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The pubertal development onset is controlled by a network of genes that regulate the gonadotropin releasing hormone (GnRH) pulsatile release and the subsequent increase of the circulating levels of pituitary gonadotropins that activate the gonadal function. Although the transition from pre-pubertal condition to puberty occurs physiologically in a delimited age-range, the inception of pubertal development can be anticipated or delayed due to genetic and epigenetic changes or environmental conditions. Most of the genetic and epigenetic alterations concern genes which encode for kisspeptin, GnRH, LH, FSH and their receptor, which represent crucial factors of the hypothalamic-pituitary-gonadal (HPG) axis. Recent data indicate a central role of the epigenome in the regulation of genes in the hypothalamus and pituitary that could mediate the flexibility of pubertal timing. Identification of epigenetically regulated genes, such as Makorin ring finger 3 (MKRN3) and Delta-like 1 homologue (DLK1), respectively responsible for the repression and the activation of pubertal development, provides additional evidence of how epigenetic variations affect pubertal timing. This review aims to investigate genetic, epigenetic, and environmental factors responsible for the regulation of precocious and delayed puberty.
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Introduction

Puberty represents a significant period in the stages of growth and development that defines the transition from childhood to adulthood due to psycho-physical changes. In addition, the reproductive capacity is acquired. Physiologically, the start of the puberty is caused by the reactivation of signals already developed during fetal life. Indeed, the hypothalamic-pituitary-gonadal axis (HPG) activity ranges from birth to 4-6 months and 2 years, in males and females respectively (1). This phenomenon called “mini-puberty” is due to a decrease in the levels of placental sex hormones, and the resulting loss in negative feedback on gonadotropin releasing hormone (GnRH). After this period, there is a halt of GnRH pulse generator until puberty, which slows reproductive function. The mechanisms that trigger the reinitiating of the GnRH pulse generator and the inception of puberty are not yet clear, although several factors are involved in regulating pubertal timing (2, 3) (Figure 1).




Figure 1 | Exogenous and endogenous factors involved in the regulation of the puberty onset.



Genetic background explains about 50-80% of the variability in pubertal onset and progression (4). Some ethnics groups, particularly African American and Hispanic, show an earlier onset of puberty due to genetic and nutritional factors (5). Prenatal conditions, such as intrauterine growth restriction (IUGR) and small for gestational age (SGA) birth, may affect pubertal development (6). Maternal breastfeeding appears to inhibit the early onset of puberty, mainly due to the positive effect on the childhood overweight (7). Nutritional conditions such as excess of energy intake, macro/micronutrient imbalance and dietary styles can determine the early activation of the HPG axis (7). Childhood obesity may impact on the early onset of pubertal development, albeit no statistical evidence exists on the difference in the age of menarche occurrence between obese and normal weight girls (8). Maternal education, social level, age of menarche occurrence, pre-pregnancy body mass index (BMI), ethnicity, age upon delivery, smoking habits, and alcohol/coffee/tea consumption during pregnancy, are reported to correlate with pubertal timing variations in the offspring (9). Environmental factors, such as substances capable of interfering with the endocrine system (phthalates, dioxins, polybrominated biphenyls, and polychlorinated biphenyls) seem to have a role in influencing pubertal timing (4, 10, 11). Finally, epigenetic mechanisms are assumed to have a central role in regulating the pubertal onset through a balance between repression and activation of gene expression (12).

The aim of this review is to focus on the new insights on genetic, epigenetic, and environmental regulations in the context of precocious and delayed puberty.



GnRH pulse generator and the KNDy SYSTEM: the role of stimulatory and inhibitory signals

Pubertal timing is the result of the interaction among hormones, neuronal signals and environmental factors that begins in the earlier stage of development. This interaction leads to the activation of the HPG axis (2, 13). Different hypothalamic factors and excitatory and inhibitory neuronal signals modulate the GnRH pulse generator function (Figure 2). KNDy system, which includes kisspeptin/neurokinin B/dynorphine A (KNDy), represents the most important regulator of GnRH secretion. Kisspeptin encoded by the Kiss1 gene and generated by Kiss1 neurons is the key element of the GnRH pulse generator, together with the neurokinin B and dynorphin A, which exert respectively stimulatory and inhibitory signals that tune kisspeptin oscillation (14). Kiss1 neurons are found in the arcuate nucleus (ARC) and in the anteroventral periventricular/periventricular nucleus (AVPV/PeN) and are controlled by sex gonadal steroids. In the females, AVPV/PeN Kiss1 neurons drive the increase in preovulatory luteinizing hormone (LH) in response to the positive feedback of estradiol. On the other hand, ARC Kiss1 neurons regulate the tonic release of GnRH/LH in response to sex steroid negative feedback, thus sending hormonal, neuroendocrine and metabolic informations (14). Kiss1 neurons has also been recognized in the posterodorsal part of the medial amygdala in mice. These neurons regulate the GnRH pulse generator, as well as influence emotional and sexual behavior, pubertal timing, and ovulation (15, 16). In humans, the role of KNDy system has been clarified by the association of loss-of-function mutations in the kisspeptin (KISS1), kisspeptin receptor (KISS1R), neurokinin B (TAC3), or neurokinin B receptor (TACR3) genes and delayed puberty and hypogonadism (17–19). On the other hand, gain of function mutations of KISS1R gene have been correlated with precocious puberty (20–22).




Figure 2 | Modulation of the GnRH pulse generator by mechanisms influencing the pubertal timing. ARC, arcuate nucleus; AVPN/PeN, anteroventral periventricular/periventricular nucleus; Dyn, dynorphine A; FSH, Follicle-stimulating hormone; GnRH, Gonadotropin Releasing Hormone; HPG, hypothalamic-pituitary-gonadal; KiNG network, Kisspeptin-nNOS-GnRH; Kiss1, kisspeptin; KNDy, kisspeptin/neurokinin B/dynorphine A; LH, luteinizing hormone; MKRN3, macorin-3; NKB, neurokinin B; nNOS, neuronal nitric oxide synthase.



Although the KNDy system plays an essential role in the GnRH pulse generator activity, several observations showed that this is not the only system involved in the regulation of pubertal timing (23). Recently, the kisspeptin-nNOS-GnRH or “KiNG” network that is responsible for generating the “GnRH pulse” and “GnRH surge” is emerging among the regulators of pubertal development (24). In fact, nNOS and kisspeptin seem to act as the Yin and Yang, thanks to their ability to integrate and coordinate distinct signals in order to inhibit or promote GnRH secretion, respectively (Figure 2). Before the discovery of the crucial role of kisspeptin in the control of GnRH release, in vitro and in vivo studies identified the nitric oxide (NO) as a key modulator for the GnRH secretion and preovulatory GnRH/LH surge (25, 26). Neurons which express neuronal NO synthase (nNOS) are involved in the modulation of GnRH neuronal excitability and secretion. In mice, nNOS are expressed early in the hypothalamus, suggesting a role of NO in the maturation of GnRH neurons during postnatal life through the regulation of GnRH mRNA expression (27). Knock-out mouse for NOS1 gene encoding for the nNOS resulted in hypogonadotropic hypogonadism, infertility and dose-dependent defects in olfaction, hearing, and cognition (28). Furthermore, by using a transgenic Gpr54-null IRES-LacZ knock-in mouse model, the expression of kisspeptin receptor GPR54 in the nNOS neurons of preoptic region of the hypothalamus has been demonstrated (29). In humans, differently to mice, some kisspeptin neurons of the infundibular nucleus express NOS1 (30). Recently, NOS1 loss-of-function mutations have been found in six subjects with congenital hypogonadotropic hypogonadism (CHH), anosmia, hearing loss, and intellectual disability (30). Thus, interactions between kisspeptin and nNOS neurons may play a central role in regulating the hypothalamic–pituitary–gonadal axis in vivo.

Among the inhibitory signals that regulate KNDy-GnRH secretion, the Makorin Ring Finger Protein 3 (MKRN3) has a central role, as its expression in the hypothalamic ARC rapidly declines before the onset of puberty, followed by a stable decrease during the pubertal advancement (31, 32).

This is an imprinted gene as the maternal allele is silenced, and only the paternal allele is expressed. Loss-of-function mutations of MKRN3 gene cause the most cases of familial central precocious puberty (CPP) (33–35). Furthermore, whole genome analysis studies (GWAS) demonstrated that single nucleotide polymorphisms (SNPs) of the MKRN3 region can regulate the age of menarche occurrence in healthy girls (36). Girls with MKRN3 gene mutations show a more marked advancement in early pubertal signs and at a younger age than boys, indicating a sexually dimorphic effect of MKRN3 on pubertal development (37). Regarding the genotype-phenotype correlation, the median age at diagnosis is lower in patients with more deleterious mutations (stop or frameshift) than those with missense variants (38).

The MKRN3 gene encodes a protein implicated in ubiquitination and cell signaling. Recently, Li et al. (39) identified the methyl-CpG binding domain (MBD) 3, an epigenetic reader which regulates gene expression, as the target of MKRN3 ubiquitination. MKRN3-mediated ubiquitination attenuates the binding of Poly(A)-binding proteins (PABPs), which regulate the stability of RNA messengers, to the poly(A) tails of mRNA. Therefore, the poly(A) tail-length of Gonadotropin-Releasing Hormone 1 (GNRH1) mRNA is shortened, and the formation of translation initiation complex (TIC) is compromised. Three members of PABPs (PABPC1, PABPC3 and PABPC4) have been identified as novel substrates for MKRN3. Thus, MKRN3 epigenetically regulates the transcription of GNRH1 gene through conjugating poly-ubiquitin chains on MBD3 (39). The MKRN3 ubiquitination of MBD3 disrupts the interaction between MBD3 and the DNA demethylase ten eleven human translocation methylcytosine dioxygenase, 2 (TET2), as well as the MBD3 binding to GNRH1 promoter, thus epigenetically silencing the GNRH1 transcription and inhibiting puberty initiation (39).

Adipokines like leptin and other factors, such as glutamate and glial signaling molecules are also implicated in the control of GnRH secretion. These activator signals are enhanced by the loss of inhibitory signals within the ARC such as gamma aminobutyric acid (GABA), dynorphin A and MKRN3, resulting in positive feedback on GnRH pulse generator (23). GABA is the most important neurotransmitter which inhibits GnRH release during childhood by both indirectly acting on neurons connected to the GnRH neuronal network, or directly stimulating GnRH neurons through activation of GABA receptors alpha1-subunit (40). GABA receptors are expressed on GnRH neurons; thus, GABA antagonists increase GnRH secretion, leading to early menarche (41).

Furthermore, experimental studies have shown that the hypothalamic GABA tone inhibition leads to precocious puberty, and SNPs of the GABA signaling are related with the age at menarche (42).



Genetic regulation of central precocious puberty

The first CPP-associated gene alteration was an activating mutation (Arg386Pro) in the G protein coupled receptor 54 (GPR54), also referred to as KISS1R, which binds the kisspeptin (20). This mutation prolongs the reactivity to kisspeptin by decreasing the degradation of KISS1R (43). Two heterozygous missense mutations in the ligand, the kisspeptin, encoded by the gene KISS1, were identified in unrelated subjects affected with idiopathic CPP. This variant resulted in a higher kisspeptin resistance to degradation compared with the wild type, determining greater kisspeptin bioavailability (44). On the contrary, the MKRN3 gene, located within the Prader-Willi syndrome (PWS) region (15q11.2), is the first gene in which loss-of-function mutations have been related to CPP (34). It acts as inhibitor of the pathways leading to puberty beginning, upstream or at the level of kisspeptin and/or GnRH neurons. Low MKRN3 serum levels have been demonstrated before pubertal onset (32, 45) and in girls with CPP compared to controls (35, 46).

Like MKRN3, Delta-like 1 homolog (DLK1) is a maternally imprinted gene. It is a member of the Notch/Delta/Serrate family belonging to imprinted genes positioned on chromosome 14q32 in humans. This region is associated with Temple syndrome which is characterized by pre- and post-natal growth failure, hypotonia, motor delay and small hands. Interestingly, CPP has been described in 86% of individuals with Temple syndrome (47). DLK1 is expressed in several tissues during embryonic development, while in postnatal life only in (neuro)endocrine tissues and stem/progenitor cells (48). The Notch signaling pathway is one of the most conserved within species, acting in a context-dependent manner by promoting embryonic cell proliferation and apoptosis (49). Notch signaling is crucial to maintaining the homeostasis in regeneration and damage repair by inducing the differentiation and transformation of mature cells (50). Several ligands and receptors are involved in Notch signaling and have specified temporal and spatial expression in various organs and tissues, including the hypothalamus. How the Notch signaling pathway affects the onset of puberty remains unknown. Recent findings suggest that the Notch regulates progenitor cell differentiation in the pituitary gland, delaying the gonadotrope differentiation (51). The DLK1 intracellular domain has been shown to negatively regulate Notch signaling by disrupting the RBPJ-κ/Notch signaling pathway (52).

Paternally inherited DLK1 genetic defects have been identified in four families with CPP and metabolic alterations such as obesity, early-onset glucose intolerance, type 2 diabetes mellitus and hyperlipidemia (53, 54). Moreover, DLK1 mutation has been found to be associated with polycystic ovary syndrome and infertility suggesting a novel link between reproduction and metabolism (54).

The exact role of DLK1 in regulating the timing of puberty is not yet understood; however, DLK1 is likely to regulate hypothalamic neurogenesis and the formation of kisspeptin throughout the activation or inhibition of Notch target genes. Indeed, the Notch signaling pathway could represent a link between the KISS1, MKRN3 and DLK1 genes.



Genetic regulation of delayed puberty

Delayed puberty (DP) consists of the absence of pubertal development from the age of 13 years for girls and 14 years for boys. The most frequent phenotype is represented by isolated and self-limiting DP (also described as constitutional retardation of growth and puberty) (55). Most of the subjects with self-limited DP have a family history of late puberty (56, 57). The self-limited DP is inherited in an autosomal dominant, autosomal recessive, or X-linked manner. Furthermore, sporadic cases are also reported. However, few patients with DP have mutations in genes causing abnormalities of the HPG axis, such as FGFR1, GNRHR and HS6ST1, and most of these are relatives of patients with CHH (56–58). Mutations in the Immunoglobulin Superfamily member 10 (IGSF10) gene have been found in six unrelated families (59). IGSF10 is important for the appropriate migration of GNRH neurons from the nose to the forebrain during embryonic development. The affected subjects showed pubertal delay without features of constitutional growth delay. A functional defect in the GnRH neuroendocrine system with an increased “threshold” for the onset of puberty, has been hypothesized.

Additionally, loss-of-function mutations in IGSF10 gene have been found in subjects with hypothalamic amenorrhea (60), suggesting common genetic background with functional central hypogonadism. Subjects affected with both premature ovarian failure and neuronal conditions showed IGSF10 gene mutations (61). It is not known if these patients also have deficiency of reproductive capacity or sexual lifespan.

To reinforce the concept that the alteration of GnRH neuronal migration during embryonic development can alter pubertal timing, there is a recent preclinical study which demonstrated that the deletion of neuropilin-1 (Nrp1) signaling in GnRH neurons enhances their survival and migration, and their accumulation in the accessory olfactory bulb. In female mice, these alterations result in early prepubertal weight gain, premature attraction to male odors, and precocious puberty (62).

Variants in genes associated with CHH, particularly GNRHR, TAC3 and its receptor TACR3 have been observed in in cohorts of subjects with self-limited DP (63). However, the pathogenetic role of these variants it is not known. Among other genes involved in the HPG axis function, LEP encoding for leptin, LEPR encoding for leptin receptor, and GHSR encoding for the ghrelin receptor could influence the pubertal timing too. Some studies identified rare variants of these genes; however, it is not clear the association with DP (56).

Pubertal timing seems to be influenced by some genes involved in energy metabolism such as FTO NEGR1, TMEM18 and SEC16B genes that have been identified by GWAS (64). Variants of the FTO gene have been associated with the regulation of satiety. Rare heterozygous FTO variants have been discovered in pedigrees with self-limited DP combined with extreme low BMI by using next generation sequencing (65). Furthermore, knockout mice for the FTO gene showed significantly delayed pubertal onset (66).

During the first stages of pubertal development, the loss of the neurobiological brake is managed by several transcription factors organized hierarchically. Therefore, there are transcriptional repressions containing zinc finger motifs that can manage this complex network of genes. The best known are represented by EAP1, Oct-2, Ttf-1, Yy1. EAP1 causes the onset of female puberty through the transactivation of the GnRH promoter. One in-frame deletion (Ala221del) and one rare missense variant (Asn770His) in EAP1 have been detected in two unrelated families. This condition would result in a reduced transcriptional activity of GnRH resulting in self-limited DP (67).



Epigenetic control of puberty

The concept of epigenome plasticity explains the adaptation to the environment to regulate the expression of genes that can exert deep effects on the phenotype without modifying the DNA. This reactivity of the epigenome to different signals represents the “epigenetic memory”. Although most of the pathways leading to such changes are still unclear, it is known that these changes can schedule puberty to a specific stage of development (68).

There is evidence on the role of the epigenetic mechanisms in regulating the expression of key actors in the HPG axis, along with its probable role in adapting pubertal timing according to the environment (69).


DNA methylation

The mechanisms of epigenetic regulation consist in the methylation of CpG (cytosine-guanine) DNA dinucleotides or in the modification of histone proteins (70). DNA methylation and demethylation are catalyzed by DNA methyltransferases (DNMT) and demethylases (TET), respectively, through active or passive mechanisms (71). Active demethylation is an enzymatic reaction that leads to the removal of the 5-methyl group from 5-methyl cytosine through oxidation catalyzed by members of TET family (72). TET2 promotes transcription and peptide release of GnRH thus maintaining reproductive role (73). In addition, DNA methylation and demethylation support the genomic integrity in somatic cells, across silencing or activation of transposable retroelements (REs). The role of DNA methylation in regulating the expression of KNDy system remains unclear (74, 75). DNA methyltransferase inhibitor (DNMTi) has been shown to arrest pubertal onset and this could be reversed by treatment with Kiss1 (76). There are studies showing that the onset of puberty is not regulated by changes in Kiss1 DNA methylation (77, 78). Conversely, although it is not yet clear whether MKRN3 DNA methylation regulates pubertal onset, some studies proposed a potential role for demethylation-mediated expression of Zinc finger protein 57 (ZFP57) which regulates genomic imprinting (79). The promoter region of the ZFP57 gene is hypomethylated in pubertal girls, and its expression increases in the hypothalamus of female rhesus monkeys at the time of pubertal inception, in line with the increase in KISS1 and GNRH levels (39). Further insights into the epigenetic role of MKRN3 have recently been proven in the MKRN3 knock out mouse which displays CPP. MKRN3 gene regulates the switch in the onset of mammalian puberty through the ubiquitination of the MBD3 which silences GNRH1 through disrupting the MBD3 binding to the GNRH1 promoter and recruitment of TET2 (80). These observations support the role of TET2 in direct regulation of GNRH1. Another important regulator of puberty is GnRH receptor (GNRHR) which mediates the GnRH response. The GNRHR gene expression is regulated by DNA methylation during neuronal development (81).

Previous studies demonstrated that that Fibroblast growth factor 8 (FGF8) signaling is required for GnRH neuron ontogenesis in the olfactory placode (OP) (82, 83). FGF8 and FGFR1 deficiency is associated with Kallmann Syndrome (KS), a congenital disease characterized by hypogonadotropic hypogonadism and anosmia. Recently, it has been demonstrated that TET1, which converts 5-methylcytosine residues (5mC) to 5-hydroxymethylated cytosines (5hmC), controls transcription of Fgf8 during GnRH neuron ontogenesis (84). This study demonstrated the importance of epigenetic-dependent timing of Fgf8 expression during GnRH neuron emergence, and that epigenetic dysfunction can start from the ontogenesis of GnRH neurons onwards and is not limited only to postnatal GnRH neuron organization, potentially contributing to the development of CPP or DP.



MicroRNAs

GWAS demonstrated an association between menarche age occurrence and LIN28B gene polymorphisms, providing the first evidence of an association between miRNAs, epigenetic regulators of gene expression, and pubertal onset (36, 85). Lin28B, and its related Lin28A, are RNA-binding proteins which inhibit the processing of miRNAs of the let-7 family. The role of Lin28 has been confirmed by functional genomic, as transgenic mice overexpressing this protein had overt DP (86). However, the exact repressive mechanism of Lin28 proteins on pubertal development is not known. Furthermore, it is not clear the eventual role of let-7 miRNAs in the central control of puberty.

It has been demonstrated that a microRNA switch regulates the increase in hypothalamic GnRH production before puberty, thus if this event does not occur accurately it may lead to the loss of GnRH expression or alteration of the rhythm of GnRH release and cause hypogonadotropic hypogonadism and infertility in mice (27). Two critical factors of this switch, miR-200 and miR-155, regulate GNRH1 expression through post-transcriptional control of ZEB1 and CEBPB expression, which in turn exert a role in GNRH1 transcriptional repressors in GnRH neurons (27). Recently, in a model of Down syndrome (Ts65Dn mice) the GnRH control appears to be related to an imbalance in a microRNA-gene network which regulate GnRH neuron maturation and hippocampal synaptic transmission (87). Considering the previously mentioned studies on NOS1 gene alterations, in which both mice and humans show comorbidities such as sensory and cognition impairments, which can be corrected in mice at minipuberty, it can be hypothesized that the maturation of the GnRH system may also play a role in brain development in general, as well in the development of the HPG system.

In addition, miR-7a2 controls the development of the murine pituitary and the function of the HPG axis in mice; thus, its deletion leads to hypogonadotropic hypogonadism and infertility (88). Recently, the expression of miR-411-3p, miR-382-5p, and miR127-3p has been demonstrated to contribute to variability in age at menarche (89).




Endocrine disruptors and pubertal timing

Endocrine disrupting chemicals (EDCs) are considered responsible of changes in pubertal time (90). Several elements have been recognized as possible EDCs, such as polybrominated biphenyls, bisphenol A (BPA), atrazine (herbicides) (90–92). EDCs can interfere with reproductive functions by mimic or block endogenous hormone function, or by competing with endogenous hormones to bind to carrier proteins (93). Furthermore, they act through G protein-coupled receptors (GPRs) by altering gene expression as well as intracellular signal transduction (94, 95). A relation between early exposure to EDCs and alteration in pubertal timing or concentrations of circulating reproductive hormones has been observed (96–100). They can act in various time windows of development. During fetal life, EDCs can cross the placenta via passive or active transport (101–103). The exposure of zebrafish embryos to 17a-ethinylestradiol (EE2) or nonylphenol (NP) disturbs the ontogenesis of GnRH neurons in the forebrain via estrogen-receptor pathway (104). In rodents, GnRH neurons use a prostaglandin D2 receptor signaling mechanism during infancy to recruit newborn astrocytes which guide them into adulthood. It has been demonstrated that the exposure to bisphenol A damages postnatal hypothalamic gliogenesis and disrupts the GnRH neurons, impairing minipuberty and delaying the acquisition of reproductive capacity (105). Moreover, epigenetic alterations in testis and other systemic consequences have been observed in pregnant rodents after EDC exposure (106).

Another critical window for EDC exposure is the period of puberty. Kisspeptin neurons are particularly sensitive to early EDC exposure, as mice exposed to low doses of BPA show a reduction in these neurons and a reduced expression of KISS1 and TAC2 in ARC (107). In addition, variations in the pubertal progression have been observed in rodents exposed to EDC during puberty (108, 109).

The exposure to dibutyl phthalate in female rats affects hypothalamic kisspeptin/GPR54 expression determining early puberty and higher levels of serum estradiol (109). Furthermore, EDCs may indirectly damage the transcriptional control of gene expression (110). In pubertal boys and girls, high levels of phthalates in urine have been related with epigenome modifications such as higher DNA methylation levels in the promoter region of the thyroid hormone receptor interactor 6 (TRIP6) gene, which regulates pubertal onset (111). Furthermore, children who were exposed to the estrogenic insecticide DTT and then adopted showed precocious puberty (112).

These findings would explain the transgenerational EDC effects. However, although EDCs are known to affect the organization of DNA, the mechanisms by which the epigenetic modifications induced by environmental disruptors are transmitted to the hypothalamic neurons that regulate pubertal initiation must be decoded.



Conclusions and future perspectives

The genetic and epigenetic mechanisms underlying the physiological variation of the timing of pubertal development are complex and still only partially understood. It may be that some genes act as promoters of the pubertal process, while others act as a brake. Furthermore, early and delayed puberty share some pathogenetic mechanisms, and the epigenetic regulation of the expression of genes involved in pubertal development can begin in fetal life, or during postnatal development and in infancy, with consequent modulation of pubertal time. Reproductive function in humans adapts to adjusting environmental conditions. There are “windows of susceptibility” during the different stages of development that are particularly vulnerable to events or exposures that can determine a long-term reprogramming of the reproductive function of the adult. Furthermore, animal data demonstrate a remarkable sensitivity of the GnRH network to EDCs with the possibility of transmitting phenotypic traits across generations. Molecular and human tissue, animal and cellular models are needed to understand how epigenetic modifications lead to phenotypic variations.

Although recent findings have clarified the influence of epigenetics and mRNAs in the regulation of the pubertal onset, further efforts are needed to better understand how these mechanisms work and which is the role of metabolic and environmental influences, in particular nutritional, on the epigenome. The identification of new neuroendocrine system regulators and the development of preclinical models, together with the application of new technologies for a strict functional activation or inhibition of selected neuronal populations, will be crucial for the acquisition of a deeper mechanistic knowledge of the central systems responsible for the onset of puberty.



Author contributions

MF did substantial contributions to the conception and design of the work and revised it critically. FU and LAM wrote the first draft of the manuscript. MC and SD wrote sections of the manuscript and prepared the figures; PG revised critically the manuscript. All authors contributed to the article and approved the submitted version.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



References

1. Wood, CL, Lane, LC, and Cheetham, T. Puberty: normal physiology. Best Pract Res Clin Endocrinol Metab (2019) 33:101265. doi: 10.1016/j.beem.2019.03.001

2. Abreu, AP, and Kaiser, UB. Pubertal development and regulation. Lancet Diabetes Endocrinol (2016) 4:254–64. doi: 10.1016/S2213-8587(15)00418-0

3. Brix, N, Ernst, A, Lauridsen, LLB, Partner, E, Støvring, H, Olsen, J, et al. Timing of puberty in boys and girls: A population-based study. Paediatr Perinat Epidemiol. (2019) 33:70–8. doi: 10.1111/ppe.12507

4. Toppari, J, and Juul, A. Trends in puberty timing in humans and environmental modifiers. Mol Cell Endocrinol (2010) 324:39–44. doi: 10.1016/j.mce.2010.03.011

5. Bleil, ME, Booth-LaForce, C, and Benner, AD. Race disparities in pubertal timing: Implications for cardiovascular disease risk among African American women. Popul Res Policy Rev (2017) 36:717–38. doi: 10.1007/s11113-017-9441-5

6. Verkauskiene, R, Petraitiene, I, and Albertsson Wikland, K. Puberty in children born small for gestational age. Horm Res Paediatr (2013) 80:69–77. doi: 10.1159/000353759

7. Calcaterra, V, Cena, H, Regalbuto, C, Vinci, F, Porri, D, Verduci, E, et al. The role of fetal, infant, and childhood nutrition in the timing of sexual maturation. Nutrients (2021) 13:419. doi: 10.3390/nu13020419

8. Li, W, Liu, Q, Deng, X, Chen, Y, Liu, S, and Story, M. Association between obesity and puberty timing: A systematic review and meta-analysis. Int J Environ Res Public Health (2017) 14:E1269. doi: 10.3390/ijerph14101266

9. Maisonet, M, Christensen, KY, Rubin, C, Holmes, A, Flanders, WD, Heron, J, et al. Role of prenatal characteristics and early growth on pubertal attainment of British girls. Pediatr (2010) 126:e591–600. doi: 10.1542/peds.2009-2636

10. Leijs, MM, Koppe, JG, Olie, K, van Aalderen, WMC, de Voogt, P, Vulsma, T, et al. Delayed initiation of breast development in girls with higher prenatal dioxin exposure; a longitudinal cohort study. Chemosphere (2008) 73:999–1004. doi: 10.1016/j.chemosphere.2008.05.053

11. Berger, K, Eskenazi, B, Kogut, K, Parra, K, Lustig, RH, Greenspan, LC, et al. Association of prenatal urinary concentrations of phthalates and bisphenol a and pubertal timing in boys and girls. Environ Health Perspect (2018) 126:97004. doi: 10.1289/EHP3424

12. Leka-Emiri, S, Chrousos, GP, and Kanaka-Gantenbein, C. The mystery of puberty initiation: genetics and epigenetics of idiopathic central precocious puberty (ICPP). J Endocrinol Invest (2017) 40:789–802. doi: 10.1007/s40618-017-0627-9

13. Uenoyama, Y, Inoue, N, Nakamura, S, and Tsukamura, H. Central mechanism controlling pubertal onset in mammals: A triggering role of kisspeptin. Front Endocrinol (2019) 10:312. doi: 10.3389/fendo.2019.00312

14. Talbi, R, and Navarro, VM. Novel insights into the metabolic action of Kiss1 neurons. Endocr Connect. (2020) 9:R124–33. doi: 10.1530/EC-20-0068

15. Lass, G, Li, XF, de Burgh, RA, He, W, Kang, Y, Yeo, SH, et al. Optogenetic stimulation of kisspeptin neurones within the posterodorsal medial amigdala increases LH pulse frequency in female mice. J Neuroendocrinol (2020) 24:e12823. doi: 10.1111/jne.12823

16. Aggarwal, S, Tang, C, Sing, K, Kim, HW, Millar, RP, and Tello, JA. Medial amygdala Kiss1 neurons mediate female pheromone stimulation of luteinizing hormone in male mice. Neuroendocrinology (2019) 108:172–89. doi: 10.1159/000496106

17. Francou, B, Paul, C, Amazit, L, Cartes, A, Bouvattier, C, Albarel, F, et al. Prevalence of KISS1 receptor mutations in a series of 603 patients with normosmic congenital hypogonadotrophic hypogonadism and characterization of novel mutations: a single-centre study. Hum Reprod (2016) 31:1363–74. doi: 10.1093/humrep/dew073

18. Topaloglu, AK, Reimann, F, Guclu, M, Yalin, AS, Kotan, LD, Porter, KM, et al. TAC3 and TACR3 mutations in familial hypogonadotropic hypogonadism reveal a key role for neurokinin b in the central control of reproduction. Nat Genet (2009) 41:354–58. doi: 10.1038/ng.306

19. Semple, RK, and Topaloglu, AK. Neurokinin b and its receptor in hypogonadotropic hypogonadism. Front Horm Res (2010) 39:133–41. doi: 10.1159/000312699

20. Teles, M, Bianco, S, Brito, V, Trarbach, E, Kuohung, W, Xu, S, et al. GPR54-activating mutation in a patient with central precocious puberty. N Engl J Med (2008) 358:709–15. doi: 10.1056/NEJMoa073443

21. Bianco, SD, Vandepas, L, Correa-Medina, M, Gereben, B, Mukherjee, A, Kuohung, W, et al. KISS1R intracellular trafficking and degradation: effect of the Arg386Pro disease-associated mutation. Endocrinology (2011) 152(4):1616–26. doi: 10.1210/en.2010-0903

22. Silveira, L, Noel, S, Silveira-Neto, A, Abreu, A, Brito, V, Santos, M, et al. Mutations of the KISS1 gene in disorders of puberty. J Clin Endocrinol Metab (2010) 95:2276–80. doi: 10.1210/jc.2009-2421

23. Livadas, S, and Chrousos, GP. Molecular and environmental mechanisms regulating puberty initiation: An integrated approach. Front Endocrinol (2019) 10:828. doi: 10.3389/fendo.2019.00828

24. Delli, V, Silva, MSB, Prévot, V, and Chachlaki, K. The KiNG of reproduction: Kisspeptin/ nNOS interactions shaping hypothalamic GnRH release. Mol Cell Endocrinol (2021) 532:111302. doi: 10.1016/j.mce.2021.111302

25. Moretto, M, Lopez, FJ, and Negro-Vilar, A. Nitric oxide regulates luteinizing hormone-releasing hormone secretion. Endocrinology (1993) 133:2399–402. doi: 10.1210/en.133.5.2399

26. Rettori, V, Belova, N, Dees, WL, Nyberg, CL, Gimeno, M, and McCann, SM. Role of nitric oxide in the control of luteinizing hormone-releasing hormone release. Vivo vitro. Proc Natl Acad Sci USA (1993) 90:10130–4. doi: 10.1073/pnas.90.21.10130

27. Messina, A, Langlet, F, Chachlaki, K, Roa, J, Rasika, S, Jouy, N, et al. A microRNA switch regulates the rise in hypothalamic GnRH production before puberty. Nat Neurosci (2016) 19(6):835–44. doi: 10.1038/nn.4298

28. Gyurko, R, Leupen, S, and Huang, PL. Deletion of exon 6 of the neuronal nitric oxide synthase gene in mice results in hypogonadism and infertility. Endocrinology (2002) 143(7):2767–74. doi: 10.1210/endo.143.7.8921

29. Hanchate, NK, Parkash, J, Bellefontaine, N, Mazur, D, Colledge, WH, d'Anglemont de Tassigny, X, et al. Kisspeptin-GPR54 signaling in mouse NO-synthesizing neurons participates in the hypothalamic control of ovulation. J Neurosci (2012) 32(3):932–45. doi: 10.1523/JNEUROSCI.4765-11.2012

30. Chachlaki, K, Messina, A, Delli, V, Leysen, V, Maurnyi, C, Huber, C, et al. NOS1 mutations cause hypogonadotropic hypogonadism with sensory and cognitive deficits that can be reversed in infantile mice. Sci Transl Med (2022) 14(665):eabh2369. doi: 10.1126/scitranslmed.abh2369

31. Abreu, AP, Macedo, DB, Brito, VN, Kaiser, UB, and Latronico, AC. A new pathway in the control of the initiation of puberty: the MKRN3 gene. J Mol Endocrinol (2015) 54:R131–39. doi: 10.1530/JME-14-0315

32. Busch, A, Hagen, C, Almstrup, K, and Juul, A. Circulating MKRN3 levels decline during puberty in healthy boys. J Clin Endocrinol Metab (2016) 101:2588–93. doi: 10.1210/jc.2016-1488

33. Macedo, DB, Abreu, AP, Reis, AC, Montenegro, LR, Dauber, A, Beneduzzi, D, et al. Central precocious puberty that appears to be sporadic caused by paternally inherited mutations in the imprinted gene makorin ring finger 3. J Clin Endocrinol Metab (2014) 99:E1097–103. doi: 10.1210/jc.2013-3126

34. Abreu, AP, Dauber, A, Macedo, DB, Noel, SD, Brito, VN, Gill, JC, et al. Central precocious puberty caused by mutations in the imprinted gene MKRN3. N Engl J Med (2013) 368:2467–75. doi: 10.1056/NEJMoa1302160

35. Grandone, A, Cirillo, G, Sasso, M, Capristo, C, Tornese, G, Marzuillo, P, et al. MKRN3 levels in girls with central precocious puberty and correlation with sexual hormone levels: a pilot study. Endocrine (2018) 59:203–8. doi: 10.1007/s12020-017-1281-x

36. Perry, J, Day, F, Elks, CE, Sulem, P, Thompson, DJ, Ferreira, T, et al. Parent of-origin-specific allelic associations among 106 genomic loci for age at menarche. Nature (2014) 514:92–7. doi: 10.1038/nature13545

37. Valadares, LP, Meireles, CG, De Toledo, IP, Santarem de Oliveira, R, Goncalves de Castro, LC, Abreu, AP, et al. MKRN3 mutations in central precocious puberty: a systematic review and meta-analysis. J Endocr Soc (2019) 3:979–95. doi: 10.1210/js.2019-00041

38. Li, C, Han, T, Li, Q, Zhang, M, Guo, R, Yang, Y, et al. MKRN3-mediated ubiquitination of Poly(A)-binding proteins modulates the stability and translation of GNRH1 mRNA in mammalian puberty. Nucleic Acids Res (2021) 49(7):3796–813. doi: 10.1093/nar/gkab155

39. Li, CY, Lu, WL, Yang, LG, Li, ZW, Zhou, XY, Guo, R, et al. MKRN3 regulates the epigenetic switch of mammalian puberty via ubiquitination of MBD3. Natl Sci Rev (2020) 7:671–85. doi: 10.1093/nsr/nwaa023

40. Watanabe, M, Fukuda, A, and Nabekura, J. The role of GABA in the regulation of GnRH neurons. Front Neurosci (2014) 8:387. doi: 10.1038/nature13545

41. Berg, T, Silveira, MA, and Moenter, SM. Prepubertal development of GABAergic transmission to gonadotropin-releasing hormone (GnRH) neurons and postsynaptic response are altered by prenatal androgenization. J Neurosci (2018) 38:2283–93. doi: 10.1523/JNEUROSCI.2304-17.2018

42. Keen, KL, Burich, AJ, Mitsushima, D, Kasuya, E, and Terasawa, E. Effects of pulsatile infusion of the GABAA receptor blocker bicuculline on the onset of puberty in female rhesus monkeys. Endocrinology (1999) 140:5257–66. doi: 10.1210/endo.140.11.7139

43. Bianco, SD, Vandepas, L, Correa-Medina, M, Gereben, B, Mukherjee, A, Kuohung, W, et al. KISS1R intracellular trafficking and degradation: effect of the Arg386Pro disease-associated mutation. Endocrinology (2011) 152:1616–26. doi: 10.1210/en.2010-0903

44. Silveira-Neto, A, Leal, L, Emerman, A, Henderson, K, Piskounova, E, Henderson, B, et al. Absence of functional LIN28B mutations in a large cohort of patients with idiopathic central precocious puberty. Horm Res Paediatr (2012) 78:144–50. doi: 10.1159/000342212

45. Hagen, CP, Sørensen, K, Mieritz, MG, Johannsen, TH, Almstrup, K, and Juul, A. Circulating MKRN3 levels decline prior to pubertal onset and through puberty: a longitudinal study of healthy girls. J Clin Endocrinol Metab (2015) 100:1920–26. doi: 10.1210/jc.2014-4462

46. Jeong, HR, Lee, HJ, Shim, YS, Kang, MJ, Yang, S, and Hwang, IT. Serum makorin ring finger protein 3 values for predicting central precocious puberty in girls. Gynecol Endocrinol (2019) 35:732–6. doi: 10.1080/09513590.2019

47. Ioannides, Y, Lokulo-Sodipe, K, Mackay, D, Davies, J, and Temple, I. Temple syndrome: improving the recognition of an underdiagnosed chromosome 14 imprinting disorder: an analysis of 51 published cases. J Med Genet (2014) 51:495–501. doi: 10.1136/jmedgenet-2014-102396

48. Pittaway, JFH, Lipsos, C, Mariniello, K, and Guasti, L. The role of delta-like non-canonical notch ligand 1 (DLK1) in cancer. Endocr Relat Cancer (2021) 28:R271–87. doi: 10.1530/ERC-21-0208

49. Macedo, DB, and Kaiser, UB. DLK1, notch signaling and the timing of puberty. Semin Reprod Med (2019) 37:174–81. doi: 10.1055/s-0039-3400963

50. Zhou, B, Lin, W, Long, Y, Yang, Y, Zhang, H, Wu, K, et al. Notch signaling pathway: architecture, disease, and therapeutics. Signal Transduct Target Ther (2022) 7(1):95. doi: 10.1038/s41392-022-00934-y

51. Raetzman, LT, Wheeler, BS, Ross, SA, Thomas, PQ, and Camper, SA. Persistent expression of Notch2 delays gonadotrope differentiation. Mol Endocrinol (2006) 20:2898–908. doi: 10.1210/me.2005-0394

52. Jung, J, Mo, JS, Kim, MY, Ann, EJ, Yoon, JH, and Park, HS. Regulation of Notch1 signaling by delta-like ligand 1 intracellular domain through physical interaction. Mol Cells (2011) 32:161–5. doi: 10.1007/s10059-011-1046-y

53. Dauber, A, Cunha-Silva, M, Macedo, DB, Brito, VN, Abreu, AP, Roberts, SA, et al. Paternally inherited DLK1 deletion associated with familial central precocious puberty. J Clin Endocrinol Metab (2017) 102:1557–67. doi: 10.1210/jc.2016-3677

54. Gomes, LG, Cunha-Silva, M, Crespo, RP, Ramos, CO, Montengero, LR, Canton, A, et al. Dlk1 is a novel link between reproduction and metabolism. J Clin Endocrinol Metab (2019) 104:2112–20. doi: 10.1210/jc.2018-02010

55. Howard, SR. The genetic basis of delayed puberty. Front Endocrinol (2019) 10:423. doi: 10.3389/fendo.2019.00423

56. Palmert, MR, and Dunkel, L. Clinical practice. delayed puberty. N Engl J Med (2012) 366:443–53. doi: 10.1056/NEJMcp1109290

57. Sidhoum, VF, Chan, YM, Lippincott, MF, Balasubramanian, R, Quinton, R, Plummer, L, et al. Reversal and relapse of hypogonadotropic hypogonadism: resilience and fragility of the reproductive neuroendocrine system. J Clin Endocrinol Metab (2014) 99:861–70. doi: 10.1210/jc.2013-2809

58. Tornberg, J, Sykiotis, GP, Keefe, K, Plummer, L, Hoang, X, Hall, JE, et al. Heparan sulfate 6-o-sulfotransferase 1, a gene involved in extracellular sugar modifications, is mutated in patients with idiopathic hypogonadotrophic hypogonadism. Proc Natl Acad Sci USA (2011) 108:11524–29. doi: 10.1073/pnas.1102284108

59. Howard, SR, Guasti, L, Ruiz-Babot, G, Mancini, A, David, A, Storr, HL, et al. IGSF10 mutations dysregulate gonadotropin-releasing hormone neuronal migration resulting in delayed puberty. EMBO Mol Med (2016) 2016:6250. doi: 10.15252/emmm.201606250

60. Caronia, LM, Martin, C, Welt, CK, Sykiotis, GP, Quinton, R, Thambundit, A, et al. A genetic basis for functional hypothalamic amenorrhea. N Engl J Med (2011) 364:215–25. doi: 10.1056/NEJMoa0911064

61. Jolly, A, Bayram, Y, Turan, S, Aycan, Z, Tos, T, Abali, ZY, et al. Exome sequencing of a primary ovarian insufficiency cohort reveals common molecular etiologies for a spectrum of disease. J Clin Endocrinol Metab (2019) 104:3049–67. doi: 10.1210/jc.2019-00248

62. Vanacker, C, Trova, S, Shruti, S, Casoni, F, Messina, A, Croizier, S, et al. Neuropilin-1 expression in GnRH neurons regulates prepubertal weight gain and sexual attraction. EMBO J (2020) 39(19):e104633. doi: 10.15252/embj.2020104633

63. Zhu, J, Choa, RE, Guo, MH, Plummer, L, Buck, C, Palmert, MR, et al. A shared genetic basis for self-limited delayed puberty and idiopathic hypogonadotropic hypogonadism. J Clin Endocrinol Metab (2015) 100:E646–54. doi: 10.1210/jc.2015-1080

64. Howard, SR, Guasti, L, Poliandri, A, David, A, Cabrera, CP, Barnes, MR, et al. Contributions of function-altering variants in genes implicated in pubertal timing and body mass for self-limited delayed puberty. J Clin Endocrinol Metab (2018) 103:649–59. doi: 10.1210/jc.2017-02147

65. Festa, A, Umano, GR, Miraglia Del Giudice, E, and Grandone, A. Genetic evaluation of patients with delayed puberty and congenital hypogonadotropic hypogonadism: Is it worthy of consideration? Front Endocrinol (2020) 11:253. doi: 10.3389/fendo.2020.00253

66. Smemo, S, Tena, JJ, Kim, KH, Gamazon, ER, Sakabe, NJ, Gomez-Marin, C, et al. Obesity-associated variants within FTO form long-range functional connections with IRX3. Nature (2014) 507:371–75. doi: 10.1038/nature13138

67. Mancini, A, Howard, SR, Cabrera, CP, Barnes, MR, David, A, Wehkalampi, K, et al. EAP1 regulation of GnRH promoter activity is important for human pubertal timing. Hum Mol Genet (2019) 28:1357–68. doi: 10.1093/hmg/ddy451

68. Bar-Sadeh, B, Rudnizky, S, Pnueli, L, Bentley, GR, Stöger, R, Kaplan, A, et al. Unravelling the role of epigenetics in reproductive adaptations to early-life environment. Nat Rev Endocrinol (2020) 16:519–33. doi: 10.1038/s41574-020-0370-8

69. Huan, T, Mendelson, M, Joehanes, R, Yao, C, Liu, C, Song, C, et al. Epigenome-wide association study of DNA methylation and microRNA expression highlights novel pathways for human complex traits. Epigenetics (2020) 15:183–98. doi: 10.1080/15592294.2019.1640547

70. Elhamamsy, A. Role of DNA methylation in imprinting disorders: an updated review. J Assist Reprod Genet (2017) 34:549–62. doi: 10.1007/s10815-017-0895-5

71. Wu, SC, and Zhang, Y. Active DNA demethylation: many roads lead to Rome. Nat Rev Mol Cell Biol (2010) 11:607–20. doi: 10.1038/nrm2950

72. Kohli, RM, and Zhang, Y. TET enzymes, TDG and the dynamics of DNA demethylation. Nature (2013) 502:472–79. doi: 10.1038/nature12750

73. Kurian, JR, Louis, S, Keen, KL, Wolfe, A, Terasawa, E, and Levine, JE. The methylcytosine dioxygenase ten-eleven translocase-2 (tet2) enables elevated GnRH gene expression and maintenance of Male reproductive function. Endocrinology (2016) 157:3588–603. doi: 10.1210/en.2016-1087

74. Lomniczi, A, Wright, H, and Ojeda, SR. Epigenetic regulation of female puberty. Front Neuroendocrinol (2015) 36:3. doi: 10.1016/j.yfrne.2014.08.003

75. Yuan, X, Zhou, X, Chen, Z, He, Y, Kong, Y, Ye, S, et al. Genome-wide DNA methylation analysis of hypothalamus during the onset of puberty in gilts. Front Genet (2019) 10:228. doi: 10.3389/fgene.2019.00228

76. Lomniczi, A, Loche, A, Castellano, JM, Ronnekleiv, OK, Bosch, M, Kaidar, G, et al. Epigenetic control of female puberty. Nat Neurosci (2013) 16:281–89. doi: 10.1038/nn.3319

77. Semaan, SJ, and Kauffman, AS. Emerging concepts on the epigenetic and transcriptional regulation of the Kiss1 gene. Int J Dev Neurosci (2013) 31:452–62. doi: 10.1016/j.ijdevneu.2013.03.006

78. Tomikawa, J, Uenoyama, Y, Ozawa, M, Fukanuma, T, Takase, K, Goto, T, et al. Epigenetic regulation of Kiss1 gene expression mediating estrogen-positive feedback action in the mouse brain. Proc Natl Acad Sci USA (2012) 109:E1294–301. doi: 10.1073/pnas.1114245109

79. Bessa, DS, Maschietto, M, Aylwin, CF, Canton, APM, Brito, VN, Macedo, DB, et al. Methylome profiling of healthy and central precocious puberty girls. Clin Epigenet (2018) 10:146. doi: 10.1186/s13148-018-0581-1

80. Laverrière, JN, L'Hôte, D, Tabouy, L, Schang, AL, Quérat, B, and Cohen-Tannoudji, J. Epigenetic regulation of alternative promoters and enhancers in progenitor, immature, and mature gonadotrope cell lines. Mol Cell Endocrinol (2016) 434:250–65. doi: 10.1016/j.mce.2016.07.010

81. Haj, M, Wijeweera, A, Rudnizky, S, Taunton, J, Pnueli, L, and Melamed, P. Mitogen- and stress-activated protein kinase 1 is required for gonadotropin-releasing hormone-mediated activation of gonadotropin α-subunit expression. J Biol Chem (2017) 292:20720–731. doi: 10.1074/jbc.M117.797845

82. Tsai, PS, Brooks, LR, Rochester, JR, Kavanaugh, SI, and Chung, WCJ. Fibroblast growth factor signaling in the developing neuroendocrine hypothalamus. Front Neuroendocrinol (2011) 32:95–107. doi: 10.1016/j.yfrne.2010.11.002

83. Chung, WC, and Tsai, PS. Role of fibroblast growth factor signaling in gonadotropin-releasing hormone neuronal system development. Front Horm Res (2010) 39:37–50. doi: 10.1159/000312692

84. Linscott, ML, and Chung, WCJ. TET1 regulates fibroblast growth factor 8 transcription in gonadotropin releasing hormone neurons. PloS One (2019) 14(7):e0220530. doi: 10.1371/journal.pone.0220530

85. Ong, K, Elks, CE, Li, S, Zhao, JH, Luan, J, Andersen, LB, et al. Genetic variation in LIN28B is associated with the timing of puberty. Nat Genet (2009) 41:729–33. doi: 10.1038/ng.382

86. Zhu, H, Shah, S, Shyh-Chang, N, Shinoda, G, Einhorn, WS, Viswanathan, SR, et al. Lin28a transgenic mice manifest size and puberty phenotypes identified in human genetic association studies. Nat Genet (2010) 42:626–30. doi: 10.1038/ng.593

87. Manfredi-Lozano, M, Leysen, V, Adamo, M, Paiva, I, Rovera, R, Pignat, JM, et al. GnRH replacement rescues cognition in down syndrome. Science (2022) 377(6610):eabq4515. doi: 10.1126/science.abq4515

88. Ahmed, K, LaPierre, MP, Gasser, E, Denzler, R, Yang, Y, Rülicke, T, et al. Loss of microRNA-7a2 induces hypogonadotropic hypogonadism and infertility. J Clin Invest (2017) 127(3):1061–74. doi: 10.1172/JCI90031

89. Toro, CA, Aylwin, CF, and Lomniczi, A. Hypothalamic epigenetics driving female puberty. J Neuroendocrinol (2018) 30:e12589. doi: 10.1111/jne.12589

90. Mouritsen, A, Aksglaede, L, Sorensen, K, Mogensen, SS, Leffers, H, Main, KM, et al. Hypothesis: exposure to endocrine-disrupting chemicals may interfere with timing of puberty. Int J Androl (2010) 33(2):346–59. doi: 10.1111/j.1365-2605.2010.01051.x

91. Pinson, A, Franssen, D, Gerard, A, Parent, AS, and Bourguignon, JP. Neuroendocrine disruption without direct endocrine mode of action: polychloro-biphenyls (PCBs) and bisphenol a (BPA) as case studies. C R Biol (2017) 340:432–38. doi: 10.1016/j.crvi.2017.07.006

92. Drobna, Z, Henriksen, AD, Wolstenholme, JT, Montiel, C, Lambeth, PS, Shang, S, et al. Transgenerational effects of bisphenol a on gene expression and DNA methylation of imprinted genes in brain. Endocrinology (2018) 159:132–44. doi: 10.1210/en.2017-00730

93. Milesi, MM, Lorenz, V, Pacini, G, Repetti, MR, Demonte, LD, Varayoud, J, et al. Perinatal exposure to a glyphosate-based herbicide impairs female reproductive outcomes and induces second-generation adverse effects in wistar rats. Arch Toxicol (2018) 92:2629–43. doi: 10.1007/s00204-018-2236-6

94. Parent, AS, Franssen, D, Fudvoye, J, Gerard, A, and Bourguignon, JP. Developmental variations in environmental influences including endocrine disruptors on pubertal timing and neuroendocrine control: revision of human observations and mechanistic insight from rodents. Front Neuroendocrinol (2015) 38:12–36. doi: 10.1016/j.yfrne.2014.12.004

95. Balaguer, P, Delfosse, V, and Bourguet, W. Mechanisms of endocrine disruption through nuclear receptors and related pathways. Curr Opin Endocr Metab Res (2019) 7:1e8. doi: 10.1016/j.coemr.2019.04.008

96. Tohme, M, Prud’homme, SM, Boulahtouf, A, Samarut, E, Brunet, F, Bernard, L, et al. Estrogen-related receptor gamma is an in vivo receptor of bisphenol a. FASEB J (2014) 28:3124e33. doi: 10.1096/fj.13-240465

97. Mimura, J, and Fujii-Kuriyama, Y. Functional role of AhR in the expression of toxic effects by TCDD. Biochim Biophys Acta (2003) 1619(3):263–8. doi: 10.1016/s0304-4165(02)00485-3

98. Zhuang, W, Wu, K, Wang, Y, Zhu, H, Deng, Z, Peng, L, et al. Association of serum bisphenol-a concentration and male reproductive function among exposed workers. Arch Environ Contam Toxicol (2015) 68(1):38–45. doi: 10.1007/s00244-014-0078-7

99. Fudvoye, J, Lopez-Rodriguez, D, Franssen, D, and Parent, AS. Endocrine disrupters and possible contribution to pubertal changes. Best Pract Res Clin Endocrinol Metabol (2019) 33(3):101300. doi: 10.1016/j.beem.2019.101300

100. Guth, M, Pollock, T, Fisher, M, Arbuckle, TE, and Bouchard, MF. Concentrations of urinary parabens and reproductive hormones in girls 6-17 years living in Canada. Int J Hyg Environ Health (2021) 231:113633. doi: 10.1016/j.ijheh.2020.113633

101. Castiello, F, and Freire, C. Exposure to non-persistent pesticides and puberty timing: a systematic review of the epidemiological evidence. Eur J Endocrinol (2021) 184:733e49. doi: 10.1530/EJE-20-1038

102. Roncati, L, Piscioli, F, and Pusiol, T. The endocrine disruptors among the environmental risk factors for stillbirth. Sci Total Environ (2016) 563e564:1086e7. doi: 10.1016/j.scitotenv.2016.04.214

103. Vizcaino, E, Grimalt, JO, Fernandez-Somoano, A, and Tardon, A. Transport of persistent organic pollutants across the human placenta. Environ Int (2014) 65:107e15. doi: 10.1016/j.envint.2014.01.004

104. Vosges, M, Kah, O, Hinfray, N, Chadili, E, Le Page, Y, Combarnous, Y, et al. 17a-ethinylestradiol and nonylphenol affect the development of forebrain GnRH neurons through an estrogen receptors-dependent pathway. Reprod Toxicol (2012) 33:198e204. doi: 10.1016/j.reprotox.2011.04.005

105. Pellegrino, G, Martin, M, Allet, C, Lhomme, T, Geller, S, Franssen, D, et al. GnRH neurons recruit astrocytes in infancy to facilitate network integration and sexual maturation. Nat Neurosci (2021) 24(12):1660–72. doi: 10.1038/s41593-021-00960-z

106. Lopez-Rodriguez, D, Franssen, D, Bakker, J, and Parent, AS. Cellular and molecular features of EDC exposure: consequences for the GnRH network. Nat Rev Endocrinol (2021) 17:83e96. doi: 10.1038/s41574-020-00436-3

107. Hu, J, Du, G, Zhang, W, Huang, H, Chen, D, Wu, D, et al. Short-term neonatal/prepubertal exposure of dibutyl phthalate (DBP) advanced pubertal timing and affected hypothalamic kisspeptin/GPR54 expression differently in female rats. Toxicology (2013) 314:65e7. doi: 10.1016/j.tox.2013.09.007

108. Veiga-Lopez, A, Luense, LJ, Christenson, LK, and Padmanabhan, V. Developmental programming: gestational bisphenol-a treatment alters trajectory of fetal ovarian gene expression. Endocrinology (2013) 154:1873e84. doi: 10.1210/en.2012-2129

109. Gao, GZ, Zhao, Y, and Li, HX. Bisphenol a-elicited miR-146a-5p impairs murine testicular steroidogenesis through negative regulation of Mta3 signaling. Biochem Biophys Res Commun (2018) 501:478e85. doi: 10.1016/j.bbrc.2018.05.017

110. Almstrup, K, Frederiksen, H, Andersson, AM, and Juul, A. Levels of endocrine-disrupting chemicals are associated with changes in the peri-pubertal epigenome. Endocr Connect (2020) 9:845–57. doi: 10.1530/EC-20-0286

111. Almstrup, K, Lindhardt, JM, Busch, AS, Hagen, CP, Nielsen, JE, Petersen, JH, et al. Pubertal development in healthy children is mirrored by DNA methylation patterns in peripheral blood. Sci Rep (2016) 6:28657. doi: 10.1038/srep28657

112. Krstevska-Konstantinova, M, Charlier, C, Craen, M, Du Caju, M, Heinrichs, C, de Beaufort, C, et al. Sexual precocity after immigration from developing countries to Belgium: evidence of previous exposure to organochlorine pesticides. Hum Reprod (2001) 16:1020–6. doi: 10.1093/humrep/16.5.1020


Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Faienza, Urbano, Moscogiuri, Chiarito, De Santis and Giordano. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fendo-13-1019468-g002.jpg
HPG axis

ARC and
AVPV/PeN

N

Pituitary
glands ~

AU [ i

LH and FSH

Sex steroids





OEBPS/Images/fendo.2022.1019468_cover.jpg
, frontiers | Frontiers in Endocrinology

Genetic, epigenetic and
enviromental influencing factors
on the regulation of precocious

and delayed puberty





OEBPS/Images/fendo-13-1019468-g001.jpg
Nutritional
status e
Maternal

Prenatal LE
conditions

conditions

- 7 A Environmental
2> pygerty| &8 tacters
\

\

\

i

I
/

\

Genetic a = % Epigenetic

background mechanisms

-





OEBPS/Images/logo.jpg
, frontiers ’ Frontiers in Endocrinology





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Genetic, epigenetic and enviromental influencing factors on the regulation of precocious and delayed puberty

      

        		

          Introduction

        



        		

          GnRH pulse generator and the KNDy SYSTEM: the role of stimulatory and inhibitory signals

        



        		

          Genetic regulation of central precocious puberty

        



        		

          Genetic regulation of delayed puberty

        



        		

          Epigenetic control of puberty

        

          		

            DNA methylation

          



          		

            MicroRNAs

          



        



        



        		

          Endocrine disruptors and pubertal timing

        



        		

          Conclusions and future perspectives

        



        		

          Author contributions

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





