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Context: Whether adrenarche impacts on pubertal development is controversial.

Objective: The objective of the study was to examine the associations of adrenal androgen (AA)
secretion with early and late pubertal markers, independent of potential influences of dietary
animal protein intake.

Design and Participants: This was a prospective cohort study of healthy free-living Caucasian
children (n � 109) who provided both 24-h urine samples and 3-d weighed dietary records 1 and
2 yr before the biological age at take-off of the pubertal growth spurt (ATO).

Measurements: Twenty-four-hour excretion rates of androgen (C19) metabolites quantified by gas
chromatography-mass spectrometry were measured.

Main Outcomes: ATO, age at peak height velocity (APHV), age at menarche/voice break, duration
of pubertal growth acceleration, and ages at Tanner stage 2 for breast (girls) and genital (boys)
development (B2-G2) and pubic hair (PH2).

Results: Higher adrenarchal C19 steroids predicted earlier ages at Tanner stage 2 for pubic hair (P �

0.0001) and B2-G2 (P � 0.009) as well as a shorter pubertal growth acceleration period (P � 0.001),
independently of animal protein intake. Children with a higher AA secretion had a 1.5-yr earlier
beginning of pubarche and a 0.8-yr earlier beginning of B2-G2 than those with a lower AA excretion.
Furthermore,animalprotein intakewas independentlynegativelyassociatedwithATOandAPHV(P�

0.05 each) and tended to be negatively associated with age at menarche/voice break (P � 0.07).

Conclusion: A higher animal protein intake may be involved in an earlier attainment of ATO and
APHV, whereas a more intensive adrenarchal process may precipitate a shorter pubertal
growth spurt and a notably earlier onset of breast and genital development in girls and boys,
respectively. (J Clin Endocrinol Metab 95: 3002–3009, 2010)

Whether adrenarche, the increase in adrenal androgen
(AA) secretion during midchildhood, may be im-

plicated in the timing of puberty has not been longitudi-
nally examined in healthy children until now. Based on

available mostly cross-sectional clinical data, this question
has been debated controversially for decades. A number of
authors assume that this developmental rise of the prin-
cipal adrenal 17-ketosteroids dehydroepiandrosterone
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opment; BMI, body mass index; �C19, sum of major adrenal androgen metabolites; DHEA,
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(DHEA) and its sulfate ester (DHEAS) several years be-
fore puberty onset may rather represent a marker of
body maturation than a factor influencing the begin-
ning of puberty (1–3).

During normal growth, adrenarche and gonadarche
are temporally closely linked, but in pathological situa-
tions, adrenarche can occur without subsequent gonad-
arche and gonadarche without preceding adrenarche (2).
Despite this apparent causal independence of both devel-
opmental processes, the appearance of pubic hair in girls
is usually attributed to the influence of adrenarchal C19
steroids on the androgen-dependent groin area (4). Ac-
cordingly, in normal girls, pubic hair occurs as one of the
first indications of approaching puberty (5), and in girls
with premature pubarche (premature pubic hair develop-
ment) circulating DHEA or DHEAS levels are usually el-
evated for the respective chronological age (6). In nor-
mally developing boys, the appearance of pubic hair rarely
precedes the beginning of genital development and ap-
pears to depend more closely on gonadal testosterone se-
cretion (7). However, boys with precocious pubarche are,
like girls, also characterized by an elevated DHEA or
DHEAS level (8).

Recently Binder et al. (9) have shown that daily replace-
ment with 25 mg DHEA orally to adolescent girls with
central adrenal insufficiency induces a significant progress
in pubic hair growth. These data together with the hor-
monal findings in children with precocious pubarche (4, 7,
8, 10) and infants with a combined occurrence of genital
hair and elevated DHEAS (but without any other signs of
androgen excess) (11) underscore that AAs are causally
involved in the appearance and growth of pubic hair.
However, information on the strength of the temporal
acceleration of pubarche by a stronger vs. a less pro-
nounced adrenarche in healthy children is lacking.

Intensity of adrenal androgen secretion appears to be
influenced by a number of lifestyle-related and early life
factors. Body fatness (12) and dietary protein intake (12)
as well as the combination of low birth weight and a high
current weight have been associated with a more pro-
nounced adrenarche (13).

There is convincingevidence that exaggeratedadrenarche
with or without precocious pubarche in low birth weight
girls can be followed by an early onset of puberty and early
menarche (10, 14). In a recent review on adrenarche and the
polycystic ovary syndrome, Nader (15) renewed the hypoth-
eses that adrenarche is not only a promoter of pubarche but
also gonadarche, suggesting that sexual maturation can oc-
cur earlier. Therefore, the first aim of the present paper was
to examine this hypothesis in healthy children.

Recently animal protein intake in midchildhood has
been reported to potentially trigger an earlier onset of cer-

tain, especially growth-related, puberty markers, e.g. the
age at take-off of the pubertal growth spurt (ATO) (16).
Animal protein appears also to modulate the intensity of
AA secretion (12). Thus, our second aim was to examine
whether dietary animal protein intake might indepen-
dently (of adrenarchal influences) contribute to an altered
timing of at least some pubertal markers.

Subjects and Methods

Study population and diet
The children examined are a subsample of healthy partici-

pants of the Dortmund Nutritional and Anthropometric Longi-
tudinally Designed (DONALD) study, an ongoing, open cohort
study conducted in Dortmund, Germany. The study protocol
was approved by the Ethics Committee of the University of Bonn
(Bonn, Germany). All assessments were performed with parental
consent. Since recruitment began in 1985, detailed information
on diet, growth, and development between infancy and early
adulthood has been collected from more than 1100 children.
Every year, an average of approximately 40 infants are newly
recruited and first examined at the age of 3 months. Children
return for three more visits in the first year, two in the second, and
then once annually until early adulthood. Accomplishment of a
3-d weighed dietary record is scheduled in yearly intervals along
with a 24-h urine collection (usually performed on the third day
of diet recording). From the weighed diet records, reasonably
reliable data on intakes of energy and nutrients (e.g. protein) can
be derived (16). For the present study, we calculated the mean 3-d
intakes of total energy (kilocalories per day) and animal protein
(grams per day) at 2 and 1 yr before puberty onset (see below).

Dietary, developmental, and urine-related information avail-
able over time varies between the subjects. Therefore, the num-
ber of children included in this analysis was derived as follows:
a total of 376 subjects of the DONALD cohort had sufficient
height measurements to allow plausible estimation of the pu-
berty marker ATO (17). Of these, 111 children, who had not
refused regular assessment of Tanner stages, had also collected
24-h urine samples as well as dietary data at both time points (2
and 1 yr) before ATO. In two children not all information on
potential confounding variables (birth weight, gestational age,
breast-feeding, maternal overweight) were available. Hence, the
subcohort analyzed herein included 109 prepubertal healthy
children (54 boys). However, information on age at menarche or
voice break were available only for 100 (49 boys).

Puberty outcomes and anthropometric measures
The growth-dependent puberty variable ATO was deter-

mined using the parametric model 1 of Preece and Baines (18),
which also produces estimates of velocity at take-off, age at peak
height velocity (APHV), and peak height velocity.

The model was fitted on various sex-specific age ranges of the
height-for-age data, beginning at age 2 yr, to determine the op-
timal range for the data. ATO was defined as the age at minimal
height velocity (zero acceleration) at the onset of the pubertal
growth spurt. Goodness of fit was determined by graphical inspec-
tion of each child’s individual growth curve, a comparison of the
residual SDs (random error had to be smaller than the expected

J Clin Endocrinol Metab, June 2010, 95(6):3002–3009 jcem.endojournals.org 3003



measurement error for height), and considering the plausibility and
distributionof thepubertalparameters estimated (17).Basedon the
criteria determined for best fit, in this analysis all measurements
from age 5 and 6 yr onward in girls and boys, respectively, were
selected and entered into Preece and Baines model 1.

From the derived data, we calculated the duration of pubertal
growth acceleration (APHV minus ATO), which can be used as
an index for growth spurt duration and puberty duration. Tan-
ner stages for pubic hair (PH) and either breast (girls) or genital
(external genitalia, boys) development (B-G) are assessed by one
of the DONALD study pediatricians from age 5 yr onward. In
addition, children and/or parents are asked at each visit whether
menarche or voice break has already occurred, and the respective
month and year are recorded. Pubertal staging is performed ac-
cording to the standardized criteria published by Marshall and
Tanner (19) and testis volume determined by palpation using the
Prader orchidometer. We used age at testis volume of 4 ml or
greater to define the onset of genital development in boys (Tan-
ner stage G2). Herein we denoted Tanner stage 2 for breast and
genital development in girls and boys, respectively as B2-G2.

DONALD study participants are anthropometrically assessed
at each visit according to standard procedures. From the age of 2 yr
onward, standing height is measured to the nearest 0.1 cm using a
digital stadiometer. Weight is measured to the nearest 0.1 kg using
an electronic scale (753 E; Seca, Hamburg, Germany). Skinfold
thicknesses are measured from the age of 6 months onward on the
right side of the body to the nearest 0.1 mm using a Holtain caliper.
Information on birth weight, length, and gestational age are ab-
stracted from the Mutterpass, a standardized document given to all
pregnant women in Germany. Percentage body fat was determined
by using the Slaughter equations for prepubertal children (20). Fat
mass was calculated as body weight multiplied by percentage body
fat and fat-freemassasbodyweightminus fatmass.Fromthese, the
fat mass index (FMI; fat mass/height2) and the fat-free mass index
(fat free mass/height2) were derived.

Urinary measurements
Prepubertal 24-h urine collections (1 and 2 yr before ATO) were

performed at home under standardized conditions (21), and sam-
ples were stored at �20 C or less until analyzed. Urinary steroid
profiles were determined using gas chromatography-mass spec-
trometry (GC-MS) analysis (21). Total AA secretion was deter-
mined as the sum (�C19) of androsterone, etiocholanolone, 5-an-
drostene-3�,17�-diol, 5-androstene-3�,17�-diol (androstenediol),
DHEA, 16�-hydroxy-DHEA, and 5-androstene-3�,16�,17�-triol
(12, 21). To assess overall daily cortisol secretion of the adrenals as
an index of adrenocortical activity, the seven quantitatively most
important urinary glucocorticoid metabolites were profiled and
summed: tetrahydrocortisone, tetrahydrocortisol, 5�-tetrahydro-
cortisol, �-cortolone, �-cortolone, �-cortol, and �-cortol (22).

Statistical analysis
All statistical tests were performed using SAS procedures (ver-

sion 9.1; SAS Institute Inc., Cary, NC). Descriptive data are given as
means � SD or median with interquartile range when appropriate.
Sex differences for pubertal, anthropometric, hormonal, and di-
etary characteristics were tested by using �2 or unpaired t test.

Multiple linear regression analyses were used to analyze the
independent associations of hormone excretion rates and animal
protein intake with pubertal variables. The hormonal and nu-
tritional predictors were included as arithmetic mean values of

the respective data from 1 yr and 2 yr before ATO. For this, 24-h
excretion rates of �C19 (log transformed) were expressed as SD

score (SDS) of published GC-MS reference values (21) and an-
imal protein consumption as percent of daily energy intake.
Analyses of covariance were performed to test for sex interac-
tions. No sex-by-animal protein intake and no sex-by-�C19 in-
teractions (P � 0.1) were observed for the outcomes ATO,
APHV, duration of pubertal growth acceleration, age at B2-G2,
age at PH2, and age at menarche/voice break. Accordingly, the
respective multiple regression analyses were performed with
boys and girls combined. To exemplify that the associations be-
tween C19 steroids and puberty onset were comparable in both
sexes, a sex-stratified subanalysis was done for the puberty
marker B2-G2. In this subanalysis two models were run, which
differed only with regard to inclusion mode of FMI-SDS. In
model 2, FMI-SDS was preadjusted for overall daily cortisol
secretion (adrenocortical activity), i.e. residuals were obtained
by regressing FMI-SDS on the sum of urinary glucocorticoid
metabolites (for the glucocorticoid parameter, see Urinary mea-
surements). This preadjustment of FMI-SDS accounts for the fact
that cortisol secretion (adrenocortical activity) and body fatness
are associated in healthy children (23). As a consequence, body
fatness variation (via covariation with adrenocortical activity)
partly reflects the potential C19 influence on the puberty out-
comes (i.e. the part of C19 variation caused by adrenocortical
activity). Removal of the latter influence from the FMI-SDS vari-
able by preadjustment reduces inappropriate attribution of parts
of the C19 influence to FMI and should hence improve specificity
of the variation explained by C19.

Potential confounding factors considered in the fully adjusted
regression models were sex, FMI, total energy intake-SDS, urine
volume related to body surface area, gestational age, birth
weight, breast-feeding 2 wk or more, and maternal overweight
[body mass index (BMI) �25 kg/m2]. FMI and total energy in-
take were expressed as SDS of the steroid GC-MS reference
sample (21). Multicollinearity tests were performed to check
for independence of the variables. For none of the covariate com-
binations, multicollinearity was observed.

Additionally, animal protein intake (percent energy) and �C19-
SDS were each grouped into three categories: low (�25th percentile),
medium (�25th and �75th percentiles), and high (�75th percen-
tiles).Least-squares regressionanalyses, adjusted for sex,FMI-SDS,
birth weight, and urine volume or total energy intake-SDS, were
used to predict the adjusted means of puberty variables by catego-
ries of �C19-SDS or animal protein intake (percent energy). P for
trendrefers to thePvaluesobtained in linear regressionmodelswith
respective variables as continuous variables. In all statistical tests,
P � 0.05 was considered as significant.

Results

Anthropometric, urinary, and nutritional characteristics
of the study sample (at average growth curve derived bi-
ological age of 1.5 yr before ATO) are presented in Tables
1 and 2. For most variables, e.g. fat-free mass index, daily
C19 excretion rates, and daily energy intake, the absolute
values were significantly higher in boys, whereas the cor-
responding SDS or percent energy-related data, used in the
regression analyses, no longer showed sex differences.
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Boys showed a significantly longer pubertal growth ac-
celeration than girls. ATO, APHV, ages at B2-G2, and
PH2 occurred earlier in girls than boys. Only for B2-G2
the sex difference was not significant (Table 1).

In the fully adjusted model (allowing for birth weight
and other covariates), higher adrenarchal C19 steroids
predicted earlier ages at B2-G2 (P � 0.009) and PH2 (P �
0.0001) as well as shorter pubertal growth acceleration (P �

TABLE 2. Urinary, nutritional, and early life-related characteristics of the study sample (n � 109)

Boys
(n � 54)

Girls
(n � 55)

P for
differencea

Urinaryb

Urine volume (ml/d) 700 (579, 1017)c 617 (501, 734) �0.05
�C19 (�g/d) 444 (313, 609) 243 (167, 346) �0.05
�C19-SDSd �0.20 � 1.04e �0.23 � 0.91 NS
�C21 (�g/d)f 4220 (3646, 4725) 3421 (2864, 3783) �0.0001
�C21-SDSf 0.30 � 0.91 0.64 � 0.87 NS

Nutritionalb

Energy intake (MJ/d) 7.3 � 1.0 6.3 � 0.9 �0.0001
Vegetable protein

intake (g/d) (percent of energy)
20 � 5 17 � 3 �0.05

(4.6 � 0.8) (4.6 � 0.9) NS
Animal protein intake (g/d)

(percent of energy)
37 � 9 30 � 8 �0.05

(8.5 � 1.7) (8.0 � 1.7) NS
Early life-related

Birth weight (g) 3609 � 466 3405 � 355 �0.05
Gestational age (wk) 40 (40, 41) 40 (39, 40) NS
Maternal overweight

�n (%)�
17 (31.5) 15 (27.3) NS

Full breast-feeding for
�2 wk �n (%)�

43 (79.7) 47 (85.5) NS

NS, Not significant.
a Sex differences were tested with unpaired t test for continuous variables and �2 test for categorical variables; b values were derived from each
individual’s arithmetic mean from 1 and 2 yr before ATO, i.e. data represent average values approximately 1.5 yr before ATO; c median: 25th
and 75th percentile in parentheses (all such values); d calculation based on the data of children with C19 steroid GC-MS reference values (21);
e mean � SD (all such values); f sum of the seven quantitatively most important urinary glucocorticoid metabolites; SDS calculation based on the
data of children with glucocorticoid reference values (22).

TABLE 1. Anthropometric and pubertal characteristics of the study sample (n � 109)

Boys (n � 54) Girls (n � 55) P for differencea

Age (yr)b 8.8 � 0.9c 7.3 � 0.7 �0.0001
Anthropometricb

Weight (kg) 30.9 � 5.0 25.3 � 4.8 �0.0001
Height (cm) 137.1 � 7.0 126.2 � 6.0 �0.0001
Body surface area (m2)d 1.09 � 0.11 0.94 � 0.10 �0.0001
BMI (kg/m2) 16.3 � 1.6 15.7 � 1.8 NS
BMI-SDSe �0.16 � 0.76 �0.15 � 0.86 NS
FMI (kg/m2) 2.2 (1.8, 2.8)f 2.2 (2.0, 2.8) NS
FMI-SDSg �0.46 � 0.76 �0.17 � 1.0 NS
Fat-free mass index (kg/m2) 13.8 � 0.9 13.1 � 0.8 �0.0001
Fat-free mass index-SDSg �0.06 � 0.86 0.05 � 0.77 NS

Pubertal
ATO (yr) 10.4 � 0.9 8.8 � 0.6 �0.0001
APHV (yr) 13.6 � 0.9 11.8 � 0.7 �0.0001
Duration of pubertal growth acceleration (APHV-ATO) (yr) 3.2 � 0.3 2.9 � 0.4 �0.05
Age at Tanner (B2-G2) (yr)h 10.9 � 1.0 10.6 � 0.9 NS
Age at Tanner (PH2) (yr)i 11.6 � 1.1 10.8 � 1.1 �0.05
Age at menarche/voice break (yr)j 13.7 � 1.1 13.1 � 0.8 �0.05

NS, Not significant.
a Sex differences were tested with unpaired t test; b values were derived from each individual’s arithmetic mean from 1 and 2 yr before ATO, i.e.
data represent average values approximately 1.5 yr before ATO; c mean � SD (all such values); d calculated according to the established Du Bois
and Du Bois formula; e SDS according to the German reference values for BMI; f median: 25th and 75th percentile in parentheses (all such values);
g calculation based on the data of children with C19 steroid GC-MS reference values (21); h age at Tanner stage 2 for breast (girls) and external
genitalia (boys) development; i age at Tanner stage 2 for pubertal hair; j no information on age at menarche for four girls and age at voice break
for five boys.
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0.002) (Table 3). In a model not including animal protein
intake, C19 showed comparable associations with puber-
tal variables (with closely corresponding P values, data not
shown). An example for boys and girls with a pronounced
adrenarche and a short pubertal growth acceleration pe-
riod (as well as a weak adrenarche and the corresponding
growth acceleration period) is given in Fig. 1. Animal pro-
tein intake was, independently of C19, negatively associ-
ated with ATO and APHV (P � 0.05, each) and (as a trend,
P � 0.07) with menarche/voice break in the fully adjusted
model (Table 3). The sex-stratified subanalysis given in
Table 4 shows, as an example for B2-G2, that the C19-
puberty associations were comparable in both sexes. Age
at G2 and B2 was negatively associated with C19 in boys
and girls, respectively, and this association was significant
after FMI-SDS was preadjusted for overall daily cortisol
secretion (adrenocortical activity) (for details see Statisti-
cal analysis).

The adjusted means of the ages at Tanner stage 2 (B-G
and PH) for �C19-SDS categories and ages at takeoff
and peak height velocity for animal protein intake (per-
cent) categories are shown in Fig. 2. Children with a
higher AA secretion level had a 0.8-yr earlier beginning
of breast or genital development and a 1.5-yr earlier
beginning of pubarche than those with a lower AA ex-

cretion. Additionally, peak height velocity and the be-
ginning of the pubertal growth spurt occurred approx-
imately 0.4 or 0.5 yr earlier in high animal protein
consumers.

TABLE 3. Association of adrenal androgens (�C19-SDS)
and animal protein intake (adjusted for each other) with
pubertal variables in 109 healthy childrena

Outcomes Predictors � SE P
ATO C19-SDS �0.002 0.09 1.0

Animal protein
intake (%)

�0.10 0.05 0.02

APHV C19-SDS �0.13 0.10 0.20
Animal protein

intake (%)
�0.10 0.05 0.04

Duration of
pubertal
growth
acceleration

C19-SDS �0.12 0.03 0.002
Animal protein

intake (%)
�0.01 0.02 0.7

Age at Tanner
(B2-G2)b

C19-SDS �0.29 0.11 0.009
Animal protein

intake (%)
�0.08 0.06 0.1

Age at Tanner
(PH2)c

C19-SDS �0.65 0.12 �0.0001
Animal protein

intake (%)
�0.07 0.06 0.3

Age at
menarche/
voice breakd

C19-SDS �0.07 0.11 0.6
Animal protein

intake (%)
�0.12 0.06 0.07

a Final multiple regression model (adjusted for sex, FMI-SDS, body
surface related urine volume, total energy intake-SDS, birth weight,
gestational age, full breast-feeding �2 wk, and maternal overweight)
showing the independent associations of both predictors C19-SDS
and animal protein intake (as percent of energy intake); b age at
Tanner stage 2 for breast (girls) and external genitalia (boys)
development; c age at Tanner stage 2 for pubertal hair; d n � 100
(51 girls).

TABLE 4. Sex-stratified analysis for age at Tanner stage
2 for breast (girls, n � 55) and external genitalia (boys,
n � 54) developmenta

Outcomes Predictors � SE P
Model 1b

Age at B2 C19-SDS �0.31 0.16 0.06
Animal protein

intake (%)
�0.02 0.08 0.8

Age at G2 C19-SDS �0.32 0.16 0.06
Animal protein

intake (%)
�0.15 0.09 0.09

Model 2c

Age at B2 C19-SDS �0.32 0.15 0.03
Animal protein

intake (%)
�0.02 0.08 0.8

Age at G2 C19-SDS �0.33 0.15 0.03
Animal protein

intake (%)
�0.15 0.09 0.1

a Final multiple regression model (adjusted for FMI-SDS, body surface
related urine volume, total energy intake-SDS, birth weight, gestational
age, maternal overweight, and full breast-feeding �2 wk) showing the
independent associations of both predictors C19-SDS and animal
protein intake (as percent of energy intake).
b Conventional adjustment for the FMI-SDS.
c FMI-SDS preadjusted for overall daily cortisol secretion (adrenocortical
activity; for further details see Statistical analysis).

FIG. 1. Individual growth velocity curves for children (A, boys; B,
girls) with strong (solid line) and weak (dashed line) adrenarche and
corresponding durations of pubertal growth acceleration. �C19-SDS,
boys: 1.01 vs. �1.92; girls: 1.73 vs. �1.53.
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Discussion

Our prospective analysis of adrenarchal and nutritional
influences on the timing of early and late pubertal markers
provides observational evidence that adrenarche and di-
etary animal protein intake are independently and differ-
entially involved in the modulation of pubertal develop-
ment in healthy nonobese children. Higher prepubertal
AAs may precipitate a shorter pubertal growth accelera-
tion period and an earlier onset of breast and genital de-
velopment in girls and boys, respectively.

In line with our earlier observation that the midgrowth
spurt (onset) around age 6–7 yr is obviously not due to a
preceding (or parallel) increase in AA secretion (24), AAs
did not show a predictive association with the start of the
pubertal growth spurt (ATO) either. However, children in
the highest quartile of animal protein intake appear to
experience ATO 0.5 yr and APHV 0.4 yr earlier than chil-
dren with the lowest animal protein intake (Fig. 2). These
results extend our previous analyses (16) in that the asso-
ciations of protein intake with the pubertal markers are
obviously independent, i.e. not mediated by AAs.

Although dietary animal protein intake may increase
adrenarchal androgen secretion in children (12) and urinary
DHEAS and 3�-androstanediol glucuronide excretion in
adults (25), it appears evident that the significant associa-
tions of 24-h AA excretion rates with duration of pubertal

growth acceleration and ages at B2-G2 and PH2 constitute
independent AA influences and no pathway effects arising
from higher dietary protein intakes. This can be deduced
because the association between animal protein intake and
AAs is only modest (12) and animal protein intake was not
(neither alone nor together with C19) significant in the re-
spective regression models for the outcomes: duration of pu-
bertal growth acceleration, age at B2-G2, and age at PH2.

It isgenerallyassumedthatadrenarchalandrogens impact
on pubic hair (4, 8, 26) and that premature pubarche is usu-
ally due to premature adrenarche, i.e. due to prepubertally
markedly elevated AA levels (10, 27). In accord herewith,
oral DHEAS or DHEA substitution therapy in patients with
atrichia pubis led to accelerated pubic hair growth (9, 28).
However, to our knowledge, the impact of physiological
adrenarche on the timing of pubarche has not yet been ex-
amined in healthy children. Accordingly, our present find-
ings provide novel physiologically based information on the
effect strength of AAs regarding the approximate time span
between earlier and later onset of pubarche due to the influ-
ence of AAs. Children with a more pronounced adrenarche
experience their first pubic hair growth, on average, 1.5 yr
earlier than children with only a moderate adrenarche.

The timing of puberty is highly variable, and apart from
genetic influences (29), environmental factors including nu-
trition also add to this variability. As explicitly discussed by
Veldhuis et al. (30), among the nutritionally influenceable
hormones, appropriate concentrations of IGF-I (and GH)
are required for a normal pace of maturation of at least some
of the puberty variables. Because animal protein intake stim-
ulates the growth-promoting peptide IGF-I (31) in circula-
tion, it is thus intelligible why this dietary component may be
associated particularly with the growth-related puberty
markers ATO and APHV.

Someof theauthorswhohave favored thehypothesis that
a higher level of AA may precipitate an earlier sexual mat-
uration have proposed that here an increased peripheral aro-
matization of adrenal androgens to estrogens could be in-
volved (32). Actually, in the male (pubertal and adult), as in
the female, estrogens constitute the primary determinant of
the sex steroid-negative feedback to the hypothalamic-pitu-
itary-gonadal axis. Accordingly, for an appropriate gonadal
function in men, a preceding conversion of testosterone to
estradiol is essential (33). These data suggest that also before
pubertyonset andperipubertally, androgens, includingAAs,
are aromatized to estrone and estradiol in both sexes. How
these estrogens and/or adrenarchal secretion products might
interact with the neurobiological machinery that controls
pulsatile GnRH release and thereby accelerate puberty onset
is not known.

There is compelling evidence that various neuropeptides
and neurotransmitters like kisspeptin and �-aminobutyric

FIG. 2. Ages at B2-G2 (A) and PH2 (B) by categories of SDS of urinary
24-h C19 steroid excretion rates; data are means (95% confidence
intervals) adjusted for animal protein intake, FMI, birth weight, and
sex). ATO (C) and APHV (D) by categories of animal protein intake are
shown; data are means (95% confidence intervals) adjusted for C19-
SDS, FMI, birth weight, and sex. P for continuous trend refers to the P
values obtained in linear regression models with C19-SDS and animal
protein intake as continuous variables (n � 109). Q, Quartile.
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acid (GABA) are involved in the neurobiological mechanism
holding and/or releasing the check on GnRH pulsatility dur-
ing juveniledevelopment (34).TheGABAsynapsesand their
receptors on GnRH neurons principally exert an inhibitory
action on hypothalamic GnRH release (35). Thus, the
peripubertal activation of the hypothalamic-pituitary-go-
nadal axis requires attenuation of the GABA signal to allow
for an increase in pulsatile LHRH release. In this regard the
neurosteroid effects reported for DHEAS (the quantitatively
most important adrenarchal secretion product) may also
play a relevant role for the GnRH neuronal network.
DHEAS has been shown to act as an noncompetitive antag-
onist of the GABA receptor complex in a number of studies
summarized by Campbell (36). Campbell (36) put forward
the hypothesis that this inhibitory action on the GABA sys-
tem may be one cause for the changes in social behavior,
anxiety, and learning abilities seen from childhood onward.
We would like to extend this hypothesis by suggesting that
the physiological adrenarchal increase in secretion of weak
sex steroids, especially DHEAS, may provide one of the ex-
trahypothalamic signals that, probably via successive GABA
inhibition, could accelerate puberty onset and modulate pu-
berty duration.

Our findings that higher AAs predict an earlier pubertal
development in healthy children are in agreement with the
reports of a higher risk for early puberty onset in girls with
precocious pubarche (14, 37), patients with nonclassical
21-hydroxylase deficiency (38), and patients with classical
congenital adrenal hyperplasia (39). The fact that we
found a significant variation of puberty timing due to
physiologically varying AA levels in healthy children, who
attained the pubertal milestones at normal pace (in accor-
dance with other European studies (40–44), underscores
the role of adrenarche as one physiological modulator that
fine-tunes pubertal development.

It appears that this fine-tuning is primarily related to
breast or genital development and pubarche and to a lesser
degree to growth-related puberty markers. Unfortunately,
only few studies, largely focusing on children with pre-
mature adrenarche (45), have examined the relationship
between adrenarche and pubertal growth. Also, studies
directly examining the association between ATO and the
onset of breast or genital development are widely lacking.
However, analyses of longitudinal data from birth cohort
groups of the Fels Longitudinal Study revealed an almost
constant ATO in girls born 1929–1983 (46), whereas a
convincing trend toward an earlier breast development
onset has been reported for the corresponding time inter-
val (47). Our findings of possible differential effects of AA
and dietary protein intake on these developmental land-
marks could be part of the explanation for the above prob-
able dissociation between ATO and breast development.

A major strength of our present analysis is that we could
examine prospectively collected 24-h urine samples and
weighed dietary records (regarded as the most accurate
technique for assessing dietary intake) that refer to a bi-
ological (1 and 2 yr before ATO) and not a chronological
age. A limitation may be the relatively small sample size,
but it was sufficient to detect differences of 0.4 yr in pu-
bertal timing between the two groups (high vs. low level of
the respective predictor). The clinical relevance of smaller
effect sizes may be questionable.

In conclusion, nutrition and the intensity of the adre-
narchal process appear to be independently and differen-
tially involved in the modulation of pubertal timing. Al-
though higher animal protein intake may be involved in an
earlier attainment of ATO and APHV, higher AA levels
may precipitate a shorter pubertal growth spurt and a
notably earlier onset of breast and genital development in
girls and boys, respectively.
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