalamus is noted during
puberty. Namely, interferon regulatory factor 2 binding protein-
like (EAP1) is produced in kisspeptin neurons, which, when
silenced through knock-out experiments, brings about menstrual
irregularities in female monkeys (13). The role of thyroid
transcription factor-1 (TTF-1) was delineated when similar
knock-out experiments of this factor from hypothalamic neurons
showed decreased Kiss1 expression and delayed puberty in the
affected animals (14).

A role for glial cells in puberty has also been proposed, as
a tight association has been observed between these cells and

Frontiers in Endocrinology | www.frontiersin.org 2 December 2019 | Volume 10 | Article 828

https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles


Livadas and Chrousos Integrated Puberty Machinery

GnRH neurons. Also, it has been shown that both astrocytes
and ependymoglial cells lining the ventrolateral surface of the
third ventricle, augment GnRH secretion via adhesive cell-cell
interactions by releasing ATP, prostaglandins, and growth factors,
as well as cell and synaptic adhesion molecules (15).

INHIBITORY SIGNALS

The identification of a neurobiological brake restraining the onset
of puberty points to the presence of inhibitory signals down-
regulating KNDy-GnRH secretion. Among them, macorin-3
(MKRN3) plays an important role, as its expression in the
hypothalamic arcuate nucleus decreases abruptly before the
commencement of puberty, followed by a stable decline of
circulating MKRN3 levels during the progression of puberty
(16). MKRN3 encodes a protein involved in ubiquitination and
cell signaling. Its gene is parentally imprinted, i.e., maternal
allele is methylated and silenced, while the paternal allele is
expressed. Loss of function mutations of MKRN3 have been
associated with precocious or early puberty and represent the
most common (up to 46%) familial etiology of central precocious
puberty (17). Moreover, its central role in the natural course of
puberty is emphasized by the observation made through a large
genome-wide analysis study (GWAS), that single-nucleotide
polymorphisms (SNPs) of the MKRN3 region affect the age of
menarche in healthy girls (18).

One of the major inhibitory neurotransmitters regulating
brain function is GABA. GABAergic neurons are linked to GnRH
pulse generator oscillation, as GABA receptors are expressed
on GnRH neurons (19). Furthermore, the administration
of bicuculline, a GABA receptor blocker, radically increased
kisspeptin production, implicating GABA in the onset of puberty.
Additionally, in rhesus monkeys, the hypothalamic tone of
GABA is up-regulated during juvenile development, while its
inhibition leads to precocious puberty (20). In humans, evidence
was recently provided from a GWAS study, in which it was
observed that SNPs of the GABA signaling pathway were
associated with age at menarche (18).

Studies in birds revealed another component of the
neurobiological “brake,” namely, the gonadotropin-inhibitory
hormone (GnIH) and the hypothalamic RF amide-related
peptides (RFRP), which are considered the homolog genes
of mammalian species. Indeed, RFRP hypothalamic neurons
discharge RFRP1 and RFRP3 peptides, which exert a negative
effect on GnRH secretion (21). Finally, a role for opiatergic
neurons has also been unraveled, as these neurons block GnRH
activity either directly or indirectly, the latter by suppressing
kisspeptin release through a paracrine/autocrine mode of
action (22).

GENETICS

Obviously, gene mutations affecting components of the above-
described factors will lead to disruptions of the pubertal process.
Thus, rare mutations of more than 20 genes that participate in
the intact function of the HPG axis have been reported and

used as natural prototypes for the elucidation of mechanisms
regulating puberty, as well as the overall function of the axis
(23). Interestingly, mutations of genes that interrupt embryonic
migration of GnRH-producing cells from the nasal placode to
the hypothalamus have shed light on the underlying causes
of Kallman syndrome, while mutations of growth factors
responsible for pituitary development (e.g., PROP1, HESX1, and
SOX2) have elucidated the molecular machinery of multiple
pituitary hormone deficiencies (24). Furthermore, mutations
of the genes discussed above, including kisspeptin (KISS1),
neurokinin B (TAC3), and GnRH (GNRH1), along with those of
their receptors (KISSR, TACR3, and GNRHR), have underlined
the role of these factors in pubertal onset (25).

Twin studies have shown that pubertal onset is highly
correlated between related individuals, with genes being
significantly implicated in this variation (explaining up to
60–80% of the variance) (26). However, the above-described
mutations, originating from the study of very rare clinical
disorders, have revealed only a small proportion of the genes
involved in this process. On the other hand, the advent of GWAS,
in which millions of SNPs across the genome are simultaneously
analyzed, provided some interesting data. By using timing of
menarche as a biomarker of puberty, it has been found that the
latter is a highly polygenic childhood trait, involving more than
300 independent signals in a large GWAS of 370,000 women.
Of note, some of these signals were associated with genes of
the KNDy-GnRH system, however certain other regions, though
identified, play as yet unknown roles (27).

Within the same context, we should not neglect the impact of
gender on puberty. In nature, earlier puberty is usually observed
in females rather than males, while in humans, pubertal onset
usually occurs 1–2 years earlier in girls than in boys, with girls
reaching reproductive maturity earlier than boys (28). Of note,
girls are more prone to develop precocious puberty, whereas boys
are more predisposed to delayed puberty. It has been postulated
that the neurobiological “brake” producing human childhood,
is looser in females than in males; interestingly, gonadotropin
levels are significantly higher in agonadal girls compared to
agonadal boys (29). This sex difference in the strength of the
neurobiological “brake” on prepubertal GnRH release has been
attributed to the greater exposure of the fetal male hypothalamus
to testosterone concentrations.

EXTRINSIC FACTORS

To sum up, pubertal onset is characterized by an abrupt
decrease of inhibitory trans-synaptic inputs, followed by a
boost of stimulatory inputs to the GnRH neuronal network.
However, cues from the periphery that may lead to changes
in the activity of these inherent systems have not yet been
discussed. By definition, an intact GnRH network and the
proper functioning of its molecular machinery, including
neurotransmitters, neuromodulators, and paracrine interactions,
constitute a sine qua non for the evolution of the process
of puberty during our speciation (30). Granted, however,
that 20–40% of the variation of pubertal onset is not
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genetically-dependent (31), it is obvious that there should be
other key players that actively participate in its regulation. Data
obtained from elegant studies have shown that several extrinsic
factors participate in the orchestration of the pubertal process.

EPIGENETICS

Epigenetics are involved in almost every function of the
developing organism including puberty. The term epigenetics
refers to any modification of gene expression, which cannot
be attributed to changes of DNA sequence itself. Epigenetic
modifications include DNA methylation, chromatin packaging,
non-coding RNAs, non-coding DNA regulatory sequences, and
long-range transcriptional regulators (enhancers and insulators)
(32). The existence of the childhood neurobiological “brake”
that represses the onset of puberty is well-documented. Since
DNA hypermethylation of gene promoters is associated with
gene silencing, a role for epigenetics in menarche was studied
and partially elucidated. In fact, the methylome profiling of
girls revealed a widespread pattern of DNA hypermethylation,
as well as methylation of several “zinc finger”-containing
genes. Furthermore, age of menarche was inversely associated
with DNA methylation, whereas methylated phosphate-guanine
(CpG) dinucleotide groups were associated with changes
in gonadotropin and testosterone levels in boys entering
puberty (33).

Experiments in monkeys have shown that methylation and
histone modification of the GnRH gene itself affects its function
(34). In accordance with these findings, administration of
chemicals that modify epigenetic marks in rodents resulted in
earlier onset of puberty, whereas a global inhibition of DNA
methylation in prepubertal rats had the opposite results (35).
The main epigenetic driver of these actions seems to be a group
of transcriptional suppressor protein complex known as the
“polycomb” group. More precisely, in rats, the onset of puberty
is triggered by DNA methylation and decreased hypothalamic
expression of two key polycomb group genes, Eed and Cbx7,
which, in turn, activate lysine modifications of histone H3,
whereupon the Kiss1 gene begins to express kisspeptin mRNA
(36, 37). It must be borne in mind that the epigenome is
constantly reprogrammed throughout life and that its plasticity
may serve as a protective mechanism to allow pubertal onset take
place at the most appropriate time for the developing organism.

ENDOCRINE DISRUPTORS

In the modern era everyday life, humans are increasingly
exposed to numerous chemicals (over 1,000) through
ingestion, inhalation, and dermal contact. A significant
number of these compounds have the ability to disrupt the
endocrine system, including some of its most important
functions. The so-called endocrine disrupting chemicals
(EDCs), contaminate many regions of our planet and
interfere with every aspect of hormone action. EDCs can
bind to hormone receptors leading to either activation
or suppressions of the natural hormones or may modify

their degradation, thereby leading to alterations of normal
hormonal signaling. Among them, pesticides [dichlorodiphenyl
trichloroethane (DDT) and its primary metabolite DDE],
polybrominated flame retardants (polybrominated biphenyls
PBB and PBDE, dioxins, phthalate esters, and plasticizers
(phthalates, bisphenol A) have been studied specifically in
relation to gonadal differentiation and puberty, given that they
may exert estrogenic, androgenic, anti-androgenic, and other
actions (38).

The available results regarding the EDCs are complex and
cannot unequivocally prove causality for distinct reasons. First,
EDCs exert their actions in non-monotonic dose-response
curves, as hormones interact with and activate their receptors
in a non-linear fashion. For example, in rats, neonatal exposure
to BPA for 2 weeks led to delayed puberty at a low dose,
but earlier puberty when a higher dose was administered.
Similarly, lower doses of phthalates were associated with early
puberty, whereas the opposite effect was observed with higher
doses (39). Second, timing of exposure has a substantial
effect on the final outcome. Thus, exposure to high PBDE
concentrations in utero and/or through breastfeeding led to
premature adrenarche, and/or earlier menarche by 1 year
compared to unexposed girls. Of interest, menarche was earlier
in those exposed only in utero compared to controls, but later
in those exposed both pre- and postnatally, suggesting that
timing and duration of exposure has a significant impact on the
developing human (40).

Finally, in humans, it is difficult to provide evidence of a causal
relation, granted that subjects are exposed to many chemicals
at the same time. Moreover, mostly cross-sectional rather than
prospective studies have been carried out assessing potential
cofounders. For example, with regard to BPA, higher serum or
urinary BPA levels were found in girls with precocious puberty,
suggesting a possible role of BPA in this event. This finding
was supported by findings from the NHANES study, in which
higher urinary BPA levels were associated with earlier menarche.
By contrast, a study from China showed delayed menarche in
girls with increased BPA levels, while in certain other studies,
no association between BPA levels and puberty changes has been
disclosed (41).

Although contemporary children are developing signs of
puberty onset earlier than in past decades, a trend toward
later ages of completion of puberty has also been observed
(42, 43). The above-described age distribution toward younger
ages for pubertal onset stages together with an age distribution
of a later completion of puberty has been partially attributed
to exposure to EDCs. It was hypothesized that exposure to
negative environmental cues in the early years of life might
translate to an earlier puberty and reproductive maturity,
because of “anticipating” environmental danger. On the other
hand, the same early signs at a period closer to or during
puberty, this phenomenon might be construed as a higher
risk for a difficult pregnancy and/or a sick child, leading to
a later puberty completion (44). Because humans are exposed
to one or more EDCs at different levels and time periods, an
apparent role of EDCs in the above changes could certainly be
postulated (45).
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ADIPOSE TISSUE

The existence of a direct relation between pre-adolescent weight
gain and the age of pubertal onset was noted several decades
ago. The increasing global childhood obesity epidemic has been
implicated as a cause of a lower age of pubertal onset among
the contemporary population. Data originating from prospective
studies demonstrated that an excessive increase in BMI during
the childhood years led to earlier puberty development (46).
Furthermore, data from GWAS have shown that the BMI-
increasing allele of several genetic loci was associated with earlier
age at menarche (47). Indeed, according to the “somatometer
hypothesis,” a certain amount of fat mass is critical for initiation
of puberty (48). The key player in this process is leptin,
which is secreted by adipocytes and acts as a messenger to
the hypothalamus transmitting information on fat mass and
energy status.

Circulating leptin concentrations increase gradually with age
prior to puberty, and this is suggestive of the presence of a
leptin concentration threshold acting as a pubertal onset trigger
(49). Conversely, patients carrying loss-of-function mutations
of leptin or its receptor do not develop puberty, while
exogenous administration of this hormone to patients with leptin
deficiency promoted pubertal development. This phenomenon
was attributed to a direct action of leptin on neuronal nitric oxide
synthase neurons of the hypothalamic preoptic region, leading
to increased LH secretion, probably independently of the KNDy
system. The action of leptin on pubertal onset is essential but
permissive rather than regulatory, granted that in patients with
lipodystrophies, where minimal amounts of leptin are produced,
pubertal development is normal (50).

Another factor related to adipose tissue is DLK1, or
preadipocyte factor 1 (Pref-1), which is a transmembrane protein
encoded by an imprinted, paternally expressed gene: it is located
on the long arm of chromosome 14 (14q32.2) and acts as an
adipogenesis gatekeeper by preventing adipocyte differentiation;
this factor is also expressed in kisspeptin cell lines and several
hypothalamic nuclei (51). Of note, in GWAS, an association
of this gene with puberty was demonstrated, while, recently,
10 adult women with a history of precocious puberty and
DLK1 mutations were reported. Interestingly, these women,
who suffered from obesity, insulin resistance, dyslipidemia and
type 2 diabetes mellitus, predictably had an adverse metabolic
profile. These findings were similar to those observed in
Dlk1-null mice, which developed insulin resistance, glucose
intolerance, and increased circulating levels of triglycerides,
cholesterol, and free fatty acids in adulthood, suggesting that
DLK1 may represent a long sought link between reproduction
and metabolism (52). Undoubtedly, more studies are needed to
delineate this association.

THE GASTROINTESTINAL AXIS

A major discovery of the last decade is the emergence of the
gut microbiome as a major factor influencing homeostasis.
Indeed, this diverse ecosystem hosted in the human body
interacts with the brain and, hence, the term “microbiome-gut-
brain axis.” Indeed, there is a multifaceted crosstalk between

the gut microbiome and the brain and a role of microbiota
in puberty is more than likely. During puberty two profound
changes of the microbiome are observed, first, we have shifts
from aerobic and facultative anaerobic to anaerobic species, and
second, a greater abundance of Bifidobacterium and Clostridium
in adolescents than in adults. Furthermore, a gender-specific gut
microbiome begins to develop at this time. Of note, the transplant
of gut microbiota from adult male rats to immature female
animals led to increased testosterone levels, similar to those
observed in males, implying a role of microbiota in hormonal
production (53). More surprisingly, the administration of specific
microbial species has been shown to modify brain function
by modulating the levels and availability of neurotransmitters
critical in the process of puberty, such as glutamate and GABA
(54). A role of the microbiome in pubertal development cannot,
thus, be excluded, although more studies are needed to clarify
this relationship.

Another key regulator of the gastrointestinal axis and pubertal
development is ghrelin, a peptide secreted predominantly by the
stomach, which acts mainly as a signal of energy deficiency,
with its concentrations increasing during fasting, and falling
post food ingestion. It appears that ghrelin and leptin act as
reciprocal regulators of energy homeostasis by exerting opposing
effects. With regard to puberty, the ghrelin receptor (GHSR-
1a) is expressed in all components of the hypothalamic-pituitary
gonadal axis, while ghrelin exerts a negative effect on LH
pulsatility and sex steroid production (55, 56).

From the same point of view, an emerging role for
fibroblast growth factor 21 (FGF21) in puberty initiation
has been recently demonstrated. FGF21 is a fasting-induced
hepatokine, which regulates a systemic response to fasting
by increasing ketogenesis, suppressing growth, and promoting
torpor (57). Regarding puberty, it has been shown that
FGF21 acts on the suprachiasmatic nucleus (SCN) in the
hypothalamus by suppressing kisspeptin signaling cascade,
whereas animals lacking the FGF21 co-receptor, β-Klotho, in the
SCN are refractory to the inhibitory effect of FGF21 on female
fertility (58). Thus, FGF21 seems to actively participate in the
gastrointestinal-neuroendocrine axis that modulates puberty and
reproduction in both sexes.

ADRENARCHE

Adrenarche denotes the activation of the zona reticularis (ZR)
of the adrenal gland, which results in a gradual, age dependent
increase of adrenal androgen production: it represents a recent
evolutionary development since it is observed only in higher
primates. Adrenarche is clinically manifested by pubic hair
development, which is called “pubarche.” Although these two
terms are frequently used as synonysms, they represent distinct
entities; they, thus, should not be confused (59).

Sixty years ago, F. Albright observed the development of
pubic hair in girls with gonadal dysgenesis under the influence
of adrenal androgens (DHEA and DHEAS) in the absence of
gonadal hormones. As a result, he drew a sharp distinction
between the pubertal process of “gonadarche,” meaning gonadal
activation and, consequently, the ability to reproduce, and
adrenarche. The driving force of adrenarche has not as yet been
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elucidated, although several factors, such as prolactin, estrogens,
epidermal growth factor, angiotensin, gonadotropins, pro-
opiomelanocortin (POMC)-related peptides, growth hormone
(GH), and insulin growth factor 1 (IGF1), and insulin, have been
linked to ZR development and function. Nevertheless, a distinct
permissive role of both the CRH/ACTH axis and adipose tissue
has been documented, although these do not constitute the main
regulators of this phenomenon (60).

Of great interest is the recent discovery of the kisspeptin
signaling system in the adrenals during fetal life. Kisspeptin
expression leads to increased DHEAS production from human
fetal adrenal cells and seems to be a regulator of the feto-placental
unit during pregnancy (61).Whether, there is a role for kissppetin
in adrenarche, which, in fact, represents the regeneration of
adrenal androgen production machinery established in the fetal
adrenal, has not been verified to date.

The fact that serum levels of adrenal androgens start to
rise approximately 2 years prior to gonadarche suggests a
possible link between these two biologic processes. However,
adrenarche does not constitute a prerequisite for gonadarche,
as gonadarche and physiologic puberty proceeds normally in
clinical entities in which adrenarche is absent. Furthermore, the
age of gonadarche and menarche in children with premature
adrenarche or pubarche was not different from that in the
general population (62). However, in girls who expressed both
premature adrenarche and pubarche, earlier menarche was
noted, implying a role of adrenal androgen secretion in the
initiation of gonadal action. Moreover, in girls with PP born
small for gestational age (SGA) had significantly advanced
age of menarche in comparison to PP girls born with a
normal birth weight, suggesting a link between prenatal growth
restriction, premature activation of the ZR, and earlier gonadal
maturation (63).

FETAL LIFE/PSYCHOSOCIAL STRESS

A significant amount of evidence shows that prenatal and early-
life adversity is associated with early reproductive maturation.
Based on the concept of the developmental origins of health
and disease (DOHaD), it has been suggested that the developing
fetus modifies homeostatic system activities in response to early
life cues. These stressful events associated with intrauterine
growth restriction, result in fetal programming of endocrine
axes for a stressful extrauterine life, functional changes that
are associated with an increased risk of chronic mental and
physical non-communicable diseases (64). The precocity in
sexual maturation observed in such children can be explained
by the following concept: as fetal growth restriction is associated
with increased risk of disease and mortality, the developing
subject should become capable of reproduction at an earlier stage
than anticipated in order to complete the life cycle (65). Indeed,
experiments in rats have shown that maternal undernutrition
modified GnRH transcript levels and normal neonatal leptin
surge, with an impact on neuronal regulation of both metabolism
and reproduction during the early stages of life (66).

On the other hand, as many phenomena occurring in nature
exhibit U-shaped dose-response curves, excessive gestational
weight gain during pregnancy is also an independent risk
factor for early menarche. Furthermore, exposure to maternal
obesity and/or hyperglycemia increases the risk for premature
adrenarche. In addition, experiments in rats showed that
animals whose mothers were fed a high-fat diet during
pregnancy developed puberty earlier than their control peers
(67). Accordingly, certain environments during pregnancy have
been shown to perturb endocrine homeostasis, while there are
clear interactions between the prenatal nutritional environment
and post-natal endocrine and reproductive function (68).

The study of girls born with low birth weight have shown that
they exhibit a higher risk of developing premature adrenarche,
earlier menarche, insulin resistance, hyperandrogenemia, and
an unfavorable metabolic profile (69). The role of insulin in
this setting has been elucidated by experiments carried out
in this subset of prepubertal girls, where the administration
of the insulin sensitizer metformin resulted in a significant
postponement of breast development, followed by a mean delay
of menarche timing by 1 year (70). Interestingly, these findings
were associated with decreased circulating leptin and insulin-
like growth factor-I levels. Also of interest, the administration
of metformin led to significant improvements in BMI, waist
circumference, circulating androgens, and plasma lipid profile,
which lasted up to 4 years of follow-up (71). It, thus, seems
that the disruption of adipose tissue function due to early
life stressful events, causing insulin resistance and decreased
leptin secretion, affects metabolic, and reproductive function
during adolescence.

Another aspect of the combination of stressful events
and the post-natal environment has been observed in young
girls who migrated from a poor to a developed country,
a change associated with a 10–20-fold increased risk of
precocious puberty (72). This finding is in agreement with
data coming from prospective studies and demonstrating that
girls who were born with low birth weight but who became
overweight prepubertally entered puberty earlier than their
peers with low birth weight who remained lean (73). It
appears that exposure to prenatal and/or early-life deprivation
and nutritional excess in childhood disrupts maturation of
reproductive axis.

Finally, the impact of social stress on pubertal onset should not
be overlooked, as life stressors affect brain structure and function.
Thus, subjects of a low socioeconomic status or those who had
been exposed to at least two traumatic stressful events developed
earlier puberty (74, 75). Therefore, it has been hypothesized
that stressful events advance sexual maturation (stress
acceleration hypothesis), probably as an evolutionary adaptive
response (76).

ENERGY SENSING

The ability to reproduce constitutes the final step of
pubertal development. Because reproductive capacity is a
highly energy-demanding process, conditions of negative
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energy balance, such as eating disorders, or high-intensity
exercise may lead to reproductive suppression and resultant
hypofertility/hypofecundity. Such extrinsic stressful events
suggest that anticipations of distorted energy sensing, and
distorted fuel-sensing pathways are reasonable candidates for
both detection of environmental nutrition deprivation stress and
as mediators of adaptive responses (77).

At the cellular level, several key components regulate energy
and nutrient sensing and the equilibrium between anabolic
and catabolic signals. These include the mammalian target of
rapamycin (mTOR) pathway, which is the main cellular nutrient
sensor (which senses availability of glucose and amino acids)
and controls protein and lipid biosynthesis, and the AMP
kinase (AMPK) pathway, which is the main energy sensor
(which senses AMP vs. ATP levels). The latter is stimulated
by oxidative stress and controls mTOR The mTOR sensor
pathway can be activated by glucose, amino acids, and hormonal
signals (IGF-1, insulin) and can influence downstream effects on
protein translation and cell growth (78). The available evidence
suggests that suboptimal activity of components of the above
pathways can cause failure to recognize abnormal nutrient/fuel
levels, leading to maladaptive cellular responses, such as insulin
resistance (79).

Since the nutrient and energy sensing systems are crucial
for cellular integrity and function, we have speculated whether
they could participate in the process of puberty. Indeed, the
mTOR/AMPK pathways are partially regulated by Sirtuin 1
(Sirt1), which is an NAD-dependent class III deacetylase that
also functions as a cellular energy sensor activated during
fasting or caloric restriction to increase fatty acid oxidation and
gluconeogenesis and suppress insulin secretion, insulin action,
and adipogenesis (80). Apart from its ubiquitous expression
in adipose tissue, liver, and muscle, Sirt1 is also expressed
in the hypothalamus. Specifically, its activity increases in the
hypothalamus during fasting, while deletion of Sirt1 in mice in
pro-opiomelanocortin (POMC) hypothalamic neurons decreases
energy expenditure and increases susceptibility to diet-induced
obesity, whereas its deletion in Agouti-related peptide (AgRP)
neurons has the opposite effect (81). The latter was anticipated,
given the contrasting roles of these two neuronal populations
in anabolic and catabolic circumstances. Furthermore, SIRT1 is
expressed in hypothalamic Kiss1 neurons and interact with the
Polycomb silencing complex to decrease Kiss1 promoter activity.
It has been found that early-onset overnutrition enhances
Kiss1 expression and advances puberty, whereas undernutrition
raises SIRT1 levels, protracts Kiss1 repression and delays
puberty (82).

Regarding astrocytes, which, as stated above, exert an
inhibitory role in GnRH secretion, experiments in animals
have shown that decreased expression of Sirt1 led to reduced
hypothalamic Kiss1 levels and suppressed reproductive function.
Interestingly, these changes were accompanied by significant
alterations of carbohydrate metabolism, implying a combined
role of nutrient/energy sensing in both metabolism and
reproduction (83). More experiments are needed to clarify the
role of the elegant molecular machinery of nutrient/energy
sensing in the pubertal process.

SYNTHESIS OF DATA

In the following section, we will attempt to connect the pieces
of the puzzle described above and the potential crosstalk
among these factors on the basis of the pubertal process
(Figure 1). Regarding endocrine disruptors, given the significant
amount of evidence demonstrating a direct relation between
exposure to EDCs and obesity, the term metabolism-disrupting
chemicals (MDCs) has been introduced to underscore the
ability of numerous endocrine disruptors to promote obesity
and an adverse metabolic profile. EDCs exhibit antiandrogenic
and xenoestrogenic/anti-estrogenic actions: because sex steroids
directly influence adipose tissue function, an effect of EDCs was
expected (84).

Several studies carried out in both humans and animals
have shown that EDCs restrain the androgen receptor pathway,
augment, or block the estrogen pathway, and/or decrease
androgen levels through the up-regulation of the aromatase
enzyme. These hormonal modifications lead to an increased
number and size of adipose cells, altered adipocytokine
production, reduction of basal metabolic rate, and modification
of appetite and satiety signaling (85). Although the available data
derived from animal studies are more solid than those obtained
from human epidemiological studies, a link between EDCs and
an adverse metabolic profile is predicted.

A striking link has been discovered in animal models between
energy sensing and exposure to EDCs. Exposure of mice to BPA
during the prenatal period modified hypothalamic orexigenic
and anorexigenic neuron structure and function, leading to
distorted food intake and increased leptin and insulin levels
during puberty. In concert with these findings, exposure of adult
mice to TBT induced alterations of the leptin-NPY pathway
and caused disturbances of the hypothalamic-pituitary-adrenal
axis (86).

Another class of EDCs that gained wide public attention over
the last decade is composed of advanced glycated end products
(AGEs), which are products of non-enzymatic glycation
and oxidation (glycoxidation) of proteins and lipids and are
ingested in the circulation from everyday food consumption,
especially from sweet and savory snacks and heat-processed
foods (87). AGEs exhibit strong oxidative, proinflammatory,
and proatherogenic properties and amplify insulin resistance.
Interestingly, recent data reveal an emerging role in autophagy
through the mTOR/AMPK pathways, connecting this class
of EDCs with the nutrient and energy-sensing cellular
machinery (88).

Dietary exposure of the gastrointestinal tract to EDCs

modifies the composition of microbiota, and these changes

have been coupled with abnormalities in cytokine production
and unfavorable hepatic lipid and carbohydrate metabolism.
Finally, recent evidence indicates that exposure to EDCs during
development can not only directly harm the exposed individual,
but also the individual’s offspring and future generations, an
action brought about through epigenetic mechanisms (89).

Reproductive maturation is influenced by early-life events,
while fetal life stress is usually expressed as low birth weight,
as a result of intrauterine growth restriction. Human and
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FIGURE 1 | The integrated effects of multiple intrinsic and extrinsic factors on mechanisms of pubertal onset and completion are depicted.

experimental evidence shows that prenatal early-life adversity is
associated with earlier reproductive maturation. In fact, in girls
born SGA, premature adrenarche and earlier menarche were
observed. Likewise, unfavorable fetal programming takes place in
excessive weight gain during pregnancy. It has been reported that
offspring of women with obesity and/or hyperglycemia during
pregnancy have a higher risk of developing earlier pubarche
compared to controls. Furthermore, excessive gestational weight
gain during pregnancy was an independent risk factor for early
menarche (90–93).

While birth weight, preadolescent weight, and puberty are
sequentially interrelated, there are clear interactions between
the prenatal and post-natal nutritional environments. In SGA
girls who were overweight prepubertally, pubertal onset began
almost 1 year earlier than in their SGA peers with normal
BMI before adolescence. Analogous findings were obtained in
girls exposed to maternal obesity and high weight gain during
pregnancy. Those who were overweight prepubertally developed
earlier menarche compared to those with a normal BMI (94).

The association between adverse fetal programming and
impaired nutrient and energy sensing and pubertal outcome
has been demonstrated in a cohort of SGA girls in whom the
administration of metformin, a potent insulin sensitizer, resulted
in a one-year delay of menarche, associated with decreased
circulating leptin and IGF-1 levels. Of interest, these intriguing

results lasted for 4 years, as treated girls had 50% less fat,
lower IGF-I, and androgen concentrations and exhibited a
favorable metabolic profile (95). Regarding the connection of the
nutrient/energy-sensing system with stress at the molecular level,
a central role of SIRT1 has been discovered. SIRT1 deacetylates
the glucocorticoid receptor and hence enhances its activity; the
latter is acetylated in the early morning hours by the main
central circadian system transcription factor CLOCK-BMAL
complex. Accordingly, an important link between energy sensing,
circadian rhythms, and glucocorticoids, the main mediators of
stress response, has been revealed (96, 97).

A critical role of all the above-described phenomena are
attributed to epigenetic mechanisms. In a recent GWAS, three
imprinted gene regions, namely, MKRN3-MAGEL2, DLK1, and
KCNK9, were associated with age at menarche in women. In fact,
only the paternally-inherited alleles of MKRN3-MAGEL2 and
DLK1, along with the maternally-expressed KCNK9 allele, were
related to the timing of menarche, clearly showing the impact of
epigenetics on puberty. Furthermore, it has been demonstrated
that certain intrauterine environments during pregnancy perturb
epigenetic remodeling in the embryo, having lasting impacts
on both male and female offspring physiologies. In addition,
the epigenetic response to maternal care does not affect a
limited number of candidate gene promoters, but rather modifies
broad genomic areas including transcriptional and intragenic
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sequences, including areas distant from transcription start sites
(98). Furthermore, parental lifestyle factors, notably maternal
and paternal nutrition, have been shown to alter the epigenome.

Genes with important metabolic actions have been shown
to be susceptible to modification by epigenetic mechanisms
during the juvenile and pubertal periods. For example, folic
acid supplementation administered to juvenile offspring can
increase PPARα and GR promoter methylation in the liver
and decrease insulin receptor promoter methylation in the
liver and fat (99). Progressive epigenetic changes involving
DNAmethylation, histonemodifications, chromatin remodeling,
and transcriptional changes have been described in rats with
intrauterine growth restriction, during development of type 2
diabetes mellitus (100).

CONCLUSIONS

Puberty, which constitutes a major milestone of human growth
and development, has been directly linked to specific health
consequences later, in adulthood (101). We support the notion

that exposure of a susceptible genetic background to unbalanced
environmental factors, such as fetal stress, psychosocial stress,
and EDCs, may distort nutrient/energy sensing, gastrointestinal
function, adrenal androgen production and other functions and,
through them, produce pathologic manifestations. It is the sum
total of multiple signals, that through “adaptive” epigenetic
adjustments may positively, or negatively modify pubertal onset
and completion. Although the mechanisms underpinning this
array of associations are not fully understood, puberty should
not be considered a simple lifting of an inhibitory process.
Rather, a more integrated multidimensional approach involving
the interaction of multiple intrinsic and extrinsic factors with
the pubertal machinery, is required to help us understand
and confront the various medical and psychological challenges
associated with precocious or delayed puberty.
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