NUTRITION 70YEAR$ :

ReviEws 1942-2012

Lead Article

Beyond overweight: nutrition as an important lifestyle factor
influencing timing of puberty

Guo Cheng, Anette E Buyken, Lijie Shi, Nadina Karaolis-Danckert, Anja Kroke, Stefan A Wudy,
Gisela H Degen, and Thomas Remer

Early onset of puberty may confer adverse health consequences. Thus, modifiable
factors influencing the timing of puberty are of public health interest. Childhood
overweight as a factor in the earlier onset of menarche has been supported by
prospective evidence;, nonetheless, its overall contribution may have been
overemphasized, since secular trends toward a younger age at menarche have not
been a universal finding during the recent obesity epidemic. Current observational
studies suggest notable associations between dietary intakes and pubertal timing
beyond contributions to an energy imbalance: children with the highest intakes of
vegetable protein or animal protein experience pubertal onset up to 7 months later
or 7 months earlier, respectively. Furthermore, girls with high isoflavone intakes may
experience the onset of breast development and peak height velocity approximately
7-8 months later. These effect sizes are on the order of those observed for potentially
neuroactive steroid hormones. Thus, dietary patterns characterized by higher
intakes of vegetable protein and isoflavones and lower intakes of animal protein
may contribute to a lower risk of breast cancer or a lower total mortality.

© 2012 International Life Sciences Institute

INTRODUCTION

Early onset of puberty is considered an intermediary
factor on the life-course path to a number of diseases in
adulthood, including hormone-related cancers,'” a
higher risk of all-cause mortality,*” metabolic syndrome,
and cardiovascular disease.*” In view of these potentially
adverse consequences for health in later life, modifiable
factors influencing the timing of puberty are of endocri-
nological and public health relevance. So far, attention
has largely focused on secular increases in childhood
overweight and their relevance for secular changes in the
timing of puberty. These two secular trends coincide to
some extent in the United States and developing coun-
tries, but not in most European countries. Hence, nutri-
tional factors beyond overweight in the years preceding

pubertal onset as well as during prenatal and early post-
natal life may be of interest.

The purpose of this review, therefore, is to briefly
compare more recent secular trends in childhood over-
weight with those in the timing of puberty and to sum-
marize the available evidence regarding the role of other
nutritional factors in pubertal timing.

OVERWEIGHT AND THE ONSET OF PUBERTY

Secular trends in overweight and the timing of
menarche since 1960-1970

Since the increased prevalence of childhood overweight
is a relatively recent finding,'” this review focuses in
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Figure 1 Secular changes in the prevalence of overweight among children aged 4-12 years (data from'2°-%4),

particular on secular trends in childhood overweight and
the timing of puberty since 1960-1970. A limiting factor
for comparing secular changes in the timing of puberty
across different studies lies in the use of different markers
to characterize the timing of puberty. Furthermore, to
date, no comparable international data are available on
secular changes in the timing of puberty, as characterized
by the various Tanner stages. Therefore, only evidence
relating to age at menarche as an appropriately compa-
rable marker of pubertal timing is presented.

Data from nationally representative surveys of US
children shows that the prevalence of overweight
increased dramatically from 1976-1980 to 1999-
2004.""" A recent review of secular trends in the number
of overweight children concluded that the prevalence of
childhood overweight has doubled or tripled between the
early 1970s and the late 1990s in Australia, Canada,
Finland, France, Germany, the United Kingdom, and the
United States™ (Figure 1). In addition, childhood over-
weight is becoming an increasing problem in many devel-
oping countries' (Figure 1).

Between the mid-19" and the mid-20™ centuries,
the average age at menarche decreased remarkably in
both Western Europe and in the United States."!¢ This
trend paralleled increases in adult height in most Euro-
pean countries, with rates of around 10-30 mm per
decade.”” Since 1960-1970, ie., before overweight
emerged as a major health concern in children, this
decrease in menarcheal age has leveled off, come to a
halt, or even been reversed in European countries
(Figure 2A). In the Netherlands, the median age at

134

menarche decreased rapidly between 1955 and 1965, fol-
lowed by a decelerated decrease in 1980."* Examination
of menarcheal age in Denmark between 1965-1966 and
1982-1983 revealed a decrease;'® however, a subsequent
study in 1996 demonstrated a halt in the secular trend
toward earlier menarche.” In line with this finding, no
secular trend toward earlier menarche was found from a
nationwide representative sample of Finnish girls evalu-
ated from 1979 to 1989.”' Similarly, between 1965 and
1980, the mean age at menarche remained stable in
Iceland, at around 13.5 years.”” Furthermore, in the
Netherlands, the median age at menarche remained
unchanged from 1980 to 1997.” On the other hand, in
the United Kingdom, the trend toward a younger age at
menarche came to an end in girls in the 1950s, and a
subsequently modest increase in the age at menarche
was seen.” Similarly, in Belgium, the secular trend
toward increasing age at menarche seems to have
stopped in the early 1960s, even though a modest
increase has been observed since then.”®*® Furthermore,
the trend toward a later age of menarche was recorded
from 1977 to 1991 in Croatia.” In Sweden, a modest
increase of 0.1 year per decade in mean age at menarche
between 1986 and 2001 has been observed.”®

Among white girls in the United States, a slight
decrease (approximately —0.12 years/decade)®' or a
substantial halt*”® in the mean age at menarche was
observed since the 1960s. It is of interest that this halt or
decrease in mean menarcheal age occurred during a
period when the prevalence of overweight had just begun
to increase.
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Figure 2A Secular changes in the age at menarche in countries without consistent decline (data from'-28141142),

During the same period, the secular trend toward a
decrease in mean menarcheal age in the United States
continued in black girls, from 12.48 years in 1963-1970 to
12.14 years in 1988-1994.°** Similarly, secular trends
towards an earlier menarcheal age were also observed in
the following developing countries: Hong Kong,* Japan,*
India,”” and China® (Figure 2B). Since 1970-1980, the
prevalence of childhood overweight has increased mark-
edly in these countries. However, concurrent improve-

14.0

ments in living standards, hygiene, nutrition, and health
care, which are also considered to result in earlier sexual
maturation,” suggest that the increased prevalence of
childhood overweight may not be the sole contributor to
the decreased age of menarche observed in these devel-
oping countries.

In conclusion, the commonly implied parallel
between an increase in the prevalence of overweight and
a secular trend toward earlier timing of puberty is not a
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Figure 2B Secular changes in the age at menarche in countries with consistent decline (data from?®-37:33-39.143.144)
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universal finding, at least with regard to menarcheal age.
This suggests that the contribution of childhood over-
weight to the timing of puberty may have been somewhat
overemphasized.

Prepubertal body composition and the onset of
puberty: longitudinal evidence

Conclusions about the contribution of prepubertal body
composition to the timing of puberty can only be drawn
from longitudinal observational studies in humans. To
date, a number of such studies have addressed this issue.
However, most were conducted primarily in girls,*
and only the onset of menarche, a relatively late stage of
pubertal development, was addressed. These studies
showed that higher levels of prepubertal body mass in
girls are related to an earlier menarche. Table 1 presents
all of the longitudinal studies that investigated the
potential association of prepubertal body composition
with pubertal timing in both boys and girls, or in boys
only.

For both boys and girls, five longitudinal
analyses””' have demonstrated a role of body compo-
sition during prepuberty in the timing of puberty. Two
of these studies focused on secondary sexual character-
istics to characterize earlier (age at pubarche/thelarche,*
Tanner stage 2 for genital and breast development®') and
later (age at menarche,*® advanced Tanner stages*®*')
stages of pubertal development. In a retrospective analy-
sis of 2,897 Australian adults, Mamun et al.”! suggested a
positive association between higher body mass index
(BMI) at age 5 years and advanced pubertal stages at age
14 years. Using data from 259 Afro-Caribbean children,
Boyne etal.”® indicated that increased BMlI/height
during childhood was related to earlier age at pubarche,
and higher fat mass at age 8 years was associated with a
more advanced pubertal development. Two further
studies used growth-related markers to determine the
timing of puberty and to characterize earlier (age at
take-off [ATO]") and later (age at peak height velocity
[APHV]**") pubertal stages. In 2001, He and Karlberg™
showed that higher BMI in childhood was related to
earlier APHV in 3,650 Swedish children. Similarly, Aks-
glaede etal.” examined 156,835 Danish children and
found that higher prepubertal BMI was associated with
earlier ATO and APHV. In addition, an analysis of 215
children in the DONALD (DOrtmund Nutritional and
Anthropometric Longitudinally Designed) Study by
Buyken etal.* considered both sexual- and growth-
related pubertal markers to characterize earlier (ATO)
and later (APHV and age at menarche) stages of puber-
tal development. In that study, prepubertal body com-
position in both genders was critical for later pubertal
markers (APHV and age at menarche) but not for the
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initiation of puberty (ATO), i.e., higher prepubertal BMI
or fat mass index (FMI) was related to a shorter dura-
tion of puberty.

An association between higher prepubertal body
mass and earlier timing of puberty was also suggested in
two further longitudinal studies that included boys only:
a higher prepubertal BMI was associated with an earlier
age at voice break (assessed by the same experienced
otorhinolaryngologist) in 463 Danish choir boys™ or with
an earlier APHV in a retrospective analysis of 1,520
British men.”® By contrast, a recent prospective analysis
by Lee et al.* has shown that boys with a higher BMI
z-score trajectory during childhood experience their
pubertal onset at a later age, which indicates that the
association of prepubertal body mass with pubertal
timing might not be the same in boys as it is in girls.

In summary, evidence regarding the association
between prepubertal body composition and the timing of
puberty consistently suggests that girls with higher body
mass have an earlier timing of puberty with respect to
both sexual-related maturation markers and the later
growth-related markers, whereas the onset of the puber-
tal growth spurt was not influenced consistently. It is thus
not clear whether the influence of prepubertal body com-
position is more relevant to onset-of-puberty markers in
general or to puberty duration. Although, to date, most
studies suggested similar associations in girls and boys, it
cannot be precluded that the relevance of body composi-
tion in prepuberty for pubertal timing might differ for
boys.

Potential mechanisms underlying the influences of
body composition on the timing of puberty

Body fat mass is an important indicator of nutritional
status and is determined by genetic as well as pre- and
postnatal environmental factors. Body fat- or body size-
related peripheral hormones, such as leptin,” insulin,*
and insulin-like growth factor 1 (IGF-1),°**” may mediate
the body-composition-dependent variations of pubertal
timing in the following ways: deprivation of IGF-1 (e.g.,
in malnutrition) delays the onset of puberty and slows the
tempo of pubertal progression®; insulin resistance in
obese subjects is associated with compensatory hyperin-
sulinemia and decreased levels of sex-hormone-binding
globulin, resulting in increased sex steroid bioavailabil-
ity’’; and while leptin has been proposed to play a per-
missive role in the acceleration of puberty onset, it does
not appear to be the central element or “trigger” in the
timing of puberty.” In addition, aromatase, an enzyme
largely expressed in adipose tissues, converts adrenal
androgens to estrogenic sex hormones.”’ Although
various determinants of the pubertal process and their
network-like interrelations have yet to be identified and
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Figure 3 Schematic illustration of potential pathways via peripheral hormonal and hypothalamic signaling through
which nutritional and environmental stressors may influence pubertal markers.

specified, it is clear that the amplification of pulsatile
gonadotropin-releasing hormone (GnRH) secretion in
the central nervous system is one of the key elements
required for the onset of puberty.®*® In vitro and in vivo
experiments suggest that IGF-1, insulin, leptin, and sex
steroids may exert their effects on the reproductive axis
through influences on the secretion and the expression of
GnRH by hypothalamic neurons (Figure 3).

NUTRITION AND TIMING OF PUBERTY

Besides body composition, the role of nutrition, which
is an important lifestyle factor, in the timing of puberty
has been acknowledged increasingly. The influence of
nutrition in midchildhood on the onset of puberty
has been addressed variously. Furthermore, both
pre- and perinatal exposures have been identified as
potential determinants of pubertal timing in a number
of studies.

Nutrition Reviews® Vol. 70(3):133-152

Nutrition in midchildhood

To date, a number of prospective observational studies
have investigated the potential association of different
nutrient/food intakes in midchildhood with the timing
of puberty. These studies are summarized in Table 2 and
reviewed in the following section. Only four®* of the
above studies have prospectively analyzed the relevance
of nutrition in midchildhood for the timing of puberty
in both boys and girls. The other studies®*”®

ducted in girls only, and most’®”® of them focused on
only one pubertal marker, the timing of menarche,
which represents a relatively late stage of reproductive
development. In addition, the prepubertal time window
of 9-15 years of age analyzed in many studies®®”” may
have actually encompassed the onset of early pubertal
signs.

were con-

Energy intake (girls only). Since excess body fat mass
results from long-term energy imbalance, the role of
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energy intake has been analyzed in numerous prospective
observational studies in girls.®6%72-7476-78

No association between energy intake in childhood
and timing of menarche®®”>7*”® or stage of breast devel-
opment® was observed in six studies of US and European
girls. Furthermore, Moisan et al.”® reported an association
between higher energy intake at age 9.5-12.5 years and
earlier age at menarche in 666 Canadian girls, while Pet-
ridou et al.” found higher energy intake to be related to
later menarcheal age in 345 Greece girls aged 9-16 years.

In summary, the available evidence does not suggest
a consistent association between energy intake levels in
prepuberty and menarcheal age. In addition, due to
general methodological problems in assessing energy
intake, as well as the inconsistent adjustment for under-
reporting and body composition, it is difficult to compare
these studies.

Fat intake (girls only). Various prospective observational
studies in girls have examined whether fat intake, due to
its potential influence on estrogen metabolism,” is
related to age at menarche. Several of these studies®’*7*”
found no association, while others®®”'7*7¢® reported
associations between dietary fat intake and age at
menarche.

Four studies®’>7>”® found higher intakes of total fat
or polyunsaturated fatty acids (PUFA) were related to
earlier menarcheal age. Using data from 63 girls in the
United States, Berkey et al.*® suggested that total fat intake
at age 1-2 years was related to an earlier APHV. Similarly,
Merzenich et al.”? reported that higher levels of total fat
intake at age 7-14 years were associated with earlier age at
menarche. In addition, Maclure et al.”> suggested that a
higher intake of omega-3 fatty acids at age 10 years was
related to earlier menarche in 213 US girls. Similarly,
Rogers et al.”® observed an increased risk of early occur-
rence of menarche in 3,298 British girls with higher
PUFA intakes at ages 3 and 7 years.

By contrast, higher intakes of saturated fatty acids,
monounsaturated fatty acids (MUFA), or animal fat were
linked to a later age at menarche. Maclure et al.”” reported
that higher intakes of saturated fatty acids in 213 US girls
aged 10 years were associated with a decreased risk of
early menarche. Similar associations with higher MUFA
intake at age 9.5-12.5 years were reported by Moisan
etal’” in 666 Canadian girls. Furthermore, Koo et al.”!
analyzed data from 637 Canadian girls aged 6-14 years
and suggested that higher animal fat intakes were related
to a later age at menarche.

Taken together, these findings suggest that dietary
fat intake may be implicated in the timing of menar-
cheal age. However, the pattern with which different
fatty acids contribute to pubertal timing is difficult to
interpret, and mechanistic explanations are lacking. This

146

may reflect the fact that, in the 1990s, numerous
studies analyzed the relevance of dietary fat intakes for
various health-relevant outcomes. Emerging evidence
on the relevance of prepubertal body composition for
pubertal timing thus may have stimulated analyses on
the relevance of dietary fat intake for pubertal develop-
ment despite the absence of specific mechanistic
considerations.

Fiber intake (girls and boys). A recent longitudinal study
suggests that higher prepubertal estrogen levels predict
shorter pubertal growth spurt in both boys and girls.*
Age at menarche occurred earlier in girls with higher
prepubertal estrogen levels.*” Dietary fiber intake has
been proposed to influence pubertal development by
reducing the availability of circulating estrogen levels via
a number of potential mechanisms. These include the
following: 1) a reduced deconjugation of estrogen conju-
gates,” resulting in a reduced uptake of free estrogens via
the enterohepatic circulation; 2) increased fecal estrogen
excretion by binding of (deconjugated) estrogens®’; 3)
reduced bioavailability of estradiol due to increased
hepatic expression of sex hormone-binding globulin®;
and 4) direct action on the maturation or secretion of the
hypothalamus-pituitary-gonad system.”

To date, two prospective observational studies in
girls®”! have reported a delayed menarcheal age in rela-
tion to higher fiber intakes in childhood. Koo etal.”
reported a clear risk reduction of 0.54-fold for early
menarche among 637 Canadian girls whose fiber intake at
age 6-14 years was in the highest quartile (>25.5 g/day) in
comparison to girls with fiber intakes in the lowest quar-
tile (=18.2 g/day). The major contributors to this asso-
ciation were cellulose and insoluble fiber. Similarly, using
data from 63 Dutch girls, de Ridder et al.”’ reported a later
age at menarche and later breast development in those
with higher intakes of grain fiber at age 10 years. In addi-
tion, girls with lower intakes of grain fiber (<5.5 g/day)
had higher plasma concentrations of gonadotropins and
estradiol compared to girls with higher intakes of grain
fiber (<7.7 g/day).

However, three further studies did not confirm these
associations. Moisan et al.”” did not find an association
between fiber intakes at age 10-13 years and age at
menarche in 2,299 Canadian girls, which was confirmed
by a later report from the same group of investigators in
a case-control analysis of 666 girls.”® Using data from the
DONALD Study, Cheng etal.®® analyzed the potential
influence of fiber intake on the timing of puberty in 227
German girls and boys using various pubertal markers
indicative of both earlier and later stages of pubertal
development. These included markers of sexual matura-
tion (Tanner stage 2 for breast development/testicular
volume, and age at menarche/voice break) and growth
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development (ATO and APHV). Neither total fiber intake
nor fiber intake from different sources was related to any
pubertal markers in either girls or boys.

These contrasting findings may be related, in part, to
the fiber intake levels, which were particularly high in the
two studies reporting an association of fiber intake with
menarcheal age. On the other hand, since grain fiber is the
major source of dietary isoflavones in Western diets,* the
association of fiber intake - mainly stemming from
grains — with the timing of puberty may, to some extent,
reflect an effect of dietary isoflavones.

Dietary isoflavone intake (girls and boys). Isoflavones,
which are structurally and functionally similar to endog-
enous estrogens,” have been proposed to be relevant for
pubertal development thanks to two factors: 1) their
inhibitory actions on the activity of aromatase® (the rate-
limiting enzyme that converts androstenedione and test-
osterone to estrone and estradiol, respectively®”’) and
17B-hydroxysteroid dehydrogenase® (which catalyzes the
interconversion of the relatively inactive 17B-keto ste-
roids to active 17B-hydroxyl sex steroids®); and 2) their
direct interaction with estrogen receptors® due to a struc-
ture similar to that of estradiol.”

To date, evidence for a potential influence of dietary
isoflavones on the timing of puberty stems only from a
recent analysis of the DONALD Study. Examining data
from 227 German girls and boys, Cheng et al.*® reported
that girls (n=119) whose dietary intake of isoflavones
was in the highest tertile (=423 pg/day) experienced their
Tanner stage 2 for breast development approximately 0.7
years (~8 months) later and reached their peak height
velocity approximately 0.6 years (~7 months) later than
girls whose intake was in the lowest tertile (=22 ug/day),
controlling for prepubertal BMI and fiber intake.
However, dietary isoflavone intakes were not found to be
implicated in the timing of puberty in boys.

While this study has shown a strong association,
further studies are needed before firm conclusions on the
relevance of dietary isoflavones for the timing of puberty
can be drawn. In particular, prospective data that investi-
gate the complex interplay of “nutritional estrogens” and
endogenous estrogen levels are warranted.

Protein intake (girls and boys). Due to its stimulatory
effect on IGF-1 secretion® (Figure 3), animal protein
intake during prepuberty may be of relevance. Giinther
et al.% observed that boys and girls aged 5-6 years whose
animal protein intake was in the highest tertile experi-
enced their ATO, APHV, and menarche/voice break
approximately 0.6 years (~7 months) earlier than boys
and girls whose intake was in the lowest tertile. Similarly,
Berkey et al.*®® found that 3-5-year-old girls with a 1 stan-
dard deviation (SD) higher animal protein intake
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(approximately 8 g/day) experienced menarche 0.63
years (~7 months) earlier. Furthermore, in 3,298 British
girls, the risk of early occurrence of menarche increased
by 1.17-fold per 1 SD increase in animal protein intake
(approximately 1.1 g/day).”® Although dietary animal
protein intake may increase adrenarchal androgen secre-
tion in children,” Remer et al.¥” demonstrated that the
association between animal protein intake and ATO,
APHYV, and menarche/voice break was independent of the
effects of adrenal androgens. However, animal protein
intake was not associated with age at onset of breast,
genital, and pubic hair development,” which may be
relevantly modulated by the maturation of the
hypothalamic-pituitary-adrenal (HPA) axis.®

Three studies®”®”® have addressed the relevance of
animal-protein-contributing food groups. Protein intake
from cow milk and dairy products is suggested to stimu-
late the secretion of IGF-1. ** Giinther et al.*® found that
5-6-year-old children whose protein intake from cow
milk and dairy products was within the highest tertile
experienced ATO approximately 0.4 years (~5 months)
earlier than children in the lowest tertile. Conversely,
Rogers et al.”® reported that a higher meat intake in child-
hood was strongly associated with earlier age at
menarche, i.e., the risk of early occurrence of menarche
was 1.57-fold higher for girls in the category with the
highest meat intake (>8 portions/week) than for girls in
the lowest category (<4 portions/week). This finding is in
line with a previous analysis by Kissinger and Sanchez,”
who used data from 230 US girls and showed that those in
the highest quartile of meat intake reached menarche 6
months earlier than girls in the lowest quartile.

To date, three observational studies have focused on
the association of vegetable protein intake in childhood
with the timing of puberty in girls® and in both gen-
ders.*® de Ridder et al.” reported an association of higher
vegetable protein intake with later breast development in
63 Dutch girls. Berkey et al.*® suggested that girls aged 3-5
years with a 1-SD higher vegetable protein intake
(approximately 3 g/day) experienced menarche 0.87
years (~10 months) later. Similarly, in a recent analysis of
the DONALD Study, Giinther et al.*® reported that 3-4-
year-old children whose dietary intake of vegetable
protein was in the highest tertile reached their ATO,
APHYV, and menarche/voice break approximately 0.5
years (~6 months) later than children whose intake was in
the lowest tertile. Due to the high content of dietary
isoflavone or fiber intake in a number of plant foods and
the negative association of vegetable protein intake with
animal protein intake, studies that analyzed the associa-
tion of vegetable protein intake in childhood with the
timing of puberty may indirectly have addressed the
effect of prepubertal dietary isoflavone/fiber/animal
protein intake on the timing of puberty.
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In summary, current evidence consistently suggests
dietary protein intake is relevant for the timing of
puberty; ie., children with a higher vegetable protein
intake may experience both earlier and later stages of
pubertal development, up to 0.6 years (~7 months) later,
while a prepubertal diet rich in animal protein, i.e., milk,
dairy products, and/or meat, appears to be related to an
earlier pubertal development of up to 0.6 years (~7
months).

Dietary micronutrients (girls only). It has been hypoth-
esized that carotenoids may exert a peripheral antiestro-
genic effect, such that they could perhaps interfere with
the release of low concentrations of gonadotropins and
prolactin.”? Moreover, lower intakes of vitamin C and
B-carotene have been shown to be associated with higher
leptin concentrations in children aged 6-14 years,” and
leptin has been proposed to be a signal for puberty onset
(Figure 3).

Using data from 213 girls in the United States,
Maclure et al.” reported that higher vitamin A intake in
girls was related to earlier age at menarche. In contrast, a
prospective study of 666 Canadian girls”® found that
higher vitamin A intake was associated with a later age at
menarche. In contrast to the finding that lower vitamin C
intake is associated with higher leptin concentrations,”
which may, in turn, predispose to an earlier timing of
puberty,”* Moisan etal.”” found that lower vitamin C
intakes at age 10-13 years were related to a later menar-
cheal age in 2,299 Canadian girls.

In addition, in 3,298 British girls, higher intakes of
magnesium at age 10 years, or of zinc at age 7 years, were
related to an earlier menarcheal age.”® These associations
may partly reflect the fact that meat is a good source of
bioavailable zinc and, to some degree, of magnesium as
well. Finally, Kissinger and Sanchez” reported that 230
US girls with higher intakes of thiamine or iron at age
9-15 years had a later menarcheal age.

Taken together, the currently available findings
regarding the influence of micronutrients on the timing
of puberty are controversial. In particular, possible
mechanisms mediating potential associations of micro-
nutrients with the timing of puberty should be unraveled.

Dietary quality (girls and boys). It is conceivable that
macronutrients, micronutrients, and/or food groups may
influence puberty onset through their combined effects.

To date, the association of overall dietary quality in
childhood with the timing of puberty has only been
investigated in the DONALD Study,* which found
higher dietary quality in prepuberty to be associated with
later ATO in both boys and girls. In this study, higher
dietary quality was defined as adherence to nutrient-
specific recommendations; i.e., a higher dietary quality
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was characterized by a lower intake of total fat and higher
intakes of carbohydrates, fiber, and micronutrients. Chil-
dren with higher dietary quality experienced their puber-
tal growth spurt approximately 0.4 years (~5 months)
later than children with lower dietary quality. This asso-
ciation was observed independently of prepubertal body
composition.

In this analysis, overall dietary quality was defined by
a dietary quality index, which is an a priori dietary pattern
created on the basis of previous knowledge.” Dietary
quality indices do not consider the correlation structure
of foods and nutrient intakes. In this context, the statisti-
cal method known as reduced rank regression®® may be
worth considering in future analyses, since it would allow
the extraction of a food pattern that maximally explains
the variation of hormones. Such a pattern can then be
evaluated in its ability to predict the timing of pubertal
markers. In conclusion, initial prospective observational
data from the DONALD Study suggests that dietary
quality in childhood is relevant for the timing of puberty.

Nutrition in early life

Breastfeeding — direct evidence. Nutrition during early life
might also play an important role in the timing of
puberty. Direct evidence for such a link is largely con-
fined to studies investigating the association of breast-
feeding with pubertal timing. Prospective studies have
not, however, found an independent association of
breastfeeding with age at menarche, %7 ATO, or
APHV.” In line with this is the observation from the
DONALD Study that protein intake in early childhood
(1-2 years) is not critical for the timing of early and late
pubertal markers.®

Birth weight - indirect evidence. Nutritional imbalances
during pregnancy may be implicated in the programming
of the fetal metabolism, including the setting of the
hypothalamic-pituitary axis** on the one hand, and of
insulin resistance and body composition on the other
hand, which could, in turn, trigger subsequent hormonal
changes affecting pubertal timing® (Figure 3). To date,
evidence linking prenatal nutritional imbalances to the
timing of puberty is only indirect, using birth weight as a
marker of the intrauterine environment. Nutritional
factors during pregnancy that have been discussed in
relation to an influence on birth weight range from mal-
nourishment'” to deficiencies in micronutrients vitamin
B2, or docosahexaenoic acid intake.'”" A recent study has
suggested maternal vitamin D status in early pregnancy
may play a role in both birth weight and subsequent
growth velocity.'” With respect to the timing of puberty,
a lower birth weight has been related to an earlier
menarche.**'®'% The DONALD Study confirmed
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this association for other pubertal markers (ATO and
APHYV) in both boys and girls.”

Interactions of pre- and postnatal influences. It has been
suggested that the postnatal nutritional environment will,
to some extent, override prenatal nutritional influences
(e.g., prepubertal nutritional deprivation will result in
delayed sexual maturity, irrespective of prenatal
influences).'” On the other hand, lower birth weight
predisposes to rapid weight gain among those who
encounter — in contrast to what they had “anticipated” in
the uterus - a sufficient or even excessive nutrient supply
(mismatch theory).'” Rapid weight gain during infancy
and early childhood has, in turn, repeatedly been linked
to a notably earlier onset of menarche**'**' and other
early and late pubertal markers.***>'” In line with the
mismatch theory outlined above, pre- and postnatal
genetic/intrauterine and nutritional influences appear to
interact; i.e., infants with a lower birth weight and subse-
quent rapid weight gain during childhood will experience
the earliest puberty onset.*>*710>108-110

Environmental stressors in relation to nutrition

Apart from nutrition (both in midchildhood and in early
life), a variety of stressors, including psychosocial''! and
physical (e.g., nutritional deprivation and excessive
physical exercise) stress forms, may influence pubertal
maturation. Delayed pubertal development has been
demonstrated in highly trained runners'>'" and elite
gymnasts,'"* who usually have increased glucocorticoid
levels induced by chronic activation of the HPA axis.!'>!'¢
When in excess, glucocorticoids can inhibit growth
hormone secretion,'"” linear growth, and skeletal matura-
tion in children''®""’; they may also suppress the func-
tioning of the hypothalamic-pituitary-gonadal axis
(140,141,142). However, few studies investigating the
influence of nutrition on the timing of puberty have
taken physical activity into account, and most of them
used semiquantitative data. Thus, the extent to which
physical activity may relevantly modify nutritional influ-
ence on pubertal timing remains to be determined.

CONCLUSION

The contribution of childhood overweight to an earlier
timing of puberty, although obviously existing, may have
been overemphasized, since secular trends toward an
earlier age at menarche have not been a universal finding
during the recent obesity epidemic. Nonetheless, evidence
is convincing that girls with higher prepubertal body
mass commonly experience an earlier menarche.
Whether the importance of prepubertal body composi-
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tion extends to other pubertal markers is uncertain,
because menarche (as the endpoint of a complex
sequence of maturational events) is primarily controlled
by hypothalamic-pituitary-ovarian maturation, whereas
initiation of breast and pubic hair development may be
relevantly modulated by the maturation of the HPA axis.
Therefore, different pubertal events might respond differ-
ently to the influence of environmental or peripheral
signals, and in this regard, boys and girls also appear to
respond differently, at least in part.

The recent focus on the relevance of overweight has
shifted from nutritional factors that affect the timing of
puberty to those related to energy imbalance. Current
observational studies show magnitudes of associations
between dietary factors and the timing of puberty that are
in the order of effect sizes observed for endocrine factors;
for example, children with a more intensive adrenarchal
process (i.e., in the highest group of adrenal androgen
excretion) experience onset of breast and genital devel-
opment 9 months earlier. Similarly, children with the
highest intakes of vegetable proteins or animal protein
experience at least their growth-related puberty onset up
to 7 months later or 7 months earlier, respectively, than
children in the lowest groups. Moreover, girls with the
highest levels of dietary isoflavone intake may experience
their onset of breast development and reach their peak
height velocity approximately 7-8 months later than girls
with the lowest levels of intake. Delays in pubertal timing
in response to beneficial dietary habits (higher intakes of
vegetable protein and isoflavones, and lower intakes of
animal protein) may be of substantial public health rel-
evance: A later age at both peak height velocity and
menarche is related to a reduced risk of breast cancer, and
a later menarcheal age is also associated with a lower total
mortality. Hence, a delay in the timing of puberty by
approximately 7-8 months that is achievable with dietary
modifications may translate into a 6% reduction in breast
cancer risk and an up to 3.4% decrease in total mortality.
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