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Background: The regulation and role of SHBG in children are poorly defined. Here we investigated
whether adiposity-related mechanisms regulate SHBG and whether SHBG levels are associated
with the age of puberty.

Methods: Longitudinal modelling of annual physiological and endocrine measurements from age
5 to 15 years in a cohort of 347 Plymouth schoolchildren.

Results: SHBG levels were highest at age 5 years and then declined. Mean (SE) SHBG levels were
higher in boys than girls at age 5 years [mean (SE) difference 7.68 (3.80) nmol/L; P � .045] but lower
in boys by age 15 years [difference 12.19 (3.4) nmol/L; P � .001]. SHBG correlated inversely with
adiposity [body mass index SD score (BMI SDS)], insulin, IGF-I, C-reactive protein (CRP), and leptin
and positively with adiponectin but not with dehydroepiandrosterone sulphate, androstenedione,
or T. In linear mixed models, five adiposity-related covariates (insulin, leptin, adiponectin, IGF-I, and
CRP) all exerted significant main effects on SHBG (boys P � .04 to � .001; girls P � .007 to � .001).
However, the further addition of BMI SDS rendered the effects of leptin, insulin, and adiponectin
nonsignificant, whereas CRP and IGF-I remained significant. In separate models, the individual
effects on SHBG of insulin, leptin, IGF-I, and adiponectin, but not CRP, were displaced by BMI SDS.
Finally, in linear regression, BMI SDS little affected R2 resulting from the five adiposity-related
signals. Girls with lower SHBG levels at age 5 years reached Tanner stage 2 earlier, tended to have
earlier LH secretion, and earlier age at peak height velocity and menarche. In contrast, boys with
lower SHBG levels at age 5 years reached Tanner stage 2 earlier, but there were no relationships
between SHBG and earlier onset of LH secretion or age at peak height velocity.

Conclusions: Adiposity-related endocrine mechanisms and chronic inflammation were associated
with the prepubertal decline of SHBG, and lower SHBG levels anticipated earlier puberty. These
findings may be relevant to the occurrence of earlier puberty in recent decades. (J Clin Endocrinol
Metab 99: 3224–3232, 2014)

Sex steroids are pivotal regulators of development and
their action is regulated by SHBG. However, little is

known about the control of SHBG in children and whether
SHBG regulates puberty. Serum SHBG levels rise in child-

hood, reach a plateau, and decline before puberty (1, 2),
perhaps optimizing steroid bioavailability. The mecha-
nisms responsible for declining SHBG levels are uncertain,
although SHBG is influenced by genotype (3, 4), early
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environment (5), and adiposity (6). It has been suggested
that adiposity could explain the declining age of puberty
(7), although the mechanism remains unidentified. How-
ever, the influence of adiposity signals on SHBG is one
potential explanation for declining SHBG levels and pu-
bertal age. Furthermore, adiposity could explain the in-
verse association between SHBG and the metabolic syn-
drome (8), which is also observed in children (9, 10).
Lastly, the finding that single-nucleotide polymorphisms
in the SHBG gene that alter SHBG levels affect diabetes
risks indicates the primary significance of SHBG (3, 4).
Altogether these data suggest that SHBG is closely asso-
ciated with adiposity and therefore may be a significant
pubertal regulator and cardiometabolic risk marker.

The present study investigated the hypotheses that the
prepubertal decline in SHBG levels is mediated by specific
adiposity-associated signals and that children with lower
prepubertal levels of SHBG experience earlier puberty.
Opportunities to investigate endocrine physiology in chil-
dren are limited, but the Earlybird Study has followed up
347 healthy children from age 5 to 15 years with annual
measurements, providing a unique opportunity to explore
fundamental questions.

Materials and Methods

The Earlybird study is an observational study investigating child-
hood origins of metabolic disease. The study was approved by
the ethics committee and conducted in accordance with the Dec-
laration of Helsinki and International Committee on Harmoni-
sation of Good Clinical Practice. The methodology has been
described (11). Briefly, 300 schoolchildren were recruited from
local schools at age 5 years, with equal numbers of boys and girls,
and sampled from high and low socioeconomic areas. Another
47 children were subsequently added to the cohort to compen-
sate for early withdrawal. Children attended annual visits, and
data were collected from age 5 to 15 years. Of 347 children, there
was 76% retention at age 15 years.

Children attended after an overnight fast from midnight. So-
ciodemographic and medical details were recorded. Height and
weight were measured and age-adjusted body mass index (BMI)
SD score (BMIsds) calculated. Overweight and obesity were de-
fined as a BMI in the 91st to 98th or greater than the 98th centile,
respectively, based on 1990 UK standards (12). Waist circum-
ference was measured by tape measure. Pubertal status was de-
termined by self-reported Tanner score (13), age at peak height
velocity (APHV), and age at onset of LH secretion. Tanner stage
2 (T2), an early pubertal marker, reflects gender-specific effects
of sex steroids. Early menarche was defined as first menses at
younger than 11 years (14). Precocious puberty was determined
as evidence of pubertal development in girls younger than 8 years
and boys younger than 9 years (15, 16). Serum SHBG was as-
sayed using the Roche Cobas method on the E170 Modular
Analytics system. This assay uses two monoclonal antibodies
and electrochemiluminescent detection of the sandwich com-
plex. The lower limit of sensitivity was 0.35 nmol/L, and man-

ufacturer’s precision [within run coefficient of variation (CV)]
1.1% at 14.9 nmol/L and 1.7% at 219 nmol/L SHBG. T, dehy-
droepiandrosterone sulfate (DHEAS), and androstenedione
were measured by liquid chromatography-mass spectrometry,
using the Waters Acquity ultrahigh-performance liquid chroma-
tography system and Quattro Premier tandem quadrupole tan-
dem mass spectrometer (Waters Corp).

Assay CVs were less than 15%. IGF-I and leptin were mea-
sured with in-house immunoenzymometric and RIAs respec-
tively, by Professor Naveed Sattar (University of Glasgow, Glas-
gow, United Kingdom) as previously described (17). Interassay
CVs were both less than 10% and detection limits 2 �g/L and 0.5
ng/mL, respectively. High-sensitivity C-reactive protein (CRP)
was measured by automated particle-enhanced immunoturbido-
metric assay, with lower detection limit 0.1 mg/L and CV less
than 3%. Total adiponectin was measured by ELISA (R&D Sys-
tems), with interassay CV of 7%. Insulin was assayed by chemi-
luminescent immunometric assay (DPC Immulite), and cross-
reactivity with proinsulin was less than 1%. Insulin was analyzed
weekly in batches on serum frozen. The interassay CV was 8.0%
at 2.87 mU/L, and lower detection limit was 2.0 mU/L. Insulin
sensitivity and insulin secretion were calculated by homeostasis
model assessment (18).

Statistical considerations
Data were analyzed with SPSS version 21 (SPSS Inc). Optimal

transformation of skewed data was determined through Box-
Cox analysis. Cross-sectional relationships were analyzed with
partial correlation and linear regression. Temporal relationships
between SHBG and independent variables were investigated
with linear mixed models. Observational studies with low attri-
tion rates are well suited to analysis by mixed-effects modeling,
which has the advantage of using all data, rather than excluding
individuals for lack of one or two attendances. Models were
constructed for boys and girls separately, with study visit (age) as
repeat measure and other factors as fixed effects. Influences on
SHBG were examined with SHBG as dependent variable and
effects of SHBG on other target variables with SHBG as a co-
variate. The significance of candidate variables was tested
through forward stepwise selection at 5% significance levels.
Where interactions of factorial and continuous variables were
modeled, effects such as age and BMIsds were interpreted graph-
ically by choosing the 10th and 90th centiles or �1 SD of the
continuous variable and plotting in Excel the predicted outcome
against the time factor for these reference levels.

Results

Age-related decline in SHBG
Levels of SHBG were highest at age 5, declined before

puberty, and were lowest by age 14–15 (Figure 1). At age
5 years, the mean (SE) SHBG was 7.68 (3.80) nmol/L
lower in girls than boys (P � .045). This difference in-
creased to 18.14 (3.94) at age 11 years (P � .001) and then
diminished and reversed, and boys had lower levels at age
15 years [difference 12.19 (3.4) nmol/L; P � .001]. SHBG
at ages 5 and 15 years correlated (r � 0.200; P � .001) in
girls and boys.
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The relationship between puberty and SHBG
Children’s characteristics are summarized in Table 1.

T2 was reached earlier in boys than girls (P � .012), LH
secretion occurred at the same ages (P � .54), and APHV
was 1.68 years earlier in girls (P � .001). In a cross-sec-
tional analysis, girls destined to be in the youngest vs oldest
quartiles for age at T2, age at LH secretion, APHV, and

menarchal age exhibited lower SHBG levels from age 5
years, with maximum differences at 11 years. In boys,
there was no anticipation of puberty, although at age
13–14 years, the SHBG levels were lower in boys with
earlier puberty. Girls destined to be in the youngest quar-
tile of age at LH secretion exhibited higher BMIsds at all
ages from 5–15 years, but this was not evident in boys.
Furthermore, the youngest APHV quartiles tended to have
higher BMIsds and waist circumference from age 9 to 14
years in girls and at age 15 years in boys. To graphically
illustrate the gender-specific relationships of SHBG with
puberty, serial SHBG levels were modeled longitudinally
with pubertal measures.

In models with SHBG as dependent variable, age as
factor, and both BMIsds and age at T2 as covariates, girls
with later T2 had higher SHBG from age 5 to 14 years. In
contrast, in boys, up to age 10 years, the SHBG levels were
associated with later T2, but there was no effect after age
10 (Figure 2, A and B). In equivalent models with BMIsds
and age at LH secretion as covariates, girls with later LH
secretion had higher SHBG from age 6 to 14 years,

Figure 1. Serum concentrations of SHBG over time. Annual serum
concentrations of SHBG in boys and girls from age 5 to 15 years. SHBG
concentrations declined after the age of 9 years. SHBG levels were
higher in boys than girls from the ages of 5 to 13 years but lower in
boys by age 15 years. Data are mean and 95% confidence interval.

Table 1. Characteristics of Adiposity in Boys and Girls at Ages 5 and 15 Years of the Study and Gender-Specific
Description of Key Pubertal Indicators

Boys Girls

First Visit Last Visit First Visit Last Visit

Age, y
Mean (SD) 4.96 (0.28) 14.82 (0.27) 4.89 (0.25) 14.81 (0.33)
Range 4.37 to 6.18 13.99 to 15.42 4.45 to 5.97 13.88 to 16.25

BMIsds
Mean (SD) 0.19 (1.08) 0.38 (1.16) 0.54 (0.96) 0.62 (1.08)
Range �2.38 to 4.49 �2.93 to 3.27 �2.54 to 3.63 �2.11 to 3.02

n, %, normal weight 145 (86%) 112 (75.5%) 111 (81%) 104 (76%)
n, %, overweight 16 (10.5%) 17 (11.5%) 19 (14%) 16 (12%)

91st to 98th centile
n, %, obese 7 (3.5%) 19 (13%) 7 (5%) 16 (12%)

� 98th centile
Age at stage T2, y

Mean (SD) 10.59 (0.98) 10.90 (1.09)a

Range 8.36 to 13.53 8.53 to 14.00
n, %, precocious puberty n � 6 (4%) � 9 y n � 0 (0%) � 8 y
Age at LH secretion, y

Mean (SD) 11.3 (1.04) 11.25 (0.97)
Range 9.34 to 14.04 9.00 to 14.17

APHV, y
Mean (SD) 13.28 (0.97) 11.60 (1.14)b

Range 10.63 to 15.80 6.98 to 14.33
Age at menarche, y

Mean (SD) 12.67 (0.98)
Range 10.41 to 14.85

n, %, early menarche n � 6 (4%) � 11 y

Adiposity and obesity were classified using BMI thresholds currently advocated for clinical evaluation of childhood overweight and obesity in the
United Kingdom (12). Early menarche was defined as onset of menses at less than 11 years of age (14). Precocious puberty was defined as
evidence of pubertal progression before age 9 years in boys and 8 years in girls (15, 16).
a Girls vs boys (P � .012).
b Girls vs boys (P � .001).
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whereas in boys SHBG differed only from age 13 years
(Figure 2, C and D). In equivalent models with APHV as
covariate, girls with later APHV had higher SHBG levels
from age 5 to 14 years, whereas in boys SHBG was higher
from age 13 years in those with later APHV (Figure 2, E
and F). Finally, with menarchal age as covariate, girls with
higher SHBG from age 5 years tended to have later men-
arche (Figure 2G).

Adiposity and SHBG
There were inverse correlations between SHBG and

BMIsds. In boys, correlation between SHBG and BMIsds
increased from age 5 years (r � �0.242; P � .002) to 12
years (r � �0.589;P � .001), diminishing at age 15 years
(r � �0.453; P � .001). In girls SHBG correlated with
BMIsds at age 5 years (r � �0.162; P � .059), and in-
creasingly at age 8 years (r � �0.507; P � .001). By age
12 years, the correlation was strongest (r � �0.564; P �

.001) and diminished by age 15 years (r � �0.215; P �

.018). There were similar correlations with waist circum-
ference (not shown).

Models confirmed significant associations of SHBG
and BMIsds. With SHBG as dependent variable, and
BMIsds and insulin as covariates, BMIsds had a large ef-
fect on SHBG (boys F � 124.6; girls F � 146.0; both P �
.001), whereas insulin had none. There were also signifi-
cant interactions between age and BMIsds for boys (F �
6.6; P � .001) and girls (F � 2.7; P � .005). Children with
higher BMI had lower SHBG levels (Figure 3, A and C).

We examined whether relationships of SHBG with pu-
bertal measures were explained by adiposity. In view of
intercorrelations between pubertal measures (not shown),
the gender difference in Tanner classification, and poten-
tial measurement error for age at LH secretion, APHV was
selected for analysis. With SHBG as the dependent vari-
able and BMI and APHV as covariates, in both boys and
girls, there were significant interactions between age and
BMIsds and APHV (boys, F � 7.39 and F � 5.47, both P �

Figure 2. Graphical representation of linear mixed models describing the influence of measures of puberty on SHBG concentrations. Multilevel
models including age, BMIsds, and pubertal milestones show predicted SHBG concentrations by age according to the 10th and 90th centiles of the
following predictor variables: age at T2 for boys (A) and girls (B), age at onset of LH secretion for boys (C) and girls (D), APHV for boys (E) and girls
(F), and age at menarche in girls (G). Girls with earlier age at T2, age at onset of LH secretion, APHV, and age at menarche exhibited lower
concentrations of SHBG from age 5 years. Boys with earlier age at T2 had slightly lower SHBG levels from age 5 to 10 years, but earlier age at
onset of LH secretion and APHV were associated with lower SHBG levels only from 12 years of age.
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.001; girls, F � 3.00, P � .002, F � 2.07, P � .006).
However, for boys, comparison of models in Figure 3, A
and B, suggests that the main influence on SHBG from age
5 years was BMIsds, whereas APHV had a relatively small
independent effect from age 13 years. For girls, compar-
ison of Figure 3, C and D, suggests that main influence on
SHBG was also BMIsds, although a small independent
influence of APHV from age 5 years was suggested, but
this effect reversed at age 15 years.

Insulin and SHBG
Insulin and insulin resistance were interchangeable, so

insulin was used throughout. In boys, there were correla-
tions from age 5 to 8 years, although initially marginal (r �
�0.06 to �0.175; 0.031 � P � .46). By age 9 years, in-
verse correlation emerged (r � �0.199; P � .016), max-
imal at age 10 years (r � �0.454; P � .001) and persisting
at age 15 years (r � �0.300; P � .001). In girls, SHBG
correlated with insulin from age 8 years (r � �0.308; P �
.001), maximally at age 11 years (r � �0.573;P � .001),
and still at age 15 years (r � �0.296; P � .001). The
relationship of SHBG and insulin was examined, also con-
trolling for BMIsds, and partial correlations persisted
from age 9 to 15 years, most strongly in girls (r � �0.151
to �0.336; 0.07 � P � .001). In these analyses, adiposity
explained much, but not all, of the association of insulin
with SHBG.

However, in models with SHBG as the dependent vari-
able and insulin and BMIsds as the covariates, insulin had
no independent effect (boys, F � 0.42, P � .52; girls, F �

0.29, P � .63). Various models were
tested to explore effects on SHBG of
age, insulin, BMIsds, and pubertal
measures, but alongside BMIsds, in-
sulin did not affect SHBG. In models
with insulin as the dependent vari-
able and BMIsds and SHBG as the
covariates, insulin was affected by
SHBG in girls (F � 14.2, P � .001)
but not boys (F � 3.00, P � .09). In
contrast, the overwhelming effect on
insulin was BMIsds (boys, F � 42.9;
girls, F � 47.6; both P � .001).

Androgens and SHBG
DHEAS and androstenedione

were detectable from age 5 to 7 years
in boys and girls, increased with age,
but were unrelated to SHBG. In a
model with SHBG as the dependent
variable and DHEAS and BMIsds as
the covariariates, BMIsds had a
strong effect (boys, F � 78.9; girls,

F � 91.7; both P � .001) and DHEAS none. T was de-
tectable by age 9–11 years in most children and increased
with age in a gender-specific pattern, unrelated to SHBG.
Cross-sectionally, there was a weak correlation of SHBG
with T in girls at age 15 years (r � �0.21; P � .025). In
models with SHBG as the dependent variable and T and
BMIsds as the covariates, BMIsds had strong effects on
SHBG (boys, F � 98.7, girls, F � 214.0; both P � .001)
and T had none. Results were similar when the analysis
was restricted to times after LH secretion. BMIsds corre-
lated inversely with androstenedione in girls only at ages
6 years (r � �0.51; P � .005) and 7 years (r � �0.31; P �

.05) but not with DHEAS. Finally, neither cross-sectional
analysis nor longitudinal models identified any relation-
ships between DHEAS or androstenedione and waist cir-
cumference or insulin.

IGF-I and SHBG
IGF-I and SHBG correlated inversely in boys from age

11 years onward (r � �0.19 to �0.36; .037 � P � .001)
and girls from age 6 years to 12 years (r � �0.22 to �0.42;
P � .022 to � .001), with maximum correlations at ages
11 and 12 years in girls and boys, respectively. These cor-
relations persisted in partial correlations adjusted for
BMIsds. In models with SHBG as the dependent variable
and IGF-I and BMIsds as the covariariates, the SHBG was
determined by BMIsds (boys, F � 44.8; P � .001; girls, F �

44.9; P � .001) but not IGF-I.

Figure 3. Graphical representations of linear mixed models showing the influence of adiposity
and puberty (APHV) on SHBG. Multilevel models demonstrating the influence of BMI (10th and
90th centile data) (A) and APHV (B) on SHBG concentrations over time in boys and the same
models for girls (C and D).
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Leptin and SHBG
SHBG and leptin correlated inversely from age 6 to 13

years in boys. Correlations peaked at age 12 years (r �

�0.20 to �0.50; P � .04 to � .001) and were nonsignif-
icant by age 14 years. In girls, SHBG and leptin correlated
from age 6 years to 14 years and maximally at age 12 years
(r � �0.28 to �0.51; P � .003 to � .001). In partial
correlations, controlling for BMIsds, the effect of leptin
was not significant. Moreover, in models with SHBG as
the dependent variable and leptin and BMIsds as the co-
variates, SHBG was determined by BMIsds (boys, F �

149.6; P � .001; girls, F � 152.9; P � .001) but not leptin.

Adiponectin and SHBG
Adiponectin correlated with SHBG in boys aged 9 years

and from age 12 years onward (r � 0.18–0.34; P � .04 to
� .001) and in girls from age 6 years (r � 0.22–0.44; P �

.02 to � .001). Correlations were stronger in girls and
greatest at 12–14 years. Significance was diminished when
controlling for BMIsds, which persisted in girls age 10–14
years (r � 0.16–0.30; P � .01 to � .001) but was bor-
derline in boys. In models with SHBG as the dependent
variable and adiponectin as the covariate, adiponectin had
a small effect (boys, F � 6.8, P � .009; girls, F � 5.4, P �

.02). With both BMIsds and adiponectin as covariates,
however, the dominant effect was BMIsds (boys, F �

162.9, P � .001; girls, F � 223.9, P � .001) and adi-
ponectin had none.

CRP and SHBG
From age 5 years to 15 years, SHBG correlated in-

versely with CRP in boys (r � �0.22 to �0.57; P .01 to �

.001) and girls (r � �0.22 to �0.41; P � .13 to � .001).
In boys, the strongest correlations were at 10–12 years
and girls between 6 and 9 years. However, CRP correlated
positively with BMIsds from age 7 years, maximally in
girls aged 12 years (r � 0.63; P � .001) and boys aged 13
years (r � 0.43; P � .001). In correlations adjusted for
BMIsds, CRP still correlated with SHBG up to age 12 years
in boys (r � �0.18 to �0.41; P � .04 to � .001) and girls
(r � �0.18 to �0.32; P .04 to � .001). In mixed models
with SHBG as the dependent variable and CRP and
BMIsds as the covariates, both BMIsds and CRP strongly
affected SHBG (girls, CRP, F � 148.8, BMIsds, F � 96.8;
boys, CRP, F � 107.9, BMIsds, F � 104.0; all P � .001).
Therefore, CRP contributes to the influence of BMIsds on
SHBG but also exhibits independent effects.

Combined effects of adiposity signals and
inflammation on SHBG

Because the effects on SHBG of insulin, leptin, IGF-I,
adiponectin, and CRP were all associated with adiposity,

the influence of BMIsds on SHBG may be mediated by the
aggregate effect of these signals. In a regression analysis,
with SHBG as the dependent variable, all five explanatory
variables gave higher R2 statistics than BMIsds alone, with
the highest R2 of approximately 0.50 in boys and girls at
ages 11 and 12 years, respectively. However, the further
addition of BMIsds to these variables did not increase R2.
In mixed models, all five covariates together exhibited sig-
nificant main effects on SHBG levels (boys, P � .04; girls,
P � .007). However, the effects of leptin, insulin, and
adiponectin became nonsignificant after the introduction
of BMIsds, leaving BMIsds, CRP, and IGF-I with inde-
pendent effects.

Discussion

The principal findings were that signals associated with
increasing adiposity and inflammation were associated
with lower SHBG levels between the ages of 5 and 15
years, and lower SHBG levels anticipated earlier puberty.
How should these data be interpreted and what insights do
they reveal about SHBG and puberty?

Previous studies suggest several factors regulate SHBG.
In vitro, SHBG secretion is decreased by insulin (19, 20),
IGF-I (20), and epithelial growth factor (20) and gene ex-
pression suppressed by peroxisomal proliferator-acti-
vated receptor-� (21). Studies of SBHG in children with
diabetes gave inconsistent findings (22, 23), and contrary
topredictions frominvitrodata (19,20), insulin treatment
increased SHBG levels in adults (24). There is in vitro (25)
and clinical evidence (26, 27) that thyroid hormone reg-
ulates SHBG. Levels of SHBG were increased by estradiol
in females (28) and transsexual males (29, 30), and estra-
diol increased SHBG secretion in vitro (20). In contrast, T
suppressed SHBG in males (31–33), although no changes
were found in female-to-male transsexuals (34). Although
these studies shed little light on prepubertal regulation of
SHBG, they suggest possible regulators.

Temporal trends in SHBG were strongly modulated by
adiposity. Because adiposity is a descriptor, not a mech-
anism, this suggests that adiposity-associated signals sup-
press SHBG levels. The observation that insulin, IGF-I,
leptin, adiponectin, and CRP were closely associated with
adiposity and that these five variables together explained
muchof thevarianceand temporal trend inSHBGsuggests
that the effect of BMIsds may be largely explained by these
or associated signals. Thus, BMIsds is probably a descrip-
tor that integrates the effects of signals that suppress
SHBG.

Mixed models implied the effect of insulin on SHBG
was associated with adiposity and are compatible with a
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regulatory role for insulin. We considered whether growth
mechanisms influence SHBG, but the IGF-I data were
more complex. The SHBG decline preceded the growth
spurt by several years. Although correlations of IGF-I with
SHBG appeared largely independent of BMIsds, two-co-
variate models suggested the IGF-I effect was related to
BMIsds. However, the six-covariate model again sug-
gested an IGF-I effect independent of BMIsds. In vitro
observations also found that IGF-I reduces SHBG expres-
sion (20). We considered T unlikely to explain a prepu-
bertal fall in SHBG and longitudinal models confirmed
this. Although DHEAS and androstenedione, which are
minimally bound by SHBG (35), are present several years
before LH secretion, we found no relationship. Ong et al
(36) observed that DHEAS and androstenedione levels at
age8yearscorrelatedwithweightgain in infancyandcurrent
weight and suggested these steroids might influence subse-
quent adiposity and insulin resistance. However, our data
did not support this. Clearly there were methodological dif-
ferences, Ong et al (36) studying a larger cohort but under-
taking measurements at a single age.

Adipokines may also regulate SHBG. Leptin was in-
versely related to SHBG, as previously reported (37), but
in mixed models was displaced by BMIsds. Total adi-
ponectin also correlated inversely with SHBG, as reported
in adults (37, 38), but in mixed models was also displaced
by BMIsds. Although it is unknown whether adiponectin
directly regulates SHBG, TNF� suppresses expression of
adiponectin in adipocytes (39) and SHBG in hepatocytes
(24). Thus, although TNF� was not measured, it might
explain the inverse association of CRP with SHBG expres-
sion. The effect of CRP on SHBG was highly significant,
similar in magnitude to, but partly independent from, the
effect of BMIsds. In conclusion, these data are consistent
with the proposal of adipokine-mediated reduction in
SHBG levels.

The hypothesis that lower SHBG concentrations would
be associated with earlier puberty was confirmed. These
relationships are hard to disentangle from adiposity, but a
small independent effect of SHBG on APHV was noted in
girls. Thus, reductions in SHBG may increase sex steroid
bioavailability and promote puberty. The obesity epi-
demic may be a factor in earlier puberty, especially in girls
(7), although puberty has advanced in all BMI groups,
suggesting additional explanations (40). Our observa-
tions suggest inflammation might be another mechanism.
Our data also suggest adiposity has a greater impact on
puberty in girls. The underlying cause of earlier puberty
remains uncertain but may be independent of hypotha-
lamic-pituitary-gonadal axis activation (41). A range of
mechanismswas suggested includingendocrinedisrupting
chemicals, adipokines, and aromatization of androgens by

adipose tissue (7). Although adipose tissue stroma aroma-
tises androstenedione to estradiol (42), which we did not
measure, there was no correlation between androstenedi-
one and pubertal milestones. Our findings suggest that
declining SHBG levels might hasten puberty and implicate
mechanisms associated with adiposity and inflammation.

Other interesting observations were that individual
SHBG levels tracked over time, a finding that could be
explained by single-nucleotide polymorphisms (3, 4) and
early life programming of SHBG expression (5). SHBG
levels were also inversely associated with central adiposity
but only around puberty, suggesting that SHBG does not
influence prepubertal fat distribution. Lastly, the inverse
associations of adiposity and inflammation with SHBG
may explain why low SHBG levels are associated with the
metabolic syndrome (8–10).

The strength of this study was standardized, annual
data collection across a critical developmental period. The
principal weakness was the observational design, allowing
inferences about association and temporal sequence but
not causation. Mixed models have considerable advan-
tages over cross-sectional methods, particularly in exam-
ining interactions over time and handling missing data.
We used only the most parsimonious models, limited sets
of variables, and models of borderline or questionable
significance were disregarded. Although caution is neces-
sary because independent variables may not be entirely
independent, collinearity diagnostics revealed no signifi-
cant collinearities. Several other specific limitations in-
cluded self-reported Tanner stage, lack of data beyond age
15 years, and the fact that there were no measures of es-
tradiol. However, estradiol is probably not a major pre-
pubertal factor and the evidence suggests it increases
rather than decreases SHBG levels. Lastly, although the
homogeneity of a white European population minimizes
confounding effects of interethnic differences caution is
appropriate in making inferences about other ethnic
groups.

The principal question is how should these data be in-
terpreted? The ability of one variable to displace another
does not imply that the displaced variable is without bi-
ological importance; rather, the two are associated. We
acknowledge the complex time-dependent interactions of
the mechanisms explored here, and we propose the fol-
lowing interpretation. The observation that the adiposity
descriptor BMIsds displaces individual effects of insulin,
IGF-I, leptin, and adiponectin suggests that BMIsds prob-
ably integrates the effects of these adiposity signals on
SHBG. In contrast, the relationship of CRP with SHBG
appears partly independent of BMIsds.

In conclusion, longitudinal mixed models revealed
novel insights into the physiology of SHBG in children.
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The prepubertal decline in SHBG levels was especially re-
lated to signals reflecting increasing adiposity and inflam-
mation, and lower levels of SHBG from age 5 years were
associated with earlier puberty, especially in girls. The
findings suggest that reduced SHBG levels may link adi-
posity and low grade inflammation with earlier puberty.
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