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Sexual maturation in humans is characterized by a unique indi-
vidual variability. Pubertal onset is a highly heritable polygenic
trait but it is also affected by environmental factors such as obesity
or endocrine disrupting chemicals. The last 30 years have been
marked by a constant secular trend toward earlier age at onset of
puberty in girls and boys around the world. More recent data,
although more disputed, suggest an increased incidence in idio-
pathic central precocious puberty. Such trends point to a role for
environmental factors in pubertal changes. Animal data suggest
that the GnRH-neuronal network is highly sensitive to endocrine
disruption during development. This review focuses on the most
recent data regarding secular trend in pubertal timing as well as
potential new epigenetic mechanisms explaining the develop-
mental and transgenerational effects of endocrine disrupting
chemicals on pubertal timing.
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Introduction

Puberty represents a crucial developmental milestone leading to attainment of reproductive
function and allowing species survival. It is controlled by a tightly organized network of neurotrans-
mitters, neuropeptides as well as (epi-)genetic and hormonal factors, which ultimately drive the
pulsatile secretion of Gonadotropin-Releasing Hormone (GnRH). Such organizational processes take
place during fetal and early postnatal life. Therefore, exposure to environmental pollutants such as
Endocrine Disrupting Chemicals (EDCs) during critical periods of development might affect pubertal
timing and long-term reproductive consequences. Clinical data supporting the existence of a secular
trend in pubertal onset and incidence in idiopathic central precocious puberty will be reviewed. Such
trends suggest a role for environmental factors including EDCs. While a substantial body of evidence
shows that the gonads and peripheral organs are targets of EDCs, recent animal data underline their
impact on the developing brain and the hypothalamic control of puberty. In particular, this review will
focus on newly described epigenetic mechanisms and their consequences on puberty and reproduction
throughout generations.
Neuroendocrine regulation of the HPG-Axis at puberty

The key event of initiation of pubertal development is the gonadal steroid independent increase of
pulsatile gonadotropin-releasing hormone (GnRH) from GnRH neurons located in the hypothalamus
[1,2]. GnRH is secreted into the pituitary portal veins, subsequently stimulating the episodic systemic
secretion of luteinizing hormone (LH) and follicle stimulating hormone (FSH) from the anterior pitu-
itary gland [3]. These two hormones coordinate the function of the gonads, enabling them to produce
sex steroids and gametes. GnRH secretion is not only activated at the advent of puberty, in fact GnRH
release already occurs during fetal development and postnatally during “mini-puberty” [4,5]. The
pubertal increase in GnRH secretion is determined by changes in transsynaptic [2,6] and glial [7] inputs
to the GnRH neuronal network. In addition, recent evidence suggests that epigenetic mechanisms
serve as an essential coordinator of the modulation of the pubertal process [8].

Neuroendocrine mechanisms controlling GnRH secretion are established during late gestation and
“mini-puberty”. The GnRH neurosecretory system is essentially regulated by kisspeptin neurons during
these developmental periods, which are followed by central inhibition during childhood [2]. Recent
work strongly suggests that in addition to themajor inhibitory neurotransmitter gamma-aminobutyric
acid (GABA) [9] macorin 3 (MKRN3) serves as a kisspeptin inhibiting signal. MKRN3 selectively inhibits
KISS1 and TAC3 promoter activity, indicating an indirect upstream inhibition of GnRH [10]. MKRN3
itself is down regulated by hypothalamic microRNA, miR-30b, whose expression increases during
postnatal maturation [11]. Interestingly, GABA inhibition on GnRH release occurs also at the kisspeptin
signalling level [2,12].

In humans and other primates, most GnRH cell bodies are located in themedial basal hypothalamus
(MBH), the infundibulum and periventricular regions [13,14]. They originate from the olfactory placode
migrating to their final destination during development [15,16], a process that is regulated by many
factors [17]. Some of them have been identifiedwhile searching for molecular aetiologies for delayed or
precocious puberty [18e20]. Surrounding cells, such as glia make up to fifty percent of brain cells in
humans, primates and rodents [21] and regulate GnRH neuronal activity by acting at the level of the cell
bodies and nerve endings. Through these mechanisms they essentially contribute to the
hypothalamus-pituitary-gonadal (HPG) integration of endocrine, metabolic and environmental factors
to regulate reproductive function. As part of the bloodebrain barrier, they integrate circulating
metabolic signals such as sirtuins [22], AMPK [23,24] and other endocrine signals.

Because of its phases of activity and inactivity, its special developmental features and its close in-
terchanges with other delicately regulated systems, the GnRH-neuronal network offers several targets
for endocrine disrupting mechanisms.
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Secular trend in pubertal timing and incidence of precocious puberty

Pubertal onset in girls is marked by breast development which takes place between age 8 and 13.5
years followed by pubic hair development and increased growth velocity. The end of puberty in girls
corresponds to menarche followed by ovulatory cycles several months later. In boys, puberty onset is
marked by genital development taking place between age 9 and 14 years with testicular volume
reaching a volume above 4 ml. It is followed by pubic hair development and increased growth velocity.
The end of puberty corresponds to a testicular volume of 15e20 ml. Pubertal timing in humans is
characterized by a unique individual variability. The physiological range of age at onset of puberty
covers 5 years which represents about 6% of a life span [25]. Individual variance is much lower in other
well described models such as rodents, sheep or birds [25]. Only some non-human primates show a
variance of pubertal timing that is even longer than humans and represents 10% of average life span
[26]. While genetic factors are considered to be the major determinant of age at puberty, nutrition,
socioeconomical factors and environmental pollutants affect pubertal onset as well [25].

Historically, secular trend in pubertal timing has been established based on reports about age at
menarche. Menarche was indeed the most accurate and easy to remember clinical sign of pubertal
development. However, time has shown that the different pubertal endpoints follow different trends.
Age at menarche has been reported to decrease between 1890 and 1960 in the USA andmost European
countries, consistently with improvement in nutritional status and socioeconomic conditions [25]. Age
at menarche appears to have stabilized since the sixties in those countries. However, the USA and
Denmark have reported a slight decrease in more recent studies between 2002 and 2008 [27,28] with a
median age at menarche being 12.2 in the American study and 13.1 in the Danish study. Notably, age at
menarche is still decreasing in emerging countries such as India, China, Nigeria [29] or some European
countries such as Romania [30]. Age at menarche remains different between girls from higher and
lower socioeconomical status or urban and rural origin in emerging countries while Romania has
documented a disappearance of such difference [30].

While age at menarche appears to overall stabilize in theWesternworld, age at thelarche continues
to decrease. A recent systematic review and meta-analysis showed that age at breast development
defined by physical or clinical examination has decreased by a mean of almost 3 months per decade
from 1977 to 2013 worldwide [31]. Secular trend in pubertal onset in girls is well documented but data
in boys is scarce. Recent studies seem to indicate that age at peak height velocity in boys is decreasing.
A Swedish study has recently reported that peak height velocity was 1.5 months earlier for every
decade increase in birth year in a population of 4090 participants born between 1951 and 1996 [32].
Similarly, a Danish study showed that peak height velocity was 0.3 years earlier in boys born between
1965 and 1970 compared to boys born 1935e1939 [33]. These observations are of prime clinical
relevance as the definition of normal age at onset of puberty will determine who undergoes explo-
ration for precocious puberty. Additionally, such secular trends strongly suggest environmental in-
fluences among which the ongoing global obesity epidemics [34] and endocrine disrupting chemicals
[25] have been identified.

Although data is limited, it appears that the number of girls addressed for suspicion of precocious
puberty is also increasing, again suggesting the existence of environmental factors. While some studies
based on medication prescription and reimbursement suggest an increase in central precocious pu-
berty in Europe [35e37], incidence of premature thelarche and premature adrenarche is almost never
documented. However, a recent Danish study showed a substantial increase of central precocious
puberty, premature thelarche and premature adrenarche in Danish girls between 1998 and 2017 [38].
The trend was even stronger in first and second-generation immigrants. Notably, incidence of central
precocious puberty in boys had strongly increased as well but this trend was not confirmed in a shorter
and smaller American study [39].

Pubertal timing and EDC

Several studies have reported relations between early (prenatal or childhood) exposure to EDCs and
clinical timing of puberty [40] or concentrations of circulating reproductive hormones [41], indicating
alterations of the development of the hypothalamic-pituitary-gonadal axis. A recent review indicated
3
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that prenatal or childhood exposure to non-persistent pesticides is associated with altered pubertal
timing in boys and girls [42].

Data regarding effects of EDCs on pubertal timing in humans is often contradictory due to the
difficulties of such studies. Girls and boys are exposed to low doses of hundreds of chemicals, rendering
causation difficult to demonstrate. Most studies focus on a single family of compounds. Consistently
with the developmental origin of adult health, exposure may have taken place during early develop-
ment leading to a long latency between exposure and the potential consequences on pubertal timing.
However, most studies are retrospective or cross-sectional. Moreover, the effects of exposure to
endocrine disruptors can differ depending on the studied endpoint (i.e. breast development or
menarche). For these reasons, animal studies are very important to determine causal relationships and
involved mechanisms (neuroendocrine versus peripheral mechanisms).
Crucial developmental time periods and EDC exposure

Developing organisms are particularly sensitive to EDC exposure. Fetal growth relies on maternal
nutritional intake and oxygen [43] and is regulated by a complex interaction between maternal,
placental and fetal factors [44]. The physiological mechanisms regulating fetal growth are sensitive to
maternal exposure to drugs, toxins, alcohol but also EDCs. Several EDCs cross the placental barrier via
passive or active transport [45,46]. Consequently, Bisphenol A, phthalates, pesticides and others EDCs
have been detected in the placenta and amniotic fluid [47e49] and have been linked to impairment of
fetal development [50,51]. It is considered that each fetus has been exposed to a hundred chemicals
before birth [52].

In regard to the reproductive axis, crucial processes such as the migration of GnRH neurons and
their integration into the hypothalamic circuitry take place during the fetal period to assure a tight
regulation of pubertal timing and later reproduction. GnRH neuronsmigrate from the olfactory placode
to reach the hypothalamus between embryonic day 17 and 18 in rats [15,53]. Alteration of this
migration results in delayed puberty or Kallman syndrome in humans [54]. Early exposure to some
EDCs seems to affect this crucial process. Studies in zebrafisch emphasize, that exposure of zebrafish
embryos to 17a-ethinylestradiol (EE2) or nonylphenol (NP) disrupts the ontogeny of GnRH neurons in
the forebrain via ER pathway [55,56]. The number of GnRH expressing neurons is increased due to
exposure to EE2 or NP during development. This effect is blocked by the ERs antagonist ICI 182e780
[56]. Similar observations have been reported in mice by Pillon et al. They demonstrated that exposure
to EE2 at environmental doses of 0.01, 0.1 or 1 mg/kg/day between embryonic day E10.5 and E13.5
induces a dose-dependent increase in the total number of GnRH neurons at E13.5. Interestingly the
distribution of GnRH neurons along the migratory path is not disrupted [57]. This effect is associated
with limited but significant growth retardation. BPA (2 mg/kg/d) exposure from E10 to P7 also appears
to affect GnRH neuron development although it decreases the number of GnRH expressing cells in
pubertal male rats [58]. This reduction of GnRH cells was observed after birth, thus it is not determined
whether BPA exposure impairs GnRH neuron survival or migration.

As pointed out above, the neuroendocrine regulation of puberty involves the interaction of kiss-
peptin neurons within the GnRH network. Kisspeptin neurons are major activators of GnRH neurons
during puberty and constitute two hypothalamic populations. In rodents, one is located in the arcuate
nucleus (ARC) and appears between E11.5 and E13.5 in mouse and one is located the AVPV for which
the precise timing of development is less clear but it is supposed to be between P10 and onset of
puberty in rodents [59]. These neuronal populations are sensitive to estrogen. AVPV kisspeptin neurons
mediate the estradiol positive feedback in adult animals while the ARC population is negatively
regulated by estradiol and plays a role in pubertal onset [60]. Kisspeptin neurons seem to be sensitive
to early exposure to EDCs. Recently, Pino et al. showed that exposure to BPA (5 mg/kg/d) from E11 to P8
alters the developmental maturation of kisspeptin neurons in female mice. Mice exposed to low doses
of BPA from E11 to P8 exhibit a persistent, but divergent, impairment of kisspeptin neuronal matu-
ration, resulting in a higher number of kisspeptin neurons in the AVPV but consistently fewer
4
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kisspeptin neurons and lower Kiss1 and Tac2 expression in the ARC. These changes in kisspeptin
populations were associated with phenotypic signs of early puberty (early vaginal opening) and with
suppression of circulating LH levels. Additional studies reporting EDC impact on kisspeptin neurons
have been recently reviewed in Lopez-Rodriguez et al., 2021.

Pubertal maturation also requires normal gonadal development that takes place early in fetal life.
During early embryonic development, human male and female gonads or germ cells are morpholog-
ically identical. Their differentiation into testes or ovaries is under the regulation of a complex genetic
cascade [61] and hormonal input [62]. Germ cells are sensitive to exogenous perturbation. For example,
exposure to paracetamol from E7 to E13.5 induces a reduction of the number of germ cells in female
mouse fetus while exposure from E7 to birth leads to a decrease in ovarian follicle reserve and leads to
subfertility in adulthood [63]. A delay in prophase I phase has also been recorded after exposure to BPA
[64] and Di(2-ethylhexyl) phthalate DEHP [65]. The consequences of EDC exposure on gonadal
development have been reviewed in depth in Johansson et al. [66].

Another critical developmental window for EDC exposure is the time of puberty itself. Reactivation
of the hypothalamic-pituitary-gonadal axis and gonadal maturation are under the control of a tight
neuronal network that is sensitive to exogenous perturbation. Several studies have shown pubertal
precocity or delay in rodents after EDC exposure during puberty [25]. The limited number of mecha-
nistic studies appears to point at kisspeptin as a potential target again. Pubertal exposure (P26eP30) to
dibutyl phthalate (0.5 mg/kg) in female rats leads to increased ERa, Kiss1R and Kiss1 mRNA expression
in the AVPV but a decrease in kisspeptin immunoreactivity in the ARC. These changes are associated
with early puberty and higher serum estradiol levels [67]. Similar results were observed after pre-
pubertal exposure (P15 to P20) to Zearalenone (5 mg/kg), an oestrogenic mycotoxin, which induces
early vaginal opening, elevated LH, FSH and estradiol serum levels and increased GnRH, Kiss1 and
Kiss1R mRNA and protein expression in the hypothalamus of female rats [68]. In female rhesus
monkeys, direct BPA (10 nM) infusion into the median eminence from mid to late puberty suppresses
GnRH and kisspeptin release [69].

It seems that the pubertal period is a window of high ovarian vulnerability to EDCs. AhR signaling
regulates E2 production in the ovary at the end of the prepubertal period as illustrated by AhR KOmice
which show decreased E2 synthesis and expression of steroidogenesic factors exclusively in late ju-
venile mice [70]. Such mechanism is disrupted by EDC acting through AhR [71,72].

All together, these data indicate that the fetal and pubertal developmental windows are very
sensitive to EDC exposure. Environmental disruption during these periods can compromise sexual
maturation.
Newly described mechanisms of action for EDCs and their possible role in the control of
puberty

Endocrine disrupting chemicals (EDC) alter physiological reproductive functions through several
mechanisms. Many of themmimic or block endogenous hormone action and display estrogenic or anti-
androgenic mechanisms. They can bind to estrogen receptors (ER alpha and beta), estrogen-related
receptors (EERgamma), androgen receptors [72e74] and the xenobiotic receptor aryl hydrocarbon
receptor [75e77]. They act via G protein-coupled receptors (GPR), GPR30, calcium-signaling and
orphan receptors [78]. Thus they alter gene expression as well as intracellular transduction pathways
[79]. After incorporation they can also compete with endogenous hormones and other substances for
binding to carrier proteins [80] or metabolization and interfere with epithelial cells triggering systemic
para-inflammation [81].

Neurodevelopmental toxicity to the developing brain is exerted by increased oxidative stress,
altered neurotransmitter systems, immune system disruption and neuroendocrine disruption [82]. A
substantial body of work has identified alterations of epigenetic mechanisms caused by EDC action
[83]. This important mechanism seems to be responsible for transgenerational and multigenerational
5
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effects of EDC [84e86] as well as indirect consequences such as disruption of circadian rhythms [87] or
metabolic systems [88,89]. Recent discoveries have shown that the transcriptional activation of genes
critical for pubertal onset is mediated by epigenetic factors. While it is known that EDCs affect DNA
organization, the mechanisms through which epigenetic information is conveyed from environmental
disruptors to the hypothalamic cells controlling pubertal onset and ovulation remains to be
deciphered.

Three different mechanisms have been identified as epigenetic processes affecting gene expression
without modifying DNA sequence: DNA methylation, post-translational histone modifications and
non-coding RNA. These processes have been found to be involved in the activation of the transcrip-
tional machinery leading to the activation of GnRH neurons in the hypothalamus and to be vulnerable
to EDC exposure (Fig. 1) [83,90e93].

DNA methylation requires the covalent addition of a methyl group catalysed by DNA methyl-
transferases (DNMTs) usually at the carbon-5 position of cytosines in CpG dinucleotides. DNA
methylation allows the recruitment of methyl-binding proteins to the gene promoter region which
leads to gene silencing and heterochromatin formation [94]. DNA methylation has been proven to
affect gene expression in the brain (i.e. Esr1, Kiss1) and influence sexual differentiation and puberty
onset [95e97]. Loss of DNA methylation at the GnRH promoter region during the juvenile period fa-
cilitates its transcription and the activation of the neuroendocrine system leading to puberty [97]. In
pubertal boys and girls, urine EDC levels were found to be associated with specific changes in the
epigenome [98]. For instance, children with higher levels of phthalates showed higher DNA methyl-
ation levels at the thyroid hormone receptor interactor 6 (Trip6) promoter region, a gene associated
with pubertal onset [99]. In animal models, EDCs have been shown to alter DNA by affecting DNMT
enzymatic activity or expression. In male and female rodents, developmental exposure to BPA alters
the maintenance and de novo DNA methylation by altering Dnmt1 and Dnmt3a-b mRNA expression in
the brain and gonadal tissue during the peripubertal period [100,101]. Dnmt1 and Dnmt3b alterations
were found to persist until adulthood [102e104]. Furthermore, 2,3,7,8-tetrachlorodibenzo-p-dioxine
(TCDD) but not BPA was found to selectively decrease Dnmt1, Dnmt3a and Dnmt3b levels in GnRH
immortalized cells (GT1-7) [105]. Downregulation of Dnmt1 caused by BPA exposure at P28 was found
to be associated with hypomethylation of the Esr1 gene promoter in the hypothalamus [100]. Similar
alterations were associated with disrupted estrous cyclicity and advanced reproductive senescence
after perinatal exposure to methoxychlor [106]. In male mice, methoxychlor and vinclozolin exposure
led to hypo- and hypermethylation of imprinted genes in the testis [107]. These results suggest sex-
dependent alterations of global or gene-specific methylation across different hormone-dependent
tissues after developmental exposure to EDCs.

Transcriptional regulation of gene expression by histone post-translational modifications (PTMs)
involves chemical modifications (acetylation, methylation, ubiquination) at specific amino acids of
the histone tail. Histone PTMs alter gene expression by modifying chromatin structure and allowing
an accessible or repressive state. During puberty, the Kiss1 gene promoter region undergoes a change
in its chromatin landscape leading to its transcriptional activation. This activation occurs through the
replacement of the repressive H3K27me3 histone mark by H3K4me3 and H3K27Ac activatory marks
and is mediated by the Polycomb and Trithorax groups of proteins, respectively [91]. While the
epigenetic mechanisms through which EDCs interfere with the GnRH network are still unknown,
studies have shown that EDCs alter PTMs in the brain. For instance, perinatal exposure to BPA in-
creases the levels of histone deacetylase Hdac2 in the hypothalamus and cortex of P21 and adult male
mice [104]. TCDD exposure inhibits the expression of histone-modifiers Hdac1, Hat1, and Mecp2
mRNA in GT1-7 cells by interacting through the AhR/XRE signaling pathway, and reduces GnRH
mRNA levels [105].

MicroRNAs (miRNAs) are short non-coding RNAs known to be expressed in sexual dimorphic re-
gions of the hypothalamus and to be sensitive to oestrogens [108]. miRNAs are involved in the tran-
scriptional control of pubertal onset. By acting post-transcriptionally, miR-200, miR-155 and miR-30
downregulate gene expression of known GnRH repressors such as Zeb1, Cebpb andMkrn3, allowing the
6



Fig. 1. Direct, multi- and transgenerational effects of EDCs. In directly exposed gestating females (F0 generation), embryos are exposed in utero and through lactation (F1 generation). As the
germline is generated during embryonic life, F2 generation are also directly exposed in a multigenerational fashion. Transgenerational inheritance happens in the F3 and subsequent generations.
(a) Embryonic life (i.e. male and female germline differentiation), is a specific window of vulnerability to EDC exposure. The germline undergoes a wave of epigenetic reprogramming in a sex-
dependent manner. After full demethylation of the germline around E12.5, males quickly undergo prospermatogonial differentiation whereas the female germline remains in meiotic arrest until
early postnatal life. EDC exposure during this period may alter selection process critical for gonadal development and the reproductive function. (b) Perinatal EDC exposure may interfere with
developmental processes involved in the somatic programming of the brain. Alterations in GnRH neuron migration and development may have irreversible consequences on reproductive
functions, later in life or in subsequent generations.
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transcriptional activation of the GnRH network at puberty [11,93]. While miR-200 is selectively
enhanced in GnRH neurons,miR-155 appears to control upstream regulators of the GnRH network. Loss
of function of these miRNAs leads to disruption of pubertal onset and failure to display normal estrous
cyclicity [93]. Lin28/let-7 in the hypothalamus is another miRNA system necessary to pubertal onset in
rats which is sensitive to neonatal exposure to estrogens or androgens [109]. Very few studies have
focused on EDC effects on miRNA but they seem to indicate sexually dimorphic disruption. A short
prenatal exposure to PCBs increases the expression of let-7a, miR-219, miR-132, miR-7 and miR-145 in
prepubertal female rats in the preoptic area [108] and decreases it in adult males. Alterations of miRNA
and steroidogenesis have also been observed after BPA exposure in sheep and mice ovaries and testis
[110,111].

In summary, it appears that EDCs could target the epigenetic mechanisms regulating the activation
of GnRH neurons or gonadal steroidogenesis around puberty.
Multi- and transgenerational effects of EDCs on puberty

Exposure to environmental stressors in utero increases the risk of disease in adulthood but also
throughout generations (Fig. 1). Exposure during gestation (F0 generation) causes F1 offspring to be
exposed in utero and F2 generation to be exposed through germ cells. This is known as multigenera-
tional inheritance. Transgenerational inheritance occurs when the effects of exposure are transmitted
to the F3 and subsequent generations, which are not directly exposed. The mechanism of trans-
generational transmission involves the inheritance of epigenetic information through the germline via
mitotically andmeiotically heritable changes in gene function. In mammals, the germline goes through
a wave of epigenetic reprogramming during migration into the genital ridges. Germline remethylation
occurs at different developmental stages in a sex-specific manner. In rodents, male remethylation and
prospermatogonial differentiation starts around E14.5 and is completed by E17. In females, the
germline remains in mitotic arrest and differentiates later at P1-5, when initial follicular assembly and
recruitment start. This may lead to sex differences in windows of sensibility to epigenetic effects of
EDCs.

EDCs may interfere with germline reprogramming and differentiation and alter reproductive
function across generations. Few studies have focused on transgenerational effects of EDCs on puberty.
Gestational exposure (F0) to TCDD [112], a mixture of pesticides or plasticizers [113] induces early
pubertal onset in F3 female rats, together with a decrease in ovarian primordial and prenatal follicles.
In males, these pubertal alterations are accompanied by increased apoptotic spermatogenic cells.
Differential DNAmethylation is associatedwith exposure toTCDD and themixture of plasticizers in the
testis. BPA exposure has been shown to upregulate the lncRNA encoded by the maternally expressed
gene Meg3, a gene associated with puberty timing [114] in the brain of F3 juvenile mice [115].

EDCs may indirectly impair the transcriptional control of gene expression by affecting epigenetic
control regions (ECR) or by interfering with the chromatin landscape of the germline [84]. How
epigenetic alterations in the germline impair the programming of specific somatic tissue such as the
hypothalamic neurons regulating puberty still needs to be elucidated.
Conclusion

The last 30 years have shown a global decrease in age at onset of puberty in girls and boys although
the later is less documented. This has led to an active debate regarding the definition of precocious
puberty. Besides this highly relevant clinical question, secular trend in puberty could be the canary in
the coal mine indicating effects of EDCs on the developing brain. Animal data point toward a high
developmental sensitivity of the GnRH network to EDCs. In particular, more recent data have identified
potential epigenetic mechanisms which coul explain the integration of environmental signals by the
hypothalamus and the transmission of phenotypic traits and pathologies throughout generations.
8



Research agenda

- Secular trend in precocious telarche and precocious puberty incidence needs to be further
documented.

- Exploring the effects of EDCs on the crosstalk between the hypothalamic control of energy
balance and reproduction is of prime importance.

- The effects of EDC mixture on pubertal development need to be studied in order to inform
environmental agency decisions.

- Much remains to be done to identify the pathways conveying epigenetic information from
environmental disruptors to the hypothalamic cells controlling pubertal onset and ovulation.
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