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Abstract

The timing of puberty has important public health, clinical, and social im-
plications. The plasticity of sexual development onset could be a mechanism
that adapts to prevailing environmental conditions. Early-life nutrition may
provide cues for the environment’s suitability for reproduction. This review
focuses on recent developments in our understanding of the role of diet
in the timing of sexual maturation. Population-based observational studies
consistently indicate that childhood obesity is related to the earlier onset of
puberty in girls. Similarly, intake of animal foods has been associated with
earlier sexual development, whereas vegetable protein intake is related to de-
layed maturation. Evidence for prenatal nutrition, infant feeding practices,
and childhood intake of fat, carbohydrate, and micronutrients is inconsistent.
Secondary analyses of prenatal and early-life randomized nutritional inter-
ventions with extended follow-up through peripubertal years would help
clarify the role of nutrition in the timing of sexual maturation.
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INTRODUCTION

Puberty encompasses a series of physical and psychosocial changes during the transition from
childhood to young adulthood that prepare the human body for reproduction. These changes
affect body size, shape, and composition and involve the maturation of the reproductive organs
and the acquisition of secondary sex characteristics.

From a physiological standpoint, the onset of puberty follows the disinhibition of the
hypothalamic-pituitary-gonadal axis, which results in progressive amplifications of the pulsatile
secretion of gonadotropin-releasing hormone (GnRH) by hypothalamic neurons. The childhood
restraint on the GnRH pulse generator may be caused in part by proteins involved in ubiquitination
(e.g., makorin RING-finger protein 3) that are abundantly expressed in the hypothalamic arcuate
nucleus during brain development. The release of this restraint toward the end of childhood may
be mediated by leptin levels and increased expression of neuropeptides, including neurokinin B
and kisspeptin and their receptors (45). GnRH stimulates the pulsatile release of luteinizing hor-
mone (LH) and, to a lesser extent, of follicle-stimulating hormone (FSH) by the pituitary. These
two gonadotropins act on different gonadal cells to stimulate production of sex hormones. LH
acts on ovarian interstitial (theca) cells to promote synthesis of estradiol’s androgenic precursors
and on testicular Leydig cells to induce testosterone secretion. FSH acts on ovarian granulosa
cells and testicular Sertoli cells to promote gametogenesis (9).

Sex hormones are responsible for the physical manifestations of puberty. These include the-
larche, the onset of breast development; pubarche, the appearance of pubic hair; gonadarche,
the onset of sex hormone production by the gonads; menarche, the initiation of menses; and
spermarche, the appearance of spermatozoa in semen (9). Pubertal changes in pubic hair, char-
acteristics of external genitalia in males, and breast development in females are conventionally
described in terms of five progressive physical stages as defined by Tanner (86). Thelarche and
pubarche consist of the transition from Tanner stage 1 to Tanner stage 2. Testicular growth is
an additional parameter sometimes used in sexual development research; specifically, reaching an
estimated volume of 4 mL is conventionally considered the first recognizable enlargement of the
testis and an indicator of puberty onset.

The sequence of these events varies substantially at the population level and is seldom the
parameter of interest in epidemiologic research. Instead, puberty onset is usually defined in terms
of reaching one of these milestones, particularly those that can be measured reliably and at low
cost in population studies. In this review, the onset of puberty is used interchangeably with the
appearance of any of these measurable physical manifestations.

The timing of puberty has important public health ramifications because it is related to a number
of health outcomes (38). Early puberty is associated with adolescent alcohol abuse, smoking, drug
use, early sexual debut, sexually transmitted infections, teenage pregnancy, aggressive behavior,
and poor academic performance (28, 29, 37). In the long term, the early onset of puberty has
been related to breast and endometrial cancers, obesity, type-2 diabetes, cardiovascular disease,
and all-cause mortality (16, 21, 27, 43). Timing of puberty is also relevant from a public health
perspective because it has been associated with a large number of environmental exposures that
may be amenable to intervention.

A hypothesized increase in age at menarche from the Neolithic period to the Industrial Rev-
olution (36) and its well-documented decline during the past two centuries (30, 46) indicate that
the onset of puberty is responsive to changes in the environment. Although the exact nature of
those changes remains uncertain, population-based studies have linked variability in the timing of
puberty with socioeconomic conditions, psychological factors, environmental toxicants, physical
activity patterns, and nutritional exposures (17, 94). Of these environmental influences, nutritional
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factors are among the most relevant. From an evolutionary perspective, the age at initiation of
reproductive capacity may have been subjected to selective forces that tended to maximize chances
for reproduction and offspring survival. Environmental availability of energy, protein, and nutri-
ents, which are necessary for sustaining pregnancy, lactation, and offspring’s physical and cognitive
development, could have driven this selection. Early-life nutrition could provide organisms with
cues to the suitability of the environment for successful reproduction. The plasticity of age at onset
of puberty, evidenced in its high variability across human populations and through recent secular
trends, could be a mechanism that has adapted to favor the initiation of reproductive capacity
when its probability of success is maximized. This review emphasizes recent developments in the
study of nutritional influences on the timing of puberty from an epidemiological perspective.

PRENATAL NUTRITION

The intrauterine nutritional environment may have long-term effects on human development and
health. Nutritional-related endocrine abnormalities during pregnancy could affect the hormonal
milieu of the developing fetus and, in theory, affect its tempo of maturation later in life. Neverthe-
less, epidemiologic evidence suggesting that nutrition plays a causal role during pregnancy in the
offspring’s timing of sexual maturation is insufficient. Maternal height, an indicator of women’s
early socioeconomic status, nutrition, and exposure to infections, has been associated with later
age at menarche in daughters in some (1) but not all (50) studies. Maternal obesity around the
time of conception is related to altered secretion of adipokines, insulin resistance during preg-
nancy, and obesity in the offspring (6, 20). Whether these factors could alter the onset of puberty
is uncertain. Prepregnant overweight and obesity have been related to younger age at menarche
in some cohort investigations (23, 50); nevertheless, this association may not necessarily repre-
sent a causal effect but could instead be a result of shared genetic or environmental factors. One
study reported a weak, U-shaped association between gestational weight gain and the risk of early
menarche in the offspring (10), but this relation was not independent of prepregnancy weight in
another investigation (23).

Studies of obesity-related obstetric complications and timing of puberty in the offspring are
few and inconclusive. Preeclampsia has not been related to timing of puberty (71, 74), whereas the
potential effects of gestational diabetes have not been addressed. Indicators of intrauterine growth
are crude measures of the maternal nutritional status. Early studies suggested that intrauterine
growth retardation may be related to earlier onset of sexual development (1), but more recent
evidence does not support this view (5).

From copregnancy controlled investigations in which siblings with discordant timing of puberty
onset are compared in relation to maternal exposure status during each pregnancy, one could infer
whether maternal energy balance plays a causal role on offspring’s age at maturation. Follow-up
of offspring from participants beyond puberty in randomized interventions during pregnancy
would also offer opportunities to estimate the causal effects of maternal nutrition on timing of
sexual development. Nutriomics studies of maternal or cord blood samples stored in biological
repositories of long-term birth cohorts could similarly shed light on the role of intrauterine
nutrition on the onset of puberty.

INFANT FEEDING

The effect of breastfeeding on child growth is a matter of debate. Early studies showed inverse
associations between breastfeeding duration and later development of adiposity. Nonetheless, an
emerging body of evidence suggests that breastfeeding may not have a causal effect on childhood
obesity (84). Its role on the timing of sexual development remains uncertain.
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A few longitudinal studies have examined the association between breastfeeding and the onset
of puberty, with inconsistent results. In an investigation of Hong Kong Chinese children, breast-
feeding (defined as never, partial, or exclusive ≥3 months) was not associated with age at pubertal
onset (57). Similarly, among 215 German children, no relation was found between exclusive breast-
feeding ≥4 months and age at pubertal growth spurt, an outcome closely related to the timing of
puberty (49). Prospective studies in Germany (40), Great Britain (8), and the midwestern United
States (85) found no independent relation between breastfeeding and menarcheal age. In a study
of 101 5-year-old girls and boys from the United States who were either predominantly breastfed
or predominantly formula fed, investigators found no difference in reproductive organ volumes
or characteristics (4). However, these children were too young to have undergone puberty.

In other studies, breastfeeding was related to the later onset of puberty. A study of 1,237 girls in
the United States found that, compared with those fed formula, girls who had been predominantly
breastfed had a significantly lower probability of initiating breast development at 6–8 years of age
(48). Although the study estimates were adjusted for potential confounding by maternal and family
characteristics, the interpretability of the results is limited because adjustment also included body
mass index (BMI) in childhood, a variable that could be a mediator in the causal pathway. In a study
of 219 Korean children, after adjusting for age and sex, those who were breastfed for ≥6 months
had lower odds of reaching a Tanner stage ≥2 at 9 years of age compared with children who were
breastfed for <6 months (58). In a prospective investigation of 994 Filipino girls, every month of
exclusive breastfeeding was associated with a 6% lower probability of menarche over the follow-
up period after adjusting for socioeconomic, maternal, and birth characteristics (3). Contrary to
these studies, an investigation of 770 Filipino boys found that those who were breastfed as infants
had a faster height velocity from birth to 6 months, which was inversely associated with pubertal
maturation, than did boys who were not breastfed (56).

Drawing causal inference from these studies is hampered for several reasons. First, the def-
inition of breastfeeding was highly heterogeneous with respect to type and/or duration. The
measurement of breastfeeding could have been subject to recall bias because it was assessed retro-
spectively in most studies. Second, many of the studies had large losses to follow-up, which could
result in selection bias if both infant feeding practices and pubertal stage affected retention. Third,
most studies were restricted to girls, which hinders the generalizability of findings; in addition,
some of the investigations that included both girls and boys did not present results stratified by sex
(58). Fourth, observational studies are subject to residual confounding, and some of the analyses
(48) may have incurred overadjustment bias. Finally, publication bias might partly explain a pre-
ponderance of published studies showing apparent breastfeeding effects that may be considered
beneficial. Secondary analyses of randomized breastfeeding interventions in which follow-up has
been extended throughout puberty (65) are warranted to clarify the effect of infant feeding on the
timing of sexual development.

EARLY LINEAR GROWTH

Childhood nutrition affects linear growth patterns, and some evidence suggests that these patterns
may be related to the timing of sexual maturation. A prospective study of 2,083 Brazilian girls
showed that those with rapid growth from ages 19 to 43 months were 42% significantly more likely
to experience menarche before age 12 years than were girls with slower growth, after adjusting for
sociodemographic factors and maternal characteristics (68). In that study, rapid growth was defined
as a change in height-for-age z-score ≥0.67. Similarly, British girls with the highest growth rates
from 2 to 7 years of age had the earliest menarche (26). Few studies have examined this association
in boys. Among 770 Filipino boys, those in the highest tertile of height growth velocity from birth
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to age 6 months reached puberty earlier, according to pubic hair Tanner staging, and had higher
testosterone levels at 15–16 years of age than did those in the lowest tertile (56). These results
could nonetheless be biased by overadjusting for height velocities from 6 to 24 months of age.

From these studies we cannot determine whether early linear growth per se is causally related to
the timing of sexual maturation. High linear growth velocity encompasses several heterogeneous
mechanisms (e.g., catch-up growth versus rapid growth) and can be the result of many different
environmental influences. Growth in height could lie on a causal path from early growth retarda-
tion or could be a proxy for different exposures (e.g., diet, infections) with varying distributions
across populations. In addition, an association between the tempo of linear growth and the timing
of sexual development could be the result of genetic common causes.

CHILDHOOD OBESITY

The potential effect of early-life energy balance on the timing of sexual development was first
observed in animal experiments conducted in the 1960s (51). In the 1970s, Frisch et al. noted
that whereas age at menarche was highly variable across human populations, attained weight at
menarche seemed relatively homogeneous (31, 33). Further research led them to hypothesize that
the onset of puberty in girls was triggered only when total body fat reached about 17% (32).
Although this hypothesis generated controversy (89), further epidemiologic studies supported
the role of energy balance, as reflected on body size during childhood, on the timing of sexual
development.

In girls, studies have shown a consistent link between higher adiposity during childhood and
earlier puberty (59, 63, 81, 91). For example, Wang et al. (91) followed 856 infants from the
North Carolina Infant Feeding Study and found that higher weight gains in intervals from 0 to
2 years were associated with earlier menarche, compared with lower weight gains. Similarly, Lee
and colleagues (59) showed that BMI z-scores and changes in BMI z-scores from 36 months to
6–7 years of age in girls from the United States were positively associated with early puberty,
according to Tanner staging and menarcheal age. Childhood obesity may also be related to the
rapid progression of sexual development, but current evidence is circumscribed to a relatively
small study (13).

Among boys, the relation between adiposity in childhood and sexual maturation is controversial.
Whereas some studies found a positive association between early-life BMI and the onset of puberty,
others showed the opposite. A population-representative longitudinal study of Swedish children
found that every unit of BMI was related to a 0.6-year earlier age at peak height velocity (APHV)
in boys (44). However, a study of 705 boys from the United States showed that those with the
fastest BMI trajectory from ages 2 to 11.5 years were less likely to have reached puberty during
follow-up, according to objectively staged genital development, than were boys in the lowest BMI
trajectory (60). One potential explanation for these discrepancies is that the relation between BMI
and puberty could be nonlinear; i.e., overweight may be associated with early puberty, whereas
more severe obesity may be related to late puberty (88). Information bias could also explain these
inconsistencies because assessment of puberty onset in boys is less reliable than it is in girls,
especially when the measures are self-reported (79). A potential effect could be related to the
development of obesity during specific periods of childhood that may not have been examined in
all studies. Finally, the definitions of early-life overweight, obesity, and adiposity have been highly
variable.

The Frisch hypothesis could also be considered in the context of low levels of adiposity. Girls
and boys who undergo intensive physical training have lower body fat percentages and BMI (12)
and have a later pubertal onset than do children with more body fat. Elite gymnasts and ballet
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dancers tend to experience menarche later than the general population (34, 35, 64). Although
studies among males are lacking, the relation between body fat and pubertal timing may be different
in boys than in girls. One investigation showed that, while body fat percentages were lower
among male gymnasts compared with age-matched nongymnasts, there was no difference in genital
or pubic hair Tanner staging (41). In that study, however, body fat percentage at the time of
assessment did not necessarily correspond with the prepubertal body fat percentage.

One potential mechanism to explain the triggering of puberty by accruing a critical amount
of fat could be related to leptin. Leptin, an adipokine produced by adipose tissue, could induce
expression of kisspeptin (83), a neuropeptide involved in releasing the prepubertal restraint on
the GnRH pulse generator. Another potential mechanism is seen when adipose-related signals
involving insulin-like growth factor (IGF)-1, insulin, leptin, adiponectin, and C-reactive protein
act aggregately to alter the expression of sex hormone binding globulin, a protein associated
with the initiation of puberty (76). Long-term follow-up of children participating in randomized
interventions to prevent excessive weight gain or to promote weight loss could provide critical
evidence on the causal effect of early-life adiposity on the timing of sexual maturation.

CHILDHOOD PROTEIN INTAKE

Early studies of total protein intake in relation to the onset of puberty were null (22, 55). However,
further studies of specific sources of protein provided insights into the potential effects of this
macronutrient on the timing of sexual maturation. The effects may vary according to protein
sources.

Some evidence indicates that animal protein intake during childhood may be related to the
earlier onset of puberty. In a small study of girls from the United States, total animal protein
intake at 3–8 years of age was related to earlier menarche and APHV (7), whereas among German
boys and girls, intakes of total and animal protein at 5–6 years of age were related to early APHV,
menarche in girls, and voice break in boys (40).

Specific animal food groups that have been examined in relation to the timing of sexual matu-
ration include dairy products and meat. Gunther and colleagues (40) reported that protein intake
from cow milk and other dairy was related to earlier pubertal growth spurts and APHV among
112 German boys and girls. Similarly, in a prospective study of 134 Iranian girls, those with milk
intake at ≥34 g per day at 9 years of age had higher odds of early menarche at or before age
12 years than did girls with milk intake at <34 g per day (78). Using data from the National
Health and Nutrition Examination Survey, Wiley et al. (93) found that higher milk consumption
at ages 5–12 years among 2,057 girls from the United States was associated with an earlier age at
menarche. In other studies, dairy intake has not been related to the onset of puberty (15).

Meat intake has also been implicated in the timing of puberty. Among 3,298 girls from South-
west England participating in the Avon Longitudinal Study of Parents and Children (ALSPAC),
those with the highest meat intake at 3 and 7 years of age had greater odds of menarche at age
12.5 years as compared with girls in the lowest meat intake category (80). Of note, intake at age
10 years was not related to menarche, which could indicate an age-specific effect. In the Bogotá
School Children Cohort, red meat intake at 8 years of age, on average, was inversely related to
age at menarche among 456 girls (47). Girls who consumed red meat at least twice daily had a
statistically significant, adjusted 64% higher probability of menarche during follow-up compared
with girls with red meat intake frequency at <4 times per week. Similarly, in a cross-sectional
study of 422 Korean children, adherence to a “shellfish and processed meat” dietary pattern was
significantly, positively related to breast development staging after adjusting for age, body fat, and
bone mineral content (61). Another investigation found that girls who consumed meat at ages
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9–15 years reached menarche an average of 6 months earlier than did girls with a vegetarian diet
in childhood (53), although the estimates were not adjusted for potential confounding. Carwile
et al. (15) reported no association between peri-pubertal meat intake and age at menarche in
5,583 girls from the United States, after adjusting for sociodemographic and nutritional potential
confounders.

Many reasons could explain the discrepancies across studies. One potential reason is the age at
assessment of exposure. Some researchers have proposed that animal protein intake in early child-
hood may predict an early onset of puberty, whereas prepubertal intake may be less relevant (80);
however, the mechanisms to explain these potential age-specific exposure effects are unknown.
Differences in the dietary assessment methods used may be another explanation. Assessment of
intake with a single-day measure (e.g., 24-h recall) (53, 78, 93) may induce attenuation of the as-
sociations. Adjustment for body composition (7, 61), a potential intermediate variable, could also
impact the results. And finally, differences in exposure variability across populations may explain
discrepancies between studies.

The potential effects of animal foods, especially dairy, on the timing of puberty have been
attributed to a protein-mediated stimulation of IGF-1 secretion (52). Higher circulating levels of
this hormone during childhood have been related in some studies to an earlier onset of puberty
(87). Nonetheless, animal foods are also sources of other nutrients, notably some micronutrients
and fatty acids, that may also play a role in the timing of sexual maturation. Available evidence is
reviewed in the sections below.

In contrast with the studies suggesting a role for animal protein sources in early sexual develop-
ment, intake of vegetable protein sources during childhood has been related to the delayed onset of
puberty. For example, analyses of the Dortmund Nutritional and Anthropometric Longitudinally
Designed Study showed that children in the lowest tertile of vegetable protein intake at 3–4 years
of age had an earlier APHV than did children in the highest tertile (40). Similarly, Berkey et al.
(7) showed that levels of vegetable protein intake were positively correlated with age at menarche
and APHV. In another investigation, girls in the upper quartile of nuts, grains, and beans intake
at baseline had a later menarcheal age than did girls in the lowest quartile of intake (53).

Despite the consistency of results across studies, we cannot conclude that the associations
between vegetable protein intake and the onset of puberty are causal. Confounding by fiber intake
(22, 54) or other nutrients, including isoflavones, could also explain the findings. Soy isoflavones
exert weak estrogenic effects that could influence pubertal development. Cheng et al. (18) reported
that childhood isoflavone intake was related to a later age at menarche in German girls, although
estimates were adjusted for baseline body composition, a potential intermediate. In contrast, a
longitudinal study of 2,920 British girls found an inverse association between soy infant formula
intake and age at menarche (2). In one cross-sectional investigation of 339 Seventh-Day Adventist
girls, intake of total soy, soy-containing meat alternatives, tofu/traditional foods, or soy beverages
was not related to age at menarche, but estimates were adjusted for BMI (82).

DIETARY FAT

Results of studies to determine the association of total fat intake during childhood and the onset of
puberty are inconsistent. Whereas some studies have reported inverse associations between total
fat intake at ages 1–2 years or 8–12 years and the age at onset of puberty (67), others have found a
lack of an association (22, 55, 80) or a positive association (54). In a randomized controlled trial of
663 children ages 8–10 years with elevated low-density lipoprotein cholesterol, limiting total fat
intake to 28% of total calories did not result in differences in age at menarche (24). However, girls
in the intervention group had lower concentrations of estradiol during the follicular phase of the
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menstrual cycle and higher testosterone during the luteal phase of the menstrual cycle than did
girls in the control group. These results were restricted to the postmenarcheal period, which could
suggest an effect of total fat on slowing the maturation of the hypothalamic-pituitary-ovarian axis.
Among boys, no differences were noted in testicular volume or Tanner stage progression, and sex
hormones as well as binding protein concentrations were similar between treatment groups (25).

From the biological and public health standpoints, it is more relevant to identify the potential
effects of fat quality than to identify those of total fat. The relations between types of fat and
the onset of puberty have been examined in a few investigations, with varying results. They are
summarized below.

Saturated Fat

Longitudinal studies in girls from the United States (22, 62), Canada (70), and Greece (75) have
not found an association between saturated fat intake and age at pubertal onset. However, in most
of these studies (22, 62, 75), estimates were adjusted for child anthropometric measures, which
could be mediators on the causal pathway.

Monounsaturated Fat

In cohort (54) and case-control (70) studies of Canadian girls, prepubertal intake of monounsat-
urated fatty acids was inversely associated with age at menarche. In one of the studies (54), the
association was attenuated after adjusting for covariates including baseline body weight. Con-
versely, in a study of 213 girls from the United States, Maclure et al. (62) found a positive relation
between oleic acid intake at age 10 years and age at menarche, although these estimates were also
adjusted for height and weight at the time of dietary assessment.

Polyunsaturated Fat

In the ALSPAC study, total polyunsaturated fatty acid intake at age 3 years was related to earlier
age at menarche (80). One cross-sectional study also reported an inverse association between total
polyunsaturated fatty acid intake and age at menarche among 200 girls from the United States
after adjusting for total calories, age, ethnicity, height, and weight (11), whereas Petridou et al.
(75) found that total polyunsaturated fatty acid intake was positively related to age at menarche in
Greek girls. There is scant evidence on specific polyunsaturated fatty acids in relation to the onset
of pubertal timing. Maclure and colleagues (62) found that omega-3 fatty acid intake was inversely
associated with age at menarche, whereas linolenic acid was unrelated. A common limitation of
these studies is the adjustment of estimates for child anthropometric measures (11, 62, 75).

CARBOHYDRATES

Energy intake from carbohydrates during childhood has not been related to markers of pubertal
development in cohort studies (22, 55, 69). However, in a prospective study conducted in the
United States, intake of sugar-sweetened beverages (SSBs) was associated with early sexual devel-
opment in 5,583 girls (14). Premenarcheal girls who consumed >1.5 servings of SSBs per day at
ages 9–14 years had a statistically significant 24% higher probability of menarche during follow-up
than did girls who consumed ≤2 servings of SSBs weekly after adjusting for sociodemographic
and maternal characteristics, physical activity, and total caloric intake. This association could not
be necessarily attributed to sugar but may be related instead to other compounds present in these

40 Villamor · Jansen



PU37CH03-Villamor ARI 27 January 2016 18:14

beverages, including caffeine. In another prospective study of girls from the United States, every
standard deviation of caffeine intake at 10 years of age was related to a 22% higher risk of early
menarche (<11 years of age) after adjusting for potential confounding variables (72). In the same
study, every SD of aspartame intake was related to a 20% higher risk of early menarche, whereas
neither fructose nor sucrose intake was related to the timing of puberty.

MICRONUTRIENTS

Micronutrient requirements increase during puberty; thus, prepubertal micronutrient status may
influence the timing of sexual maturation. One study of 134 Iranian girls provided evidence that
calcium, magnesium, and phosphorus from dairy may be related to age at menarche (78). Girls
in the upper median intakes of each of these nutrients had higher odds of experiencing menarche
before 12 years of age compared with those in the lower median intakes. Similarly, in a randomized
controlled trial among 160 Gambian boys, those supplemented with calcium for 12 months had
an earlier APHV and shorter adult stature than did boys in the control group (77). In another
randomized study among 144 Swiss girls, those supplemented with calcium from ages 7.9 to
8.9 years reached menarche earlier than did girls who received the placebo (19).

The apparent effects of animal protein intake on the timing of sexual maturation may be related
to nutrients other than protein. Micronutrients, including iron and zinc, are found in animal food
sources in highly bioavailable forms. Given the key roles these nutrients play in reproductive
functions and offspring development, the status of these nutrients during childhood may be related
to the timing of sexual maturation. Evolutionary theory would predict that deficiencies in these
nutrients would be related to a delayed onset of reproductive maturity, whereas children who
reach adequate stores earlier in life would develop sooner. In a small randomized trial of 17 Iranian
children, those supplemented with zinc had an earlier initiation of puberty compared with children
assigned to the placebo group (42). In the ALSPAC observational study, zinc intake at seven years
of age was inversely related to age at menarche; however, this association was not statistically
significant (80). Kissinger & Sanchez (53) reported a statistically significant, positive association
between iron intake and age at menarche among 230 girls from the United States. Nevertheless,
estimates were not adjusted for potential confounding. Also, in a randomized controlled trial of
102 boys ages 13.6 to 15.5 years with short stature and delayed puberty, supplementation with
iron and vitamin A resulted in faster testicular growth (95), but the results could be attributed
to vitamin A rather than to iron. In the study by Maclure and colleagues, vitamin A intake was
strongly associated with earlier menarche (62), although the opposite was observed in a case-
control investigation of Canadian girls after adjusting for total energy intake (70).

Although the best known functions of vitamin D are related to calcium metabolism and mus-
culoskeletal health, this nutrient and hormone likely plays an important role in reproduction.
Vitamin D receptors are present in the ovary, uterus, placenta, testis, and pituitary gland (39).
In the Bogotá School Children Cohort, we found that girls who were deficient in vitamin D at
the time of recruitment were twice as likely to reach menarche during follow-up as were those
who were not deficient in vitamin D, independent of baseline BMI and socioeconomic status (90).
By contrast, in a randomized trial among Chinese girls 10 years of age, supplementation of milk
fortified with vitamin D and calcium compared with calcium only for 2 years did not have an effect
on age at menarche over an extended 5-year follow-up period (97). The vitamin D dosage in this
trial, however, was very low.

Information on the potential effects of other vitamins or minerals on the timing of sexual
development is scarce. Future studies could address the effects of other micronutrients that are
essential for reproduction and child development, including folate and vitamin B-12. Some of
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these nutrients play important roles on methylation reactions, and their long-term effects could
be explained through epigenetic mechanisms.

TOXICANTS PRESENT IN FOODS

The pubertal timing effects of unnatural compounds that contaminate food through preparation,
storage, or preservation are worth a brief commentary because they can act as endocrine disruptive
chemicals (EDC). Animal studies indicate a plausible link between EDC and the timing of pubertal
maturation, but epidemiologic evidence is scant and/or conflicting, as recently reviewed elsewhere
(73). Polychlorinated biphenyls (PCBs) are found in fish from contaminated waters. PCBs have
been related to both earlier and later timing of sexual development. Lead blood concentrations
have been related to delayed maturation in cross-sectional analyses, but data from longitudinal
studies are lacking. Bisphenol A, an estrogenic compound used in food and beverage packaging,
has been related to delayed maturation in some (66) but not all (92) investigations. Phthalates,
used in food packaging and wrapping, have been related to earlier menarche in girls (96). The
sources of these contaminants are not exclusively dietary. Although they may disrupt the timing
of sexual maturation at high doses, the effects attributable to their ingestion from contaminated
foods seem uncertain. Their adverse effects on other health outcomes may warrant stricter control
of their presence in the environment.

CONCLUSIONS

Evidence supporting the role of early nutrition on the timing of sexual development is consistent
with regard to the effects of childhood obesity among girls. Most adequately conducted obser-
vational studies indicate that obesity and rapid weight gain during childhood are related to an
early age at menarche and other markers of puberty. Examining the pubertal effect of preventing
excessive weight gain during childhood in secondary analyses of randomized intervention studies
could lend support to causality.

Intake of animal foods has been related to an earlier onset of puberty in numerous investiga-
tions, but the mechanisms to explain a potential causal effect remain unknown. Although these
mechanisms could involve a protein-mediated enhancement of growth factor expression, the roles
of other nutrients present in animal foods, including micronutrients and specific fatty acids, are
understudied. Investigations of the effects of different types of animal sources (e.g., red meat
versus poultry, fatty fish, or freshwater fish), forms of preparation, and level of processing could
aid in the process of generating hypotheses about specific dietary factors mediating these effects.
Some studies suggest that childhood intake of vegetable protein sources is associated with delayed
pubertal development.

Evidence on the effects of fats, carbohydrates, and micronutrients on the timing of puberty
is insufficient and inconsistent. Intriguing results from recent studies relating intake of SSBs and
vitamin D deficiency to early puberty in girls are noteworthy and require confirmation in other
populations. The potential effects of prenatal nutrition and infant feeding practices on the timing
of sexual maturation would be best ascertained in analyses of randomized interventions with
extended follow-up of the offspring.

Research on the nutritional determinants of the timing of puberty in boys is scant owing to the
lack of valid, easily measurable indicators of sexual maturation at the population level. Some of
the available evidence indicates that the effects of the environment on the timing of puberty may
differ between sexes. Additional investments in research involving boys are required to close this
gap.

42 Villamor · Jansen



PU37CH03-Villamor ARI 27 January 2016 18:14

DISCLOSURE STATEMENT

The authors are not aware of any affiliations, memberships, funding, or financial holdings that
might be perceived as affecting the objectivity of this review.

LITERATURE CITED

1. Adair LS. 2001. Size at birth predicts age at menarche. Pediatrics 107:E59
2. Adgent MA, Daniels JL, Rogan WJ, Adair L, Edwards LJ, et al. 2012. Early-life soy exposure and age at

menarche. Paediatr. Perinat. Epidemiol. 26:163–75
3. Al-Sahab B, Adair L, Hamadeh MJ, Ardern CI, Tamim H. 2011. Impact of breastfeeding duration on age

at menarche. Am. J. Epidemiol. 173:971–77
4. Andres A, Moore MB, Linam LE, Casey PH, Cleves MA, Badger TM. 2015. Compared with feeding

infants breast milk or cow-milk formula, soy formula feeding does not affect subsequent reproductive
organ size at 5 years of age. J. Nutr. 145:871–75

5. Atay Z, Turan S, Guran T, Furman A, Bereket A. 2011. Puberty and influencing factors in schoolgirls
living in Istanbul: end of the secular trend? Pediatrics 128:e40–45

6. Bartha JL, Marin-Segura P, Gonzalez-Gonzalez NL, Wagner F, Aguilar-Diosdado M, Hervias-Vivancos
B. 2007. Ultrasound evaluation of visceral fat and metabolic risk factors during early pregnancy. Obesity
15:2233–39

7. Berkey CS, Gardner JD, Frazier AL, Colditz GA. 2000. Relation of childhood diet and body size to
menarche and adolescent growth in girls. Am. J. Epidemiol. 152:446–52

8. Blell M, Pollard TM, Pearce MS. 2008. Predictors of age at menarche in the Newcastle Thousand Families
Study. J. Biosoc. Sci. 40:563–75

9. Bordini B, Rosenfield RL. 2011. Normal pubertal development: Part I: The endocrine basis of puberty.
Pediatr. Rev. 32:223–29

10. Boynton-Jarrett R, Rich-Edwards J, Fredman L, Hibert EL, Michels KB, et al. 2011. Gestational weight
gain and daughter’s age at menarche. J. Womens Health 20:1193–200

11. Britton JA, Wolff MS, Lapinski R, Forman J, Hochman S, et al. 2004. Characteristics of pubertal devel-
opment in a multi-ethnic population of nine-year-old girls. Ann. Epidemiol. 14:179–87

12. Buchan DS, Ollis S, Young JD, Thomas NE, Cooper SM, et al. 2011. The effects of time and intensity
of exercise on novel and established markers of CVD in adolescent youth. Am. J. Hum. Biol. 23:517–26

13. Buyken AE, Karaolis-Danckert N, Remer T. 2009. Association of prepubertal body composition in healthy
girls and boys with the timing of early and late pubertal markers. Am. J. Clin. Nutr. 89:221–30

14. Carwile JL, Willett WC, Spiegelman D, Hertzmark E, Rich-Edwards J, et al. 2015. Sugar-sweetened
beverage consumption and age at menarche in a prospective study of US girls. Hum. Reprod. 30:675–83

15. Carwile JL, Willett WC, Wang M, Rich-Edwards J, Frazier AL, Michels KB. 2015. Milk consumption
after age 9 years does not predict age at menarche. J. Nutr. 145:1900–8

16. Charalampopoulos D, McLoughlin A, Elks CE, Ong KK. 2014. Age at menarche and risks of all-cause
and cardiovascular death: a systematic review and meta-analysis. Am. J. Epidemiol. 180:29–40

17. Cheng G, Buyken AE, Shi L, Karaolis-Danckert N, Kroke A, et al. 2012. Beyond overweight: nutrition
as an important lifestyle factor influencing timing of puberty. Nutr. Rev. 70:133–52

18. Cheng G, Remer T, Prinz-Langenohl R, Blaszkewicz M, Degen GH, Buyken AE. 2010. Relation of
isoflavones and fiber intake in childhood to the timing of puberty. Am. J. Clin. Nutr. 92:556–64

19. Chevalley T, Rizzoli R, Hans D, Ferrari S, Bonjour JP. 2005. Interaction between calcium intake and
menarcheal age on bone mass gain: an eight-year follow-up study from prepuberty to postmenarche.
J. Clin. Endocrinol. Metab. 90:44–51

20. Cnattingius S, Villamor E, Lagerros YT, Wikstrom AK, Granath F. 2012. High birth weight and obesity—
a vicious circle across generations. Int. J. Obes. 36:1320–24

21. Colditz GA, Bohlke K, Berkey CS. 2014. Breast cancer risk accumulation starts early: Prevention must
also. Breast Cancer Res. Treat. 145:567–79

22. de Ridder CM, Thijssen JH, Van ‘t Veer P, van Duuren R, Bruning PF, et al. 1991. Dietary habits, sexual
maturation, and plasma hormones in pubertal girls: a longitudinal study. Am. J. Clin. Nutr. 54:805–13

www.annualreviews.org • Nutritional Determinants of Puberty 43



PU37CH03-Villamor ARI 27 January 2016 18:14

23. Deardorff J, Berry-Millett R, Rehkopf D, Luecke E, Lahiff M, Abrams B. 2013. Maternal pre-pregnancy
BMI, gestational weight gain, and age at menarche in daughters. Matern. Child Health J. 17:1391–98

24. Dorgan JF, Hunsberger SA, McMahon RP, Kwiterovich PO Jr, Lauer RM, et al. 2003. Diet and sex
hormones in girls: findings from a randomized controlled clinical trial. J. Natl. Cancer Inst. 95:132–41

25. Dorgan JF, McMahon RP, Friedman LA, Van Horn L, Snetselaar LG, et al. 2006. Diet and sex hormones
in boys: findings from the dietary intervention study in children. J. Clin. Endocrinol. Metab. 91:3992–96

26. dos Santos Silva I, De Stavola BL, Mann V, Kuh D, Hardy R, Wadsworth ME. 2002. Prenatal factors,
childhood growth trajectories and age at menarche. Int. J. Epidemiol. 31:405–12

27. Dossus L, Allen N, Kaaks R, Bakken K, Lund E, et al. 2010. Reproductive risk factors and endometrial
cancer: The European Prospective Investigation into Cancer and Nutrition. Int. J. Cancer 127:442–51

28. Downing J, Bellis MA. 2009. Early pubertal onset and its relationship with sexual risk taking, substance
use and anti-social behaviour: a preliminary cross-sectional study. BMC Public Health 9:446

29. Dunbar J, Sheeder J, Lezotte D, Dabelea D, Stevens-Simon C. 2008. Age at menarche and first pregnancy
among psychosocially at-risk adolescents. Am. J. Public Health 98:1822–24

30. Euling SY, Selevan SG, Pescovitz OH, Skakkebaek NE. 2008. Role of environmental factors in the timing
of puberty. Pediatrics 121(Suppl. 3):S167–71

31. Frisch RE. 1972. Weight at menarche: similarity for well-nourished and undernourished girls at differing
ages, and evidence for historical constancy. Pediatrics 50:445–50

32. Frisch RE. 1976. Fatness of girls from menarche to age 18 years, with a nomogram. Hum. Biol. 48:353–59
33. Frisch RE, Revelle R. 1970. Height and weight at menarche and a hypothesis of critical body weights and

adolescent events. Science 169:397–99
34. Frisch RE, Wyshak G, Vincent L. 1980. Delayed menarche and amenorrhea in ballet dancers. N. Engl.

J. Med. 303:17–19
35. Georgopoulos N, Markou K, Theodoropoulou A, Paraskevopoulou P, Varaki L, et al. 1999. Growth and

pubertal development in elite female rhythmic gymnasts. J. Clin. Endocrinol. Metab. 84:4525–30
36. Gluckman PD, Hanson MA. 2006. Evolution, development and timing of puberty. Trends Endocrinol.

Metab. 17:7–12
37. Glynn JR, Kayuni N, Gondwe L, Price AJ, Crampin AC. 2014. Earlier menarche is associated with a

higher prevalence of Herpes simplex type-2 (HSV-2) in young women in rural Malawi. eLIFE 3:e01604
38. Golub MS, Collman GW, Foster PM, Kimmel CA, Rajpert-De Meyts E, et al. 2008. Public health

implications of altered puberty timing. Pediatrics 121(Suppl. 3):S218–30
39. Grundmann M, von Versen-Hoynck F. 2011. Vitamin D - roles in women’s reproductive health? Reprod.

Biol. Endocrinol. 9:146
40. Gunther AL, Karaolis-Danckert N, Kroke A, Remer T, Buyken AE. 2010. Dietary protein intake through-

out childhood is associated with the timing of puberty. J. Nutr. 140:565–71
41. Gurd B, Klentrou P. 2003. Physical and pubertal development in young male gymnasts. J. Appl. Physiol.

1985 95:1011–15
42. Halsted JA, Ronaghy HA, Abadi P, Haghshenass M, Amirhakemi GH, et al. 1972. Zinc deficiency in man.

The Shiraz experiment. Am. J. Med. 53:277–84
43. He C, Zhang C, Hunter DJ, Hankinson SE, Buck Louis GM, et al. 2010. Age at menarche and risk of

type 2 diabetes: results from 2 large prospective cohort studies. Am. J. Epidemiol. 171:334–44
44. He Q, Karlberg J. 2001. BMI in childhood and its association with height gain, timing of puberty, and

final height. Pediatr. Res. 49:244–51
45. Hughes IA. 2013. Releasing the brake on puberty. N. Engl. J. Med. 368:2513–15
46. Jansen EC, Herran OF, Villamor E. 2015. Trends and correlates of age at menarche in Colombia: results

from a nationally representative survey. Econ. Hum. Biol. 19:138–44
47. Jansen EC, Marin C, Mora-Plazas M, Villamor E. 2016. Childhood red meat intake frequency is associated

with earlier age at menarche. J. Nutr. In press
48. Kale A, Deardorff J, Lahiff M, Laurent C, Greenspan LC, et al. 2015. Breastfeeding versus formula-feeding

and girls’ pubertal development. Matern. Child Health J. 19:519–27
49. Karaolis-Danckert N, Buyken AE, Sonntag A, Kroke A. 2009. Birth and early life influences on the timing

of puberty onset: results from the DONALD (DOrtmund Nutritional and Anthropometric Longitudinally
Designed) Study. Am. J. Clin. Nutr. 90:1559–65

44 Villamor · Jansen



PU37CH03-Villamor ARI 27 January 2016 18:14

50. Keim SA, Branum AM, Klebanoff MA, Zemel BS. 2009. Maternal body mass index and daughters’ age at
menarche. Epidemiology 20:677–81

51. Kennedy GC. 1969. Interactions between feeding behavior and hormones during growth. Ann. N. Y.
Acad. Sci. 157:1049–61

52. Kerver JM, Gardiner JC, Dorgan JF, Rosen CJ, Velie EM. 2010. Dietary predictors of the insulin-like
growth factor system in adolescent females: results from the Dietary Intervention Study in Children
(DISC). Am. J. Clin. Nutr. 91:643–50

53. Kissinger DG, Sanchez A. 1987. The association of dietary factors with age at menarche. Nutr. Res.
7:471–79

54. Koo MM, Rohan TE, Jain M, McLaughlin JR, Corey PN. 2002. A cohort study of dietary fibre intake
and menarche. Public Health Nutr. 5:353–60

55. Koprowski C, Ross RK, Mack WJ, Henderson BE, Bernstein L. 1999. Diet, body size and menarche in a
multiethnic cohort. Br. J. Cancer 79:1907–11

56. Kuzawa CW, McDade TW, Adair LS, Lee N. 2010. Rapid weight gain after birth predicts life history
and reproductive strategy in Filipino males. PNAS 107:16800–5

57. Kwok MK, Leung GM, Lam TH, Schooling CM. 2012. Breastfeeding, childhood milk consumption, and
onset of puberty. Pediatrics 130:e631–39

58. Lee HA, Kim YJ, Lee H, Gwak HS, Hong YS, et al. 2015. The preventive effect of breast-feeding for
longer than 6 months on early pubertal development among children aged 7–9 years in Korea. Public
Health Nutr. 6:1–8

59. Lee JM, Appugliese D, Kaciroti N, Corwyn RF, Bradley RH, Lumeng JC. 2007. Weight status in young
girls and the onset of puberty. Pediatrics 119:e624–30

60. Lee JM, Kaciroti N, Appugliese D, Corwyn RF, Bradley RH, Lumeng JC. 2010. Body mass index and
timing of pubertal initiation in boys. Arch. Pediatr. Adolesc. Med. 164:139–44

61. Li SJ, Paik HY, Joung H. 2006. Dietary patterns are associated with sexual maturation in Korean children.
Br. J. Nutr. 95:817–23

62. Maclure M, Travis LB, Willett W, MacMahon B. 1991. A prospective cohort study of nutrient intake and
age at menarche. Am. J. Clin. Nutr. 54:649–56

63. Maisonet M, Christensen KY, Rubin C, Holmes A, Flanders WD, et al. 2010. Role of prenatal charac-
teristics and early growth on pubertal attainment of British girls. Pediatrics 126:e591–600

64. Malina RM, Spirduso WW, Tate C, Baylor AM. 1978. Age at menarche and selected menstrual charac-
teristics in athletes at different competitive levels and in different sports. Med. Sci. Sports 10:218–22

65. Martin RM, Patel R, Kramer MS, Guthrie L, Vilchuck K, et al. 2013. Effects of promoting longer-term
and exclusive breastfeeding on adiposity and insulin-like growth factor-I at age 11.5 years: a randomized
trial. JAMA 309:1005–13

66. McGuinn LA, Ghazarian AA, Joseph Su L, Ellison GL. 2015. Urinary bisphenol A and age at menarche
among adolescent girls: evidence from NHANES 2003–2010. Environ. Res. 136:381–86

67. Merzenich H, Boeing H, Wahrendorf J. 1993. Dietary fat and sports activity as determinants for age at
menarche. Am. J. Epidemiol. 138:217–24

68. Mesa JM, Araujo C, Horta BL, Gigante DP. 2010. Growth patterns in early childhood and the onset of
menarche before age twelve. Rev. Saude Publica 44:249–60

69. Meyer F, Moisan J, Marcoux D, Bouchard C. 1990. Dietary and physical determinants of menarche.
Epidemiology 1:377–81

70. Moisan J, Meyer F, Gingras S. 1990. A nested case-control study of the correlates of early menarche.
Am. J. Epidemiol. 132:953–61

71. Morris DH, Jones ME, Schoemaker MJ, Ashworth A, Swerdlow AJ. 2010. Determinants of age at menar-
che in the UK: analyses from the Breakthrough Generations Study. Br. J. Cancer 103:1760–64

72. Mueller NT, Jacobs DR Jr, MacLehose RF, Demerath EW, Kelly SP, et al. 2015. Consumption of
caffeinated and artificially sweetened soft drinks is associated with risk of early menarche. Am. J. Clin.
Nutr. 102:648–54

73. Parent AS, Franssen D, Fudvoye J, Gerard A, Bourguignon JP. 2015. Developmental variations in en-
vironmental influences including endocrine disruptors on pubertal timing and neuroendocrine control:
revision of human observations and mechanistic insight from rodents. Front. Neuroendocrinol. 38:12–36

www.annualreviews.org • Nutritional Determinants of Puberty 45



PU37CH03-Villamor ARI 27 January 2016 18:14

74. Persson I, Ahlsson F, Ewald U, Tuvemo T, Qingyuan M, et al. 1999. Influence of perinatal factors on the
onset of puberty in boys and girls: implications for interpretation of link with risk of long term diseases.
Am. J. Epidemiol. 150:747–55

75. Petridou E, Syrigou E, Toupadaki N, Zavitsanos X, Willett W, Trichopoulos D. 1996. Determinants of
age at menarche as early life predictors of breast cancer risk. Int. J. Cancer 68:193–98

76. Pinkney J, Streeter A, Hosking J, Mostazir M, Jeffery A, Wilkin T. 2014. Adiposity, chronic inflammation,
and the prepubertal decline of sex hormone binding globulin in children: evidence for associations with
the timing of puberty (Earlybird 58). J. Clin. Endocrinol. Metab. 99:3224–32

77. Prentice A, Dibba B, Sawo Y, Cole TJ. 2012. The effect of prepubertal calcium carbonate supplementation
on the age of peak height velocity in Gambian adolescents. Am. J. Clin. Nutr. 96:1042–50

78. Ramezani Tehrani F, Moslehi N, Asghari G, Gholami R, Mirmiran P, Azizi F. 2013. Intake of dairy
products, calcium, magnesium, and phosphorus in childhood and age at menarche in the Tehran Lipid
and Glucose Study. PLOS ONE 8:e57696

79. Rasmussen AR, Wohlfahrt-Veje C, Tefre de Renzy-Martin K, Hagen CP, Tinggaard J, et al. 2015.
Validity of self-assessment of pubertal maturation. Pediatrics 135:86–93

80. Rogers IS, Northstone K, Dunger DB, Cooper AR, Ness AR, Emmett PM. 2010. Diet throughout
childhood and age at menarche in a contemporary cohort of British girls. Public Health Nutr. 13:2052–63

81. Salgin B, Norris SA, Prentice P, Pettifor JM, Richter LM, et al. 2015. Even transient rapid infancy weight
gain is associated with higher BMI in young adults and earlier menarche. Int. J. Obes. 39:939–44

82. Segovia-Siapco G, Pribis P, Messina M, Oda K, Sabate J. 2014. Is soy intake related to age at onset
of menarche? A cross-sectional study among adolescents with a wide range of soy food consumption.
Nutr. J. 13:54

83. Smith JT, Acohido BV, Clifton DK, Steiner RA. 2006. KiSS-1 neurones are direct targets for leptin in
the ob/ob mouse. J. Neuroendocrinol. 18:298–303

84. Smithers LG, Kramer MS, Lynch JW. 2015. Effects of breastfeeding on obesity and intelligence: causal
insights from different study designs. JAMA Pediatr. 169:707–8

85. Strom BL, Schinnar R, Ziegler EE, Barnhart KT, Sammel MD, et al. 2001. Exposure to soy-based formula
in infancy and endocrinological and reproductive outcomes in young adulthood. JAMA 286:807–14

86. Tanner JM. 1962. Growth at Adolescence. Springfield, IL: Thomas
87. Thankamony A, Ong KK, Ahmed ML, Ness AR, Holly JM, Dunger DB. 2012. Higher levels of IGF-I

and adrenal androgens at age 8 years are associated with earlier age at menarche in girls. J. Clin. Endocrinol.
Metab. 97:E786–90

88. Tinggaard J, Mieritz MG, Sorensen K, Mouritsen A, Hagen CP, et al. 2012. The physiology and timing
of male puberty. Curr. Opin. Endocrinol. Diabetes Obes. 19:197–203

89. Trussell J. 1980. Statistical flaws in evidence for the Frisch hypothesis that fatness triggers menarche.
Hum. Biol. 52:711–20

90. Villamor E, Marin C, Mora-Plazas M, Baylin A. 2011. Vitamin D deficiency and age at menarche: a
prospective study. Am. J. Clin. Nutr. 94:1020–25

91. Wang Y, Dinse GE, Rogan WJ. 2012. Birth weight, early weight gain and pubertal maturation: a longi-
tudinal study. Pediatr. Obes. 7:101–9

92. Watkins DJ, Tellez-Rojo MM, Ferguson KK, Lee JM, Solano-Gonzalez M, et al. 2014. In utero and
peripubertal exposure to phthalates and BPA in relation to female sexual maturation. Environ. Res. 134:233–
41

93. Wiley AS. 2011. Milk intake and total dairy consumption: associations with early menarche in NHANES
1999–2004. PLOS ONE 6:e14685

94. Yermachenko A, Dvornyk V. 2014. Nongenetic determinants of age at menarche: a systematic review.
Biomed. Res. Int. 2014:371583

95. Zadik Z, Sinai T, Zung A, Reifen R. 2004. Vitamin A and iron supplementation is as efficient as hormonal
therapy in constitutionally delayed children. Clin. Endocrinol. 60:682–87

96. Zhang Y, Cao Y, Shi H, Jiang X, Zhao Y, et al. 2015. Could exposure to phthalates speed up or delay
pubertal onset and development? A 1.5-year follow-up of a school-based population. Environ. Int. 83:41–49

97. Zhu K, Zhang Q, Foo LH, Trube A, Ma G, et al. 2006. Growth, bone mass, and vitamin D status of
Chinese adolescent girls 3 y after withdrawal of milk supplementation. Am. J. Clin. Nutr. 83:714–21

46 Villamor · Jansen


