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    Chapter 7   
 Body Weight and Puberty                     

     Analia     Tomova    

          Introduction 

 In mammals, reproduction is acutely regulated by metabolic status [ 1 ]. The body 
weight is an important factor that infl uences on the initiation and progression of 
 puberty  . In the childhood the overweight as well as the underweight could infl uence 
the development of puberty. In recent years excessive food consumption and seden-
tary behavior in developed societies are the cause of  overweight and obesity  . The 
lower intake of food and increased physical activity induce unfavorable energy bal-
ance and underweight, which also may disturb the sexual function. 

 Globally, about 10 % of school-age children are obese or overweight, and this 
percentage is highest in the USA (32 %), followed by Europe (20 %) and the Middle 
East (16 %) [ 2 ]. The worldwide prevalence of childhood obesity increased from 4.2 
to 6.7 % between 1990 and 2010 [ 3 ]. 

 In the USA, the 85th and 95th percentiles of body mass index ( BMI)      for age and 
sex based on nationally representative survey data have been recommended as cut-
off points to identify overweight and obesity, respectively, which are the same as 
those, proposed by the Expert Committee [ 4 ]. 

 In most publications, the  underweight   is defi ned within different limits: 5th or 
15th percentile of BMI for given age. According to World Health Organization’s 
cutoff points, BMI of 18.5 kg/m 2  in young adults is equivalent to the 12th percentile 
in children [ 5 ]. 

 Unfortunately, the data on children with  underweight   and its effect on sexual 
development are scarce. But underweight can negatively affect both the onset and 
progression of puberty, and also the reproductive capacity later in adulthood, espe-
cially in girls. The publications on this subject are mainly related to patients with 
 anorexia nervosa  . 
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  Pubertal maturation   consists of two associated processes: adrenarche, the 
increase of adrenal androgen production, and gonadarche, the pubertal reactivation 
of  hypothalamic-pituitary-gonadal (HPG)   axis. The development of  breast tissue   in 
girls (thelarche) and testicular growth in boys are signs of the onset of puberty. 
Typically, adrenarche occurs before gonadarche. Some authors believe that adrenal 
androgens may be one of the factors necessary for the reactivation of the hypothalamic- 
pituitary-gonadal axis [ 6 ]. 

 The severity of the disturbances in sexual sphere depends on the degree of the 
variations in body weight as more severe deviations in body weight cause more 
prominent abnormalities in sexual function.  

    Body Weight and Puberty in  Girls   

 The adiposity in early childhood is probably linked to advanced puberty in girls [ 7 , 
 8 ]. It is generally accepted that overweight and obesity are related with early appear-
ance of menarche [ 7 ,  9 ]. Multiple studies from several continents have demonstrated 
that levels of childhood obesity in girls are associated with earlier onset of puberty 
or menarche: in the USA [ 10 – 14 ], in South America [ 3 ], in Europe [ 15 ,  16 ], and in 
Asia [ 17 ]. Nevertheless there are some authors who suggested that the population- 
level shifts in BMI and the timing of menarche are largely independent processes, 
although sometimes they coincide [ 18 ]. 

 Data from several epidemiological studies in the past 30 years present a link 
between the earlier onset of puberty in girls and increased BMI, which is the most 
available method for indirectly determining body fat stores [ 19 ]. Girls with greater 
BMI reach breast stage 2 at younger ages. Higher BMI is the strongest predictor of 
earlier age at breast stage 2 in the study of Biro et al. [ 14 ]. Pubertal signs occur 
before 8.0 years of age in <5 % of the normal BMI female population in the USA 
[ 20 ]. Breast and sexual pubic hair developments are premature before 8 years of age 
in girls with normal BMI in general population. Girls with excessive BMI have 
signifi cantly higher prevalence of breast appearance from ages 8.0–9.6 years and 
pubarche from ages 8.0–10.2 years than those with normal BMI [ 20 ]. Menarche is 
also signifi cantly more likely to occur in preteen girls with an elevated BMI [ 20 ]. A 
study in Denmark found that early-matured girls had higher BMI, but similar body 
fat percentage, compared with late-matured similarly aged girls [ 21 ]. Results of a 
study in Brazil indicate that early sexual maturation is associated with a higher 
prevalence of excessive body weight in  girls  . Compared to the reference group (nor-
mal sexual maturation), early-maturing females have higher prevalence of excess 
body weight and increased height for age [ 3 ]. Lee et al. found a strong association 
between elevated body weight at all ages and the early onset of puberty as deter-
mined by breast development and the onset of menstruation [ 13 ]. Fat mass at age 
8 years is strongly associated with stage and onset of puberty in both sexes. However, 
by age 11 year, lean mass accretion is more closely associated with more advanced 
puberty [ 22 ]. Four-year longitudinal study in China demonstrated that childhood 
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obesity contributes to an earlier onset of puberty, and the mean estradiol concentra-
tion is higher in obese girls in comparison to normal or underweight girls during this 
period [ 17 ]. 

 The increased incidence of childhood obesity in recent decades may be 
responsible for dramatic increase in early puberty in girls. From the late nine-
teenth century, evidence from several European countries shows a decrease in 
the age of menarche—as a result of the earlier achievement of the required 
weight for the initiation of menarche [ 23 ]. The age of the onset of menses (men-
arche) declined in North America and Europe from age 17 years in the mid-
nineteenth century to less than 14 years in the mid-twentieth century. In a study 
in Bulgaria, done by the beginning of twentieth century (1904–1906), the mean 
age of menarche was 15 years, while at the end of the century, it was 12 years 
[ 24 ]. Similar trends also occurred in the age of onset of breast development 
(thelarche) and pubic hair development (pubarche) [ 25 ]. Moreover, in recent 
years an inverse correlation of BMI was found with the age of onset of men-
arche [ 26 ,  27 ]. The nutrition in the postnatal period and rapid weight gain can 
predict the onset of earlier puberty [ 28 ,  29 ]. 

 For the changes in reproductive axis in girls with underweight can be judged 
mainly on the studies done in adolescents with anorexia nervosa, where the 
considerable weight reduction causes delay in puberty or its discontinuation. 
This disease is associated with unfavorable changes in the reproductive axis—
hypogonadotropic hypogonadism. The degree of weight loss is associated with 
the degree of hormonal disturbances in the gonadal axis. The basal levels of 
gonadotropins are lower, and the responses of  luteinizing hormone (LH)   to 
 gonadotropin-releasing hormone (GnRH)   are diminished, but those of  follicle-
stimulating hormone (FSH)   are exaggerated. The basal levels of LH are signifi -
cantly correlated with body weight, BMI, and percentage of weight loss [ 30 ]. 
The changes in the gonadal axis are due to disturbances in the hypothalamus, 
and all hormonal alterations are in relationship with the degree of weight  loss  . 
The severe weight loss is mainly associated with the reduced amount of adipose 
tissue and with considerably decreased leptin levels [ 31 ]. Several other hor-
mones and mediators are implicated in this process and can send signals to the 
hypothalamus that infl uence on its activity.  

    Body Weight and Puberty in  Boys   

 Data from studies on the infl uence of body weight (especially overweight and 
obesity) on the onset and development of the puberty in boys are controversial. In 
some studies male obesity was associated with delayed pubertal development [ 11 , 
 32 ,  33 ], while in others earlier start of puberty in overweight boys was found [ 34 , 
 35 ]. In a small study Laron has not observed any difference in pubertal develop-
ment between boys with obesity and those with normal weight [ 8 ]. Some authors 
found that earlier sexual maturation in boys was associated with greater height for 
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age [ 3 ,  36 ], but not with the weight. Others considered that in contrast to the girls, 
there was no evidence of an association between adiposity and pubarche in boys 
[ 20 ]. The analyses of  National Health and Nutrition Examination Survey 
(NHANES)   III data by Karpati et al. [ 37 ] and by Wang [ 11 ] suggested that over-
weight and obesity might result in delayed instead of advanced puberty in boys. 
However, these studies have some limitations as the authors evaluated the genital 
stages only visually, without measuring the  testicular   volumes and penis sizes. 
With these methods the data could be more diffi cult for interpretation, because of 
the subjective evaluation of early stages and subsequent physical progression 
through puberty. It is not possible to defi ne exactly the pubertal events in boys 
without assessment of testicular volumes. Perhaps for this reason, the infl uence of 
body weight and BMI on sexual maturation in males has not been clarifi ed for a 
long period of time. 

 A volume of 3 ml is considered the most reliable and valid marker of male puber-
tal onset generally accepted to date [ 38 – 40 ]. According to Tanner and Whitehouse 
[ 41 ], a mean testicular volume of 12 ml indicates that adolescent is proceeding 
toward the late stage of pubertal development. 

 Results from study of Tomova et al. [ 42 ], based on objective data obtained by 
determining testicular volume, found earlier enlargement of the testicular vol-
ume in overweight and obese boys as well as earlier pubertal maturation in com-
parison to normal-weight children. The increase in testicular volume begins 
initially in boys with obesity, but subsequently overweight children have the 
fastest pubertal development in comparison to these with obesity and those with 
normal weight. Delayed pubertal development was observed in underweight 
boys, who were clearly behind at every stage of puberty relative to the normal-
weight  children   (Fig.  7.1 ). At the beginning of the puberty at the age of 11 years, 
the testicular volume of 3 ml has been found in 69.6 % of the boys with over-
weight and obesity, in 51.5 % of the boys with normal weight and only in 29.7 % 
in those who were underweight. The results concerning the late stage of puberty 
(testicular volume ≥12 ml) were similar. At the age 13 the percentage of the 
boys with overweight and obesity, who had testicular volume of 12 ml or more, 
was 43.5 %, whereas in the group of underweight children, it was only 2.70 %. 
An early increase of penis length as well as of penis circumference was found 
in overweight children, while a signifi cant delay was observed in boys with 
underweight and obesity [ 42 ]. From this data it is clear that the boys with over-
weight and obesity start puberty development earlier and fi nished it faster in 
comparison to those who are underweight [ 42 ]. In all investigated groups, it has 
been established a positive signifi cant correlation of the body weight and BMI 
with the indices of pubertal development: pubic hair, penis length, and circum-
ference as well as with the volume of the testes. Moreover, according to this 
study, the onset of puberty is expected at a certain threshold of the  body weight   
(40.17 ± 9.10 kg) (median 39.0 kg) [ 42 ].

   Similar are the observations of Vizmanos and Martí-Henneberg [ 35 ] that reveal 
a positive relationship between BMI and the initiation of sexual development in 
boys as well as the fi ndings of Juul et al. [ 43 ] of the association of prepubertal BMI 
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with earlier age at voice break. The other study in Denmark found that early-matured 
boys had higher BMI, but similar body fat percentage, compared with late-matured 
similarly aged boys [ 21 ]. Boyne et al. reported that fat mass at age of 8 was strongly 
associated with the stage and onset of puberty in both sexes. Birth size and growth 
through infancy and childhood were signifi cantly associated with testicular size. 
Pooling both sexes together, growth in infancy, late infancy, and childhood is associ-
ated with more advanced puberty [ 22 ]. Supportive evidence was found also by Fu 
et al. [ 44 ], who observed an earlier activation of the inhibin B/follicle-stimulating 
hormone axis in boys with obesity during puberty. These authors found signifi cantly 
greater testicular volume as well as advanced bone age and increased values of 
dehydroepiandrosterone and  dehydroepiandrosterone sulfate (DHEAS)   in obese 
prepubertal boys compared to age-matched controls [ 44 ]. Sørensen at al. reported 
that the mean age at onset of male puberty has declined signifi cantly during period 
of 15 years, and this decline was associated with the coincident increase in BMI 
[ 45 ]. All these data support the hypothesis for a close relationship between body 
weight and maturation of the  boys  .  
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  Fig. 7.1     Mean testicular volume (ml)   in boys with underweight, normal weight, overweight, and 
obesity ( p  > 0.05 for age groups 7, 10, 18 years;  p  < 0.05 for age groups 8, 9, 15, 16, 17, 19;  p  < 0.001 
for age groups 11, 12, 13, 14)       
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    Links Between Body Weight and Puberty Development 

    Overweight and Obesity 

 According to many studies, there are clear associations between  childhood   obesity 
and earlier onset of puberty and pubertal development in both sexes. 

  Puberty   is initiated in the late childhood through a cascade of endocrine changes 
that lead to sexual maturation and reproductive capability [ 7 ,  46 ]. It begins with 
increasing of GnRH secretion from the hypothalamus, which gains rhythmic, pulsa-
tile character and in turn leads to release of gonadotropins, activation of gonadal 
axis, and beginning of the puberty. The  gonadotropins   regulate both steroidogenesis 
and gametogenesis. The large variability between individuals in the onset and pro-
gression of puberty indicates that the timing of puberty is not simply a function of 
chronological age. The  neurotransmitter and neuromodulatory systems   that impact 
upon the GnRH secretory network convey information about metabolic fuels, 
energy stores, and somatic development [ 47 ]. 

 Growth and development are extremely complex processes that are regulated 
from many humoral and neural factors acting on the genetic basis. The secretion of 
GnRH is under the control of the so-called  hypothalamic pulse generator   which is 
located in the nucleus arcuatus [ 48 ,  49 ]. The physiological mechanisms that trigger 
activation of the hypothalamic-pituitary gonadal axis are still unknown, but attain-
ment of a set point in growth, body composition, and energy balance seems impor-
tant [ 40 ]. A lot of neurotransmitters, adipocytokines, and hormones, such as leptin, 
kisspeptin, neuropeptide Y, insulin, and opioids, which control food intake, also 
have a link to the release of GnRH. 

 Despite many human and animal studies, it is still unclear how the GnRH pulse 
generator manages to provoke the onset of puberty in both sexes. However, there are 
clear evidences that a critical amount of fat during the childhood is necessary to 
provoke revival of hypothalamic secretory function. Alwis et al. [ 50 ] reported that 
bone mass, lean body, and fat mass, measured by  dual-energy X-ray absorptiometry  , 
increased at a constant rate from age 6 until the puberty, when all these indexes 
showed a rapid increase in both sexes. Total lean body mass increased with 21.2 % 
in the boys and with 18.4 % in the girls at age 6 to 8 years, while the total amount of 
fat mass enhanced with 34.5 % in the boys and with 28.6 % in the girls [ 50 ]. During 
the growth spurt at the age of 7 years in both sexes, the rate of fat tissue accumula-
tion was found to be at least 10 % greater than that of the lean mass [ 50 ]. 

 After the initiation of this process neurotransmitter systems, which stimulate 
(neuropeptide Y and noradrenaline) and inhibit (opioids) the gonadal axis, are 
involve in the control of the GnRH release. During this period  gonadal steroids   also 
infl uence these mechanisms. For the initiation of the puberty, it is necessary to gain 
a certain “critical” body weight, which is a limiting factor for further processes. The 
probable messenger between adipose tissue and the nervous system seems to be 
leptin. There are numerous examples of the relationship between eating behavior, 
leptin, and sexual maturation. In light of these data, the proposed hypothesis from 
Frisch and Revelle for “ critical body weight  ” in girls, according to which a certain 
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minimum body weight or body fat percentage is required for appearance of men-
arche [ 51 ], acquires a completely modern vision. 

 The  hypothalamic nucleus arcuatus   is a crucial site for the regulation of both 
reproduction and metabolism. The arcuate nucleus contains  proopiomelanocortin/
cocaine- and amphetamine-regulated transcript (POMC/CART)-expressing neu-
rons  , whose activation suppresses feeding. In contrast, the activation of another 
population of arcuate neurons,  neuropeptide Y/agouti-related protein (NPY/AgRP)-
expressing neurons  , stimulates feeding [ 52 ,  53 ]. Although much of the cellular and 
molecular mechanisms associated with the energy balance and reproduction, as 
well as sites in the brain that mediate these functions are not completely understood, 
it is well known that the reproductive axis has the ability to respond to changes in 
the metabolic state of the body. 

 There are several potential mechanisms by which body fat stores might infl uence 
onset of pubertal development as well as the progression of puberty. One is through 
the direct action of adipocytokines, such as leptin, signaling energy reserves as well 
as having other direct metabolic effects. In addition, aromatase activity is pro-
nounced in adipose tissue, which increases androgen conversion to estrogens. 
Adipose tissue is also related to insulin resistance, which increases during puberty, 
thus lowering  sex hormone-binding globulin (SHBG)   levels and hence increasing 
bioavailability of sex steroids [ 54 ]. 

 Adipose tissue should be considered as an  endocrine organ  . A wide range of dif-
ferent active products are released from it into blood stream. Some of them are 
synthesized de novo, while others are converted from already existing substances. 
All factors might act locally in auto-/paracrine manner or may exert metabolic, 
immunologic, and endocrine effects [ 55 ]. Through them the link between adipose 
tissue and hypothalamic-pituitary system is realized, which modulates the function 
of other endocrine glands. Some of these adipocytokines are actively involved in the 
function of the reproductive axis. 

  Leptin  , an adipocyte-secreted hormone, is a metabolic factor that bridges the reg-
ulation of the fat mass with reproduction [ 56 ]. Its levels are elevated in individuals 
with overweight and obesity and decreased in persons with underweight. Moreover, 
leptin concentrations correlate with amount of fat mass, and for the timing of puberty, 
certain levels of this hormone are required [ 19 ]. Matkovic et al. found an inverse rela-
tion between menarche and serum leptin. An increase of 1 ng/mL in serum leptin 
level lowers the timing of menarche by 1 month, and a gain in body fat of 1 kg is 
associated with an earlier onset of menarche by approximately 13 days [ 57 ]. Sex dif-
ferences are also observed in the concentrations of  leptin  , LH, and FSH before and 
during the puberty. In girls, a peak in leptin concentrations was observed at Tanner 
stage 2, followed by a peak in LH and FSH concentrations at Tanner stage 3. In boys, 
no peak in leptin levels was observed at Tanner stage 2, as leptin decreased from 
Tanner stage 2 onward and LH and FSH concentrations increased from Tanner stage 
1–4 [ 58 ]. In girls leptin levels rise during the age, according to the changes in body 
weight, and this trend is maintained with age. In boys leptin concentrations are as a 
rule lower than in girls, but the pattern of gradual increase at an early age is similar. 
After 10 years of age, leptin levels decrease, and this could be coupled with a con-
comitant increase of testosterone [ 48 ,  59 ].  Testosterone   inhibits differentiation of 
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preadipocytes into mature adipocytes [ 60 ]. The net result of these androgen actions 
at multiple sites in the adipogenic processes is a reduction in fat mass [ 60 ]. 
Testosterone stimulates the weight gain through increased muscle mass but reduces 
the percentage of body fat, resulting in decrease levels of leptin. It is possible that in 
boys after the initial onset of puberty, this hormone is not more needed for the puber-
tal development. In girls, however, it is necessary that a certain threshold level of 
leptin to be maintained. Perhaps leptin signals the presence of a suffi cient amount of 
adipose tissue, i.e., energy resources, that is necessary for the normal reproductive 
function [ 59 ]. In that regard, leptin may be a factor which allows the start of puberty. 
This thesis is supported by the fact that leptin is increased years before any other 
hormone associated with pubertal development [ 58 ]. 

 The administration of leptin stimulates the growth of cells from cartilaginous 
tissue, which can result in epiphyseal cartilage growth in long bones [ 3 ].  Fat mass   is 
an important determinant of bone density, and leptin acts directly on bone, infl uenc-
ing both osteoblasts and osteoclasts. The direct bone effects of leptin tend to reduce 
bone fragility and contribute to the high bone mass and low fracture rates of obesity 
[ 61 ]. Peripheral leptin is essential for normal bone resorption and enhances bone 
formation. The results indicate that leptin acting primarily through peripheral path-
ways increases osteoblast number and activity in mice [ 62 ]. 

 The absence of signaling-competent leptin receptor expression on GnRH neurons 
strongly suggests that intermediary factor or pathway mediates the essential effects of 
leptin on activation of GnRH neurons [ 56 ]. The  kisspeptin   appears to play a role in repro-
ductive effects of leptin. Kisspeptin stimulates the secretion of LH, after binding with the 
receptor GPR 54, which is located on the surface of the GnRH neurons. Inactivating gene 
mutations are associated with hypogonadotropic hypogonadism. In such patients, puberty 
does not occur. It is assumed that the system kisspeptin-GPR 54 is absolutely necessary 
to the activation of gonadotropin secretion in early sexual maturation and maintenance of 
reproductive function in adults [ 63 – 65 ]. It is believed that leptin stimulates expression of 
 kisspeptin 1 (KISS-1)   and thereby initiates the production of kisspeptin and subsequently 
stimulation of GnRH release [ 53 ]. Thus, the increased levels of leptin in obese and over-
weight children can be the cause of an earlier puberty start. Some authors consider that 
leptin serves as a metabolic signal for puberty to progress and appears to be a permissive 
factor rather than the trigger of the onset of puberty [ 66 ]. 

 Discovered in 1999  galanin-like peptide (GALP)   shows close structural similar-
ity with galanin and specifi cally stimulates GnRH-mediated LH secretion. GALP- 
expressing cells are mainly found in the arcuate nucleus of the hypothalamus and 
the posterior pituitary, where they appear to be in contact with multiple neuromodu-
lators, which are involved in the regulation of energy homeostasis and reproduction. 
 GALP   gene expression is regulated by several factors that refl ect metabolic state 
including the metabolic hormones leptin and insulin, thyroid hormones, and blood 
glucose. Since the onset of puberty is so tightly regulated by metabolic status, it is 
possible that GALP plays a role in the onset of puberty [ 67 ]. 

  Insulin   is an important nutritional signal from periphery that may regulate the 
reproductive axis by direct effects on the GnRH neurons and specifi cally by stimu-
lating GnRH gene expression [ 1 ]. Furthermore, there is clear evidence that insulin 
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can act directly on the ovaries, since they have receptors for insulin and  insulin-like 
growth factor (IGF)   [ 68 ]. 

 Children normally experience transient insulin resistance at puberty. Insulin 
resistance is increased immediately at the onset of puberty (Tanner 2) but returns to 
near prepubertal levels by the end of puberty (Tanner 5). The peak of insulin resis-
tance occurs at Tanner 3 in both sexes, and girls are more insulin resistant than boys 
at all Tanner stages [ 69 ].  Insulin resistance   is associated with compensatory hyper-
insulinemia and decreased SHBG concentrations, which in turn causes increase in 
the bioavailability of sex steroids. In addition, hyperinsulinemia decreases hepatic 
production of SHBG. Insulin resistance is strongly related to BMI and waist cir-
cumference [ 69 ]. Obesity appears to be linked with marked insulin resistance, and 
the higher levels of insulin during this period may have more pronounced stimula-
tory effect on the reproductive axis. It may also increase the bioavailability of IGF- 
1, which is positively correlated to the level of obesity [ 70 ]. 

 The increased amount of adipose tissue may play a crucial role also for the 
release of suprarenal androgens and consequently of adrenarche, which precedes 
the activation of gonadal axis. The role of adipocytes and their hormone leptin in the 
pubertal  processes   is shown in Fig.  7.2 .

   Other factor that has been implicated in the accelerated growth of obese children 
includes increased adipose tissue aromatization of androgens into estrogens [ 70 ]. 
Recently it was reported that maternal obesity before pregnancy may be related to 
earlier timing of pubertal milestones among sons [ 71 ]. The formula  milk feeding   
may also have an impact on pubertal development, because it is more energy dense 
than breast milk, and this could explain the differences in rate of early weight gain 
between formula-fed and breastfed infants [ 29 ,  72 ]. Earlier beginning of artifi cial 
feeding of infants may be relevant to the earlier onset of puberty and to be a risk 
factor for childhood obesity. Exposure to other environmental agents such as phy-
toestrogens and endocrine disruptive chemicals can cause early pubertal develop-
ment and early onset of menarche [ 54 ,  73 ].  

     Underweight   

 Underweight status may be related to genetic factors, acute or chronic undernutri-
tion, or chronic diseases. It is a result of negative energy balance, which is most 
often due to reduced food intake, increased energy expenditure, or both together. 
Typically this occurs in patients with anorexia nervosa or in certain diseases which 
are associated with malnutrition. In recent years excessive exercise alone may be 
another cause of weight loss. Underweight status has been associated with higher 
rates of morbidity and mortality, although to a lesser extent that obesity. 

 Changes in reproductive axis in underweight children are poorly understood. 
The observations are mainly in patients with anorexia nervosa. Nutritional depriva-
tion has a suppressive effect on gonadotropin secretion and gonads, regardless of its 
etiology. The main mechanism of gonadotropin suppression is inhibition of the 
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secretion of GnRH. Severe malnutrition leads to decreased levels of gonadotropins 
[ 30 ,  74 ], which can be increased with normalization of food imports, and this can 
cause a temporary increase in estrogen production [ 74 ] with the development of 
gynecomastia in boys (see Chap.   13    ). It is assumed that the decreased response of 
the pituitary is due to the dysfunction of the hypothalamus and the changes in the 
levels of certain neurotransmitters and neuropeptides. Also, some studies have 
found a decrease in insulin [ 75 ] and leptin [ 31 ,  74 ] levels and increase of SHBG 
concentrations [ 75 ], which may lead to disturbances in the function of gonadal axis 
in adolescents. Leptin stimulates the secretion of GnRH, and its lowering in 
 conditions of negative energy balance leads to the diminish effect on the cells 
expressing GnRH. However, after a rise of leptin to physiological levels, its impact 
on GnRH is not recovered [ 76 ]. Other hormonal changes as increased levels of GH 
and cortisol are well described. The disturbances in patients with anorexia nervosa 
and malnutrition can be seen as adaptive mechanism in conditions of energy insuf-
fi ciency. Increased cortisol levels intensify proteolysis in muscles to amino acids 
that are necessary for gluconeogenesis and for the synthesis of essential functional 

  Fig. 7.2    The role of adipocytes and their hormone  leptin   in the pubertal processes       
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proteins in the liver. The increased GH on the background of reduced levels of 
IGF-1 does not have an anabolic effect and leads to cessation of the growth. 
However, lipolytic effect of GH is preserved. Gonadal axis in this extreme situation 
returns to prepubertal levels to keep the individual, and the reproductive  function   is 
discontinued.   

    Consequences of the Disturbances in Body Weight 
for the  Pubertal Development   

 In girls as well as in boys, there is a positive relationship between body weight and 
the pubertal development. In the overweight children puberty begins and progresses 
earlier in comparison with the normal-weight individuals, whereas the underweight 
in adolescents is related to later onset and development of puberty. Early onset of 
puberty could have serious health and social consequences, such as increased rates 
of cancer in reproductive organs later in life and engagement in early sexual activity 
and alcohol use [ 34 ]. Overnutrition between 2 and 8 years of age will not be benefi -
cial from a fi nal height point of view, as the temporary increase in height gain in 
childhood will be compensated by an earlier maturity and subnormal height gain in 
adolescence. Each increased unit of BMI gained in childhood reduces the height 
gain in adolescence with 0.88 cm for boys and 0.51 cm for girls [ 77 ]. In recent 
years, the efforts have mainly focused on obesity prevention, since there is a greater 
risk for developing cardiovascular disease and diabetes in later life, but little atten-
tion is paid to underweight in children, which, especially in girls, can cause severe 
disturbances in function of gonadal axis and may affect the processes of reproduc-
tion. These data support the need of wide promotion activities regarding the optimal 
and healthy nutrition in children and regular physical activity.     
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