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Objective: Our objective was to determine whether excessive adiposity is associated with alteration
of the normal hormonal changes of early pubertal girls.

Design and Participants: Healthy 6.4- to 9.5-yr-old, prepubertal (PRE, n � 20) and 9.4- to 13.0-yr-old
pubertal premenarcheal volunteers (PUB, n � 20) were divided into excessive-weight (EW) or
normal-weight (NW) groups according to the 85th percentile body mass index.

Interventions and Setting: Overnight blood sampling; GnRH agonist (GnRHag), low-dose ACTH,
oral glucose tolerance tests, and pelvic ultrasonograms were performed in our Clinical Research
Center.

Results: EW girls were similar in age and baseline and ACTH- and GnRHag-stimulated androgen
levels to stage-matched NW girls. However, the sleep-related LH rise was blunted in EW-PUB girls
compared with NW-PUB girls. The sleep-related rise of mean LH in EW-PUB [0.68 � 0.35 (SEM) U/liter]
was insignificant, less than that of NW-PUB (2.1 � 0.45, P � 0.05) and not significantly different
from that of PRE girls (0.08�0.03). EW-PUB had slower LH pulse frequency and a lower rise in LH
pulse amplitude during sleep than NW-PUB girls (both P � 0.05). Overnight FSH patterns paralleled
LH patterns, whereas estradiol levels were similar in stage-matched NW and EW groups, differing
between stages as expected. Early morning and peak LH, FSH, and estradiol responses to GnRHag
were similar in EW-PUB and NW-PUB and significantly greater than those of PRE girls.

Conclusions: Healthy EW-PUB girls have significantly blunted sleep-related LH production. These
data suggest that excess adiposity, in the absence of sex steroid excess, may subtly suppress hy-
pothalamic-pituitary-gonadal function in premenarcheal pubertal girls. (J Clin Endocrinol Metab
94: 1168–1175, 2009)

Excess adiposity is a risk factor for pubertal disorders. Evi-
dence is mounting that excess adiposity advances the age of

onset of puberty, making it a risk factor for precocious puberty
(1, 2). Girls with complete precocious puberty have high LH
levels and a high LH-to-FSH ratio for age, albeit normal for stage
of puberty (3). Obesity also is a risk factor for polycystic ovary
syndrome (PCOS) (4) and has been reported to be associated
with increased androgen levels in early pubertal girls, an asso-
ciation also found in PCOS (5). Adolescent girls with PCOS have

high LH levels and LH-to-FSH ratio for age (6). Although the
phenomena of precocious puberty and PCOS do not seem to be
related, obesity appears to influence both disorders, potentially
by altering gonadotropin production.

Consequently, we hypothesized that pubertal premenarcheal
girls with excessive adiposity, indexed by elevated body mass
index (BMI), would have higher levels of LH and androgens than
those with normal BMI. To test our hypothesis, in developing
normative data, we recruited healthy volunteers with normal and
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elevated BMI and surveyed their hypothalamic-pituitary-ovar-
ian function by analyzing gonadotropin secretion during a sleep
test, by assessing their gonadotropin and sex steroid responses to
a GnRH agonist (GnRHag) test, and by testing their adrenal
androgenic sensitivity to ACTH. Contrary to our expectations,
however, the LH increase with the onset of sleep, the earliest
hormonal change of puberty (7), was blunted in healthy girls
whose BMI was excessive; furthermore, these girls had no evi-
dence of androgen excess. Our findings suggest that excess ad-
iposity, in the absence of hyperandrogenemia, may subtly blunt
hypothalamic-pituitary gonadotrope function during the pre-
menarcheal stages of puberty.

Subjects and Methods

Subjects
We recruited healthy volunteers by advertisement from January 2000

to June 2004 such that excessive weight (EW, BMI �85th percentile) and
normal-weight (NW, BMI 8–85th percentile) girls were approximately
equally represented in both prepubertal (PRE) and pubertal premenar-
cheal (PUB) stages. The volunteers had no chronic illnesses or hirsutism.
They were normal height for age and were not taking medications. PRE
girls (n � 20) were 6.4–9.5 yr old and had no breast or pubic hair
development (Table 1). PUB girls (n � 20) were 9.4–13.0 yr old, had
Tanner 2–4 breast development that was predominantly stage 3 (Fig. 1)
(pubarche was of a variable degree, stage 1–4), and were premenarcheal;
none reported menses in a survey 1 month after the studies reported here.
Two extreme outliers were excluded from this tally post hoc because of
key pubertal data more than 3 SD from the mean of the rest of their group:
one 9.0-yr-old NW-PRE girl had a mean sleep LH (1.24 U/liter) indic-
ative of peripuberty and one 12.7-yr-old NW-PUB girl with stage 3 breast
development had a plasma free testosterone (T) level (15 pg/ml) and
17-hydroxyprogesterone response to GnRHag (256 ng/dl) indicative of
occult PCOS (8). Ethnicity was not evenly distributed among groups (P �
0.035): NW-PRE was 60% African-American and 40% Caucasian; EW-
PRE was 46% African-American, 27% Caucasian, and 27% Hispanic;
NW-PUB was 58% African-American, 33% Caucasian, and 9% His-
panic; and EW-PUB was 88% African-American and 12% Hispanic.
These studies were approved by the University of Chicago Institutional
Review Board and were performed after obtaining assent of the girls and
consent of the parents.

Study protocol
All subjects were admitted to the University of Chicago General Clin-

ical Research Center. At 1900 h, a hormonal sleep test was begun by
inserting an iv line for continuous blood withdrawal, with sampling at
20-min intervals until 2 or more hours after sleep onset, as assessed by
observation (9), with the exception of two subjects in each PRE group
whose iv access lasted only 1.0–1.7 h. LH was measured at 20-min
intervals, FSH and estradiol (E2) in 2-h pools. Thereafter, the study
protocol was conducted as previously described for postmenarcheal girls
(8). Briefly, at 0800 h the next morning, baseline fasting blood samples
were obtained for steroid assays. An oral glucose tolerance test (OGTT)
was then performed according to American Diabetes Association guide-
lines (10): after a fasting sample was obtained, subjects were given glu-
cose in solution (Glucola), 1.75 g/kg body weight up to a maximum of
75 g, with repeat sampling at 2 h for serum glucose and insulin. During
the OGTT, blood was sampled at 15-min intervals to determine the
baseline gonadotropin mean. At 1200 h, dexamethasone was given
orally to attenuate spontaneous adrenocortical secretion during the sub-
sequent ACTH test (11); a low dose (0.25 mg/m2) of dexamethasone was
used to provide a relatively short-term effect. Then a pelvic ultrasound
examination was performed. At 1600 h, a low-dose ACTH1-24 test (1.0 TA
B

LE
1.

St
ud

y
gr

ou
p

ba
se

lin
e

ch
ar

ac
te

ris
tic

s

G
ro

u
p

A
g

e
(y

r)
B

A
(y

r)
B

M
I

(p
er

ce
n

ti
le

)
M

ax
O

v
(m

l)
M

ax
Fo

ll
(n

u
m

b
er

)
LH

(U
/l

it
er

)
FS

H
(U

/l
it

er
)

E2
(p

g
/m

l)
Fr

ee
T

(p
g

/m
l)

SH
B

G
(n

M
)

D
H

EA
S

(�
g

/d
l)

H
O

M
A

N
W

-P
RE

(n
�

9)
M

ea
n

�
SE

M
7.

7
�

0.
3

7.
2

�
0.

4
56

�
10

2.
5

�
0.

8
2.

7
�

0.
8

�
0.

15
�

0.
00

1.
1

�
0.

2
6.

1
�

0.
4

�
2.

0
�

0.
0

38
�

3.
5

21
�

5.
3

3.
7

�
0.

6
Ra

ng
e

6.
5–

9.
0

5.
8

–
8.

8
8

–
85

0.
2–

6.
3

0
–

6
�

0.
15

0.
5–

2.
4

�
5.

0
–

8.
0

�
2.

0
24

–5
8

�
5–

42
0.

7–
6.

2
EW

-P
RE

(n
�

11
)

M
ea

n
�

SE
M

8.
1

�
0.

4
8.

4
�

0.
4a

95
�

1b
3.

5
�

0.
5

5.
2

�
1.

5
�

0.
21

�
0.

06
1.

3
�

0.
2

5.
5

�
0.

3
�

2.
1

�
0.

1
26

�
4.

5
17

�
4.

1
8.

0
�

2.
1

Ra
ng

e
6.

4
–9

.5
6.

3–
11

.0
88

–9
9.

9
1.

2–
5.

6
0

–1
0

�
0.

15
–

0.
85

�
0.

2–
2.

1
�

5.
0

–
8.

0
�

2.
0

–3
.0

8
–

60
�

5–
50

1.
3–

25
.1

N
W

-P
U

B
(n

�
12

)
M

ea
n

�
SE

M
11

.5
�

0.
3

11
.7

�
0.

3
48

�
6

4.
3

�
0.

5
7.

1
�

0.
6

2.
1

�
0.

42
5.

0
�

0.
5

30
.3

�
4.

5
4.

4
�

0.
6

28
�

3.
7

35
�

5.
2

6.
4

�
0.

9
Ra

ng
e

9.
4

–1
3.

0
8.

8
–1

3.
0

9
–7

4
1.

6
–7

.3
4

–1
0

0.
50

–5
.6

3.
0

–7
.8

6.
0

–5
0.

0
�

2.
0

–
8.

0
3–

44
8

–
60

2.
9

–1
3

EW
-P

U
B

(n
�

8)
M

ea
n

�
SE

M
11

.3
�

0.
3

11
.5

�
0.

6
95

�
2b

6.
8

�
1.

6
6.

0
�

1.
4

2.
1

�
0.

71
3.

7
�

0.
8

24
.8

�
6.

5
6.

6
�

1.
1

24
�

3.
2

40
�

7.
4

10
.2

�
1.

4a

Ra
ng

e
10

.6
–1

2.
8

8.
8

–1
3.

0
86

–9
9

1.
8

–1
2.

3
0

–1
0

�
0.

15
–5

.8
0.

5–
6.

2
�

5.
0

–5
3.

0
4

–1
0

9
–

40
11

–7
2

5.
8

–1
7.

3

O
bs

er
ve

d
ra

ng
e

fo
r

ea
ch

gr
ou

p
is

sh
ow

n.
Fo

r
co

nv
er

si
on

s
to

SI
un

its
,m

ul
tip

ly
as

fo
llo

w
s:

T
�

0.
03

47
�

nm
ol

/li
te

r;
fr

ee
T

�
3.

47
�

pm
ol

/li
te

r;
D

H
EA

S
�

0.
02

71
�

�
m

ol
/li

te
r.

M
ax

Fo
ll,

M
ax

im
um

fo
lli

cl
e

nu
m

be
r

in
la

rg
es

t
pl

an
e;

M
ax

O
v,

la
rg

es
t

ov
ar

y.
a
,b

P
va

lu
es

co
m

pa
rin

g
EW

w
ith

N
W

w
ith

in
pu

be
rt

al
st

ag
e:

a
P

�
0.

05
;b

P
�

0.
01

.

J Clin Endocrinol Metab, April 2009, 94(4):1168–1175 jcem.endojournals.org 1169

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/article/94/4/1168/2596248 by guest on 19 April 2024



�g/1.7 m2 iv) (12, 13) was performed to test adrenal sensitivity to ACTH
by sampling at 0 (basal), 15, and 30 min for steroids. At 1800 h, after
collecting blood every 15 min for 1 h for basal gonadotropins, a GnRHag
(leuprolide acetate) test dose (10 �g/kg sc) (14) was given to assess re-
sponsiveness of LH, FSH, and ovarian steroids and intermediates. Blood
was sampled for these hormones 0.5–18 h later. Dexamethasone was
then readministered 18 h after GnRHag (1200 h) to attenuate coinci-
dental adrenocortical secretion during the remaining sampling for ste-
roidogenic responses to GnRHag (15), which was performed 20–24 h
after GnRHag (i.e. at 1400–1800 h). Blood volumes withdrawn were
adjusted so that no more than 5% total blood volume was removed.
Subjects were given meals at 0800, 1200, and 1800 h, except for the
morning of the OGTT.

Laboratory and procedural methods
Serum LH and FSH were measured by immunofluorometric assays

(Delphia; Wallac, Turku, Finland); total T, dehydroepiandrosterone sul-
fate (DHEAS), and cortisol by Diagnostic Products Corp. (Los Angeles,
CA) RIA kits; and E2 by Pantex (Santa Monica, CA) immunoassay kit
(14). Free T and SHBG were calculated from a binding assay as previ-
ously reported (14, 16). RIAs were used for steroid intermediates (17-
hydroxyprogesterone, androstenedione, 11-deoxycortisol, 17-hy-
droxypregnenolone, and DHEA) (17) and serum insulin (18). Each
hormone on a study subject was assayed simultaneously. Values below
the limits of sensitivity were set to this limit for statistical analysis. Assay
characteristics (sensitivity and midrange intra- and interassay precision)
were LH, 0.15 U/liter and 2.8 and 7.1%; FSH, 0.2 U/liter and 2.3 and
3.8%; total T, 10 ng/dl and 9 and 11%; DHEAS, 5 �g/dl and 3.7 and
12%; cortisol, 0.2 �g/dl and 3.0 and 12%; E2, 5.0 pg/ml and 10
and, 10%; free T, 2 pg/ml and 2.9 and 9%; SHBG, 3 nM and 7.7 and 12%;
steroid intermediates, 25 pg/ml and 8.7 and 10.7%; and insulin, 4 �U/ml
and 11.4 and 14.9%. Plasma glucose was measured using a glucose
analyzer (YSI Model 2300 STAT; Yellow Springs Instruments, Yellow
Springs, OH). Insulin resistance was approximated by homeostatic
model assessment (HOMA) according to the equation HOMA � [fasting
plasma insulin (milliunits/liter) � fasting plasma glucose (millimoles/
liter)]/22.5 (19). Real-time pelvic ultrasound imaging was performed in
the Pediatric Radiology Department by the abdominal route using an
Acuson Sequoia with a 4-Mhz transducer (Acuson, Mountain View, CA)
according to the manufacturer’s specifications using standard algorithms
and a phantom probe for periodic calibration (20). There was no sig-
nificant variation between readings by the two radiologists who per-

formed these studies. Ovarian volume was calculated according to the
formula for ellipsoid bodies: volume � 0.523 (longitudinal diameter �
anteroposterior diameter � transverse diameter). Bone age was deter-
mined by a modification of the Greulich-Pyle method (21). BMI percen-
tiles and Z-scores were determined from a national database (22).

Data analyses
Group data, including hormonal responses log-transformed as nec-

essary for data normalization, were compared by Kruskal-Wallis test
(hormone rises during sleep test), one-way ANOVA (comparisons
among groups), Fisher’s exact test (for categorical variables), two-way
repeated-measures ANOVA (GnRHag test), paired and unpaired Stu-
dent’s t tests (two-sample comparisons), and linear regression analysis
(relationships between variables). Because a rise in sleep-related LH is the
earliest hormonal change of puberty, the mean LH rise was the a priori
primary outcome variable. Correction for multiple comparisons was
carried out for this variable by Dunn’s post hoc test and for secondary
outcome variables by Fisher’s protected least significant differences test
or Bonferroni correction. Results are expressed as mean � SEM unless
otherwise stated. Two-tailed P values �0.05 were considered significant.
Post hoc power calculations indicated that our studies have approxi-
mately 80% or more power to detect the primary observed differences
between NW-PUB and EW-PUB. However, about 40 or more subjects
per group would be required to detect differences of the magnitude seen
in this study for most other variables of secondary interest that did not
reach statistical significance.

Significant pulses of LH in PUB girls were identified with the Chro-
nobiologic Series Analyzer (University of Chicago, Chicago, IL) program
of Van Cauter, Hasak, and Leproult. This program uses the ULTRA
algorithm to determine and quantify significant LH pulses by eliminating
all peaks of concentration for which either the increment or the decre-
ment did not exceed a threshold three times the intraassay coefficient of
variation (23). Because of the variable duration of the sleep tests (2.7–8.3
h), LH pulse data for both the NW-PUB and EW-PUB groups were first
separated into 3-h segments. Comparison of LH pulse data within these
3-h segments was by one-way ANOVA. After finding no statistically
significant differences, the data from the 3-h segments was pooled in each
individual before performing between-group comparisons.

Results

Baseline
Baseline characteristics of each study group are shown in Ta-

ble 1. Within stage, baseline pubertal hormone levels were not
significantly different in NW compared with EW girls. Notably,
EW girls had no evidence of baseline hyperandrogenism as as-
sessed by total or free T, DHEAS, and androstenedione (Table 1
and supplemental Table 1, published as supplemental data on
The Endocrine Society’s Journals Online web site at http://jcem.
endojournals.org). EW-PRE had significantly higher bone age
than NW-PRE, as expected. EW-PUB had the expected higher
HOMA than NW-PUB; there was no significant difference in the
prevalence of impaired glucose tolerance among groups, which
ranged up to 25% in both PUB groups.

Sleep test
NW-PRE and EW-PRE did not have significantly different

wake or sleep LH parameters (Table 2), so they were pooled for
statistical analysis. LH of the combined PRE group underwent
a small but significant rise (from �0.15 � 0.00 awake to
0.23 � 0.03 asleep; rise 0.08�0.03), reflecting significant
rises in seven of the 20 girls.
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Rise
p <0.01

FIG. 1. Individual wake and sleep mean LH concentrations. Statistical
significance of sleep-related rises is shown. The significant sleep-related LH rise
characteristic of NW-PUB was not seen in EW-PUB and was also significantly
greater than that of the PRE groups. Breast stage of each pubertal girl is shown
in italics.
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The NW-PUB group had the expected highly significant sleep-
related rise in mean LH (2.1 � 0.45 U/liter) that was greater than
in any other group (Fig. 1); a significant rise occurred in every
girl.Thisbroughtall above thePRErange, as expected (Fig. 1and
Table 2).

In contrast, the EW-PUB group’s rise in mean LH during sleep
(0.68 � 0.35 U/liter) was not significant and was significantly
blunted in comparison with that of NW-PUB girls (Fig. 1). Only
two of eight EW-PUB girls had a significant rise in mean LH
during sleep. Thus, the mean wake and sleep LH levels of EW-
PUB girls were intermediate between PRE and NW-PUB: they
overlapped with PRE, and they did not differ significantly from
either mean wake or sleep LH levels of NW-PUB girls (Fig. 1 and
Table 2). The peak sleep LH of EW-PUB girls was likewise
intermediate.

As expected, all sleep LH parameters correlated with breast
stage and bone age across pubertal stage (P � 0.001). Similarly,
they were related to baseline E2 and total and free T across
pubertal stage (P � 0.001) as well as to DHEAS (P � 0.05).
However, no sleep LH parameters were related to BMI percentile
or Z-score by linear (Fig. 2A) or multiple linear regression anal-
ysis controlling for pubertal status, glucose tolerance parame-
ters, insulin level, or HOMA.

FSH patterns paralleled those of LH. Notably, FSH rose sig-
nificantly during sleep in NW-PUB (1.3 � 0.40 U/liter) and PRE
(0.57 � 0.17 U/liter) girls but not in EW-PUB girls (0.16 � 0.25
U/liter) (Table 2). Because FSH levels were assessed as 2-h
pools during the sleep test, there were insufficient data to
determine the proportion of individuals having a significant
sleep-related FSH rise.

E2 levels were similar in NW and EW girls of like stage (Table
2). PRE girls had a small significant decrease in E2 levels from
wake to sleep. Although E2 levels were significantly higher over-
night in the PUB groups, they showed no significant sleep-related
variation.

LH pulse analysis
LH pulse analysis was performed to determine the basis of

the blunted sleep-related LH rise in EW pubertal girls. The

NW-PUB girls had a greater overnight LH pulse frequency than
EW-PUB girls that became significant during sleep (Table 3).
NW-PUB girls also had significantly higher LH pulse amplitude
asleep than awake, whereas in EW-PUB girls, this difference was
not manifest (P � 0.1). Consequently, the sleep-related rise in LH
pulse amplitude was significantly greater in NW-PUB than in
EW-PUB (Table 3). Too few PRE girls (two NW and three EW)
had significant sleep-related pulses of LH to permit meaningful
statistical comparison with PUB.

ACTH test
Adrenal steroid levels of EW and NW were similar within

stage during the ACTH test. Androstenedione, DHEA, and other
adrenarcheal steroids were higher in PUB than in PRE girls before
and/or in response to ACTH, while progesterone responses were
lower (supplemental Table 2).

GnRHag test
Despite the differences between EW and NW pubertal LH

during sleep, no significant differences in pubertal hormone lev-
els were observed within stage during the GnRHag test. Pubertal
hormone levels were generally higher in PUB than in PRE girls
before and in response to GnRHag (Fig. 3 and supplemental
Table 1). All EW-PUB girls, including those with very low sleep
LH levels, had an LH, FSH, or E2 response to GnRHag that
exceeded the 95th percentile for pooled PRE girls.

The peak LH response to GnRHag, a simple correlate of area
under the curve (P � 0.001), was not related to BMI percentile
or Z-score, glucose tolerance parameters, insulin level, or
HOMA. However, it was related to breast stage, bone age, E2,
total and free T, and DHEAS across pubertal stage (P � 0.001),
as expected.

Relationships between sleep LH and responses to
GnRHag

Because EW-PUB and NW-PUB girls’ responses to Gn-
RHag testing did not differ significantly although EW-PUB
girls had a blunted sleep-related rise in LH, we examined the
relationships between sleep LH and responses to GnRHag. As

TABLE 2. Summary of wake and sleep gonadotropin and E2 levels of prepubertal and pubertal NW and EW groups

Group

LH (U/liter) FSH (U/liter) E2 (pg/ml)

Mean
wake

Mean
sleep

Peak
sleep

Mean
wake

Mean
sleep

Peak
sleep

Mean
wake

Mean
sleep

Peak
sleep

NW-PRE (n � 9)
Mean � SEM 0.15 � 0.00 0.21 � 0.04 0.29 � 0.08 0.90 � 0.15 1.4 � 0.31 1.4 � 0.31 11.3 � 1.9 5.8 � 0.5 5.8 � 0.5
Range �0.15 �0.15–0.52 �0.15–0.85 0.43–1.5 0.40–3.0 0.40–3.0 �5.0–24.0 �5.0–10.0 �5.0–10.0

EW-PRE (n � 11)
Mean � SEM 0.15 � 0.00 0.25 � 0.04 0.40 � 0.09 1.0 � 0.13 1.7 � 0.30 1.8 � 0.31 9.2 � 1.1 5.6 � 0.4 5.7 � 0.5
Range �0.15 �0.15–0.51 �0.15–0.60 0.38–1.6 0.50–3.8 0.60–3.8 �5.0–16.0 �5.0–9.0 �5.0–9.0

NW-PUB (n � 12)
Mean � SEM 2.7 � 0.70 4.8 � 0.92a 7.7 � 1.2 4.0 � 0.44 5.4 � 0.58b 6.1 � 0.60 19.5 � 2.9 19.4 � 3.5 25.8 � 4.8
Range 0.23–7.5 0.77–9.3 1.8–12.9 1.9–7.0 2.8–8.1 3.4–9.5 5.5–36.0 5.0–42.3 �5.0–49.0

EW-PUB (n � 8)
Mean � SEM 2.6 � 0.89 3.3 � 1.1 5.3 � 1.7 4.0 � 0.87 4.2 � 0.86 4.4 � 0.88 25.5 � 4.4 25.8 � 6.2 28.9 � 7.2
Range �0.15–6.9 �0.15–9.3 �0.15–13.5 0.68–7.2 0.54–6.6 0.60–6.8 10.5–43.7 5.3–48.7 7.0–63.0

a,b P values comparing sleep with wake within group: a P � 0.001; b P � 0.01.
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expected, peak LH responses to GnRHag reflected peak LH
during sleep, as indicated by their high correlation across pu-
bertal stage (Fig. 2B). This relationship did not differ signif-
icantly between NW- and EW-PUB girls, suggesting no sig-
nificant difference between them in pituitary sensitivity to
GnRH.
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To in turn examine ovarian responsiveness to LH, the peak
LH response to GnRHag was related to the peak E2 response to
GnRHag. These relationships were again highly correlated
across pubertal stage (Fig. 2C), but in this case, the NW girls had
an increasingly higher E2 response to GnRHag as the peak LH
response rose than did the EW girls (P � 0.05).

Discussion

We found that healthy EW-PUB girls had insignificant sleep-
related rises in mean LH and FSH, which contrasted to NW-PUB
girls. These alterations occurred in the absence of significantly
different sex steroid levels. The LH changes were attributable to
both a significantly lower LH pulse frequency and a significantly
lower rise in LH pulse amplitude during sleep. The lesser LH
pulse frequency of EW-PUB suggests a less vigorous hypotha-
lamic drive to puberty in EW than NW girls, because LH pulse
frequency is a surrogate for GnRH pulse frequency (24). This
may in turn indicate a higher central nervous system abnormality
in the regulation of the GnRH pulse generator.

This blunting of the sleep-associated LH increase in EW-PUB
girls is consistent with the tendency for early morning LH to be
low in obese early pubertal girls (5). It seems, at least in part,
related to the recent findings that adult obesity is associated with
suppression of LH levels in women. Obese eumenorrheic nor-
moandrogenic women have drastically blunted LH levels (25). In
addition, LH levels of PCOS women are inversely related to BMI
(26, 27). The LH suppression is due to blunting of LH pulse
amplitude in both settings. This effect of obesity alone appears to
counteract that of hyperandrogenism, moderate degrees of
which enhance LH secretion (28). This blunting of LH pulsatility
in PCOS is in part due to accelerated metabolism of LH (29); this

is postulated to result from obesity decreasing the sialylation of
LH, which would be expected to shorten its plasma half-life and,
depending upon the degree and molecular localization, decrease
its in vitro bioactivity (30, 31). This may be mediated by insulin,
an infusion of which under euglycemic clamp conditions has
recently been reported to suppress baseline LH (32).

We could not document the clear-cut suppression of ovarian
activation that might be expected to result from an overall de-
crease in LH output; EW-PUB girls had hormone responses to
GnRHag testing similar to NW-PUB girls. There are a number of
possible explanations for this, other than use of a maximal Gn-
RHag test dose (14). Notably, EW-PUB girls tended to have
lower E2 responses (Fig. 3), reminiscent of the report that the
lowered LH of obese eumenorrheic adults had only a subtle effect
on estrogen output; overall estrogen production, judged from
estrone conjugate excretion, appeared to be normal during the
follicular phase of the adult menstrual cycle (the portion that is
akin to the early pubertal phase of ovarian activation) but was
significantly depressed at the time of the midcycle ovulatory
surge, after which corpus luteum function was severely blighted,
as judged from progesterone metabolite excretion (25). In addi-
tion, the E2 response of EW girls to secreted gonadotropin was
lower (P � 0.05) than that of NW girls, judging from the slope
of the relationship of the peak E2 to the peak LH level achieved
in response to gonadotropin. This may be explicable by desia-
lylation-related decreased LH bioactivity in the EW state, as dis-
cussed above.

Alternatively, it is possible that blunting of sleep LH by obe-
sity is compensated by another mechanism. We cannot rule out
the possibility of a shift in diurnal LH rhythm, such that 24-h LH
secretion is not altered. Reversal of diurnal LH periodicity has
been reported in adolescents with PCOS, in whom it has been
considered evidence for an intrinsic chronobiological abnormal-
ity of neuroendocrine function (33). However, the original and
subsequent studies (6, 34) have not controlled for the possibility
of independent effects of obesity and hyperandrogenism. The
possibility exists that the hyperinsulinemic insulin resistance of
obesity accounts for this or exerts other stimulatory effects on
hypothalamo-gonadotropic function (35–39), analogous to its
apparent effect in the ovary (40). However, we did not find sig-
nificantly different relationships between sleep LH and LH re-
sponsiveness to GnRHag challenge in EW compared with NW
girls, as might be expected if these conditions pertain.

We could demonstrate no evidence of androgen or estrogen
excess in ordinary EW-PUB girls at baseline or after provocative
testing with GnRHag or a submaximal dose of ACTH. This
contrasts with the report of hyperandrogenemia in frankly obese
early pubertal girls (5) and the potential of the excess aromatase
activity of adiposity to generate estrogen from androstenedione.
The normal gonadotropin responses to GnRHag of the EW-PUB
girls militate against excess negative feedback by sex steroids. We
could also demonstrate no relationship of the measured indices
of adiposity or insulin resistance to LH parameters. Taken to-
gether, these considerations suggest a threshold effect of mod-
erate adiposity that is independent of sex steroid excess.

This study can only be considered exploratory. Although our
groups were sufficiently large to provide important normative
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FIG. 3. Baseline and peak LH, FSH, and E2 responses to GnRHag testing. NW-PUB
and EW-PUB did not differ significantly, nor did NW-PRE and EW-PRE. PUB groups
were significantly greater than PRE according to repeated-measures ANOVA for
interaction (P � 0.025). Error bars depict SEM.

J Clin Endocrinol Metab, April 2009, 94(4):1168–1175 jcem.endojournals.org 1173

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/article/94/4/1168/2596248 by guest on 19 April 2024



data, only minority subjects comprised the EW-PUB group. Our
study had limited statistical power and was not designed to detect
interactions with other hormones that link obesity to sleep or
gonadotropin secretion (41, 42). Because it was designed as a
survey of the many aspects of puberty potentially disturbed by
adiposity, our sleep data are limited in these young girls. Sleep
onset was documented by observation, and we cannot document
sleep integrity. However, this is unlikely to affect the validity of
the data because there was no difference between EW- and
NW-PUB girls in the apparent duration or intactness (data not
shown) of sleep; furthermore, acute deviation from the usual
sleep pattern does not eliminate increased nocturnal LH secre-
tion during puberty (43). We also do not have 24-h hormonal
data to discern the mean concentrations. Furthermore, we can-
not be certain that the apparent reduction in LH pulse frequency
in EW-PUB girls is real or is an artifact of reduction of LH pulse
amplitude to levels below assay sensitivity. Despite these limi-
tations, our data point to new research directions that warrant
further study.

A blunted sleep-related LH rise is compatible with a blunted
stimulus to pubertal progression in EW girls. This may provide
a mechanism for the possibility that the pace of puberty is slowed
in obese girls. The available longitudinal data are compatible
with excess adiposity after the onset of puberty slowing pubertal
tempo, although less so than prepubertal adiposity advances pu-
berty onset (44–46).

In summary, the spontaneous sleep-related gonadotropin rise
is blunted in healthy EW-PUB girls, but pituitary-ovarian re-
sponses to GnRHag testing do not seem to be proportionately
affected. The LH disturbance seems to be due to both a lower
increase in LH pulse amplitude and slower LH pulse frequency
during sleep. Consequently, a suppressive effect of excess adi-
posity on the regulation of hypothalamic GnRH secretion during
puberty is suggested. Thus, these data suggest that excess adi-
posity, in the absence of sex steroid excess, may subtly suppress
hypothalamic-pituitary-gonadal function in premenarcheal pu-
bertal girls.
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