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Context: Peripubertal hyperandrogenemia—a precursor to polycystic ovary syndrome—is prominent
in girls with obesity.

Objective: We examined sources of overnight testosterone (T) and progesterone (P4) and potential
sources of obesity-associated hyperandrogenemia during puberty.

Design: Cross-sectional.

Setting: Research unit.

Participants/Interventions: Fifty girls ages 7 to 18 years—both normal weight (NW) and overweight
(OW)—underwent dexamethasone (DEX) suppression (1 mg orally; 10 PM) and cosyntropin stimulation
testing (0.25mg intravenously; 8 AM the following day), with blood sampled before and 30 and 60minutes
after cosyntropin. Thirty-nine subjects receiving DEX had frequent blood sampling overnight (every
10 minutes from 10 PM to 7 AM) and were compared with 70 historical controls who did not receive DEX.

Outcomes: Random coefficient regression modeling assessed changes in hormone concentrations after
DEX and cosyntropin.

Results:NWearlypubertal controlsexhibitedearlymorning increases in freeTandP4levels;NWandOWlate
pubertal controls exhibited earlymorning increases in P4. Such changeswere not observed in subjects receiving
DEX. Post-DEX morning free T levels were fourfold higher in OW vs NW late pubertal girls. Postcosyntropin
changes in free T and androstenedione were both 2.3-fold higher in OW vs NW late pubertal girls.

Conclusions: These data suggest that (1) overnight increases in free T and P4 concentrations in NW
early pubertal girls and P4 concentrations in late pubertal girls are of adrenal origin and (2) OW late
pubertal girls demonstrate elevated nonadrenal free T levels after DEX and exaggerated adrenal
androgen (free T and androstenedione) responses to cosyntropin.
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Adolescent hyperandrogenemia (HA) can be a forerunner to polycystic ovary syndrome
(PCOS), the leading cause of female infertility and a contributor to metabolic disarray [1–5].
Childhood obesity also increases PCOS risk and is highly prevalent: approximately 20% of
peripubertal US girls have a body mass index-for-age percentile (BMI%)$95 [6, 7]. Our data
suggest that about 65% of obese girls haveHA, even during pre/early puberty [8]; however, the
sources of androgen excess in such girls remain unclear. Although the ovary is the primary
source of HA in PCOS adolescents and women, some demonstrate adrenal HA as well [9–11].
In addition, the developmental timing of ovarian vs adrenal androgen overproduction in
peripubertal girls with HA is uncertain. These represent important gaps in knowledge be-
cause PCOS prevention strategies may be most effective during puberty.

Normal daily patterns of sex steroid concentrations observed in early pubertal girls might
provide clues to the origins of obesity-associated HA. In normal pre/early pubertal girls,
testosterone (T) and progesterone (P4) concentrations increase from late evening to early
morning—similar to adrenocorticotropic hormone (ACTH) and cortisol—consistent with an
ACTH-dependent adrenal source [12, 13]. Estradiol (E2) levels are low before thelarche,
suggesting limited ovarian activity before puberty; however, it remains possible that ovarian
androgens may contribute to pre- and early pubertal HA. For example, nonobese girls with
premature adrenarche have increased ovarian androgens at thelarche [14]. Regardless, the
sources of androgen excess in unselected girls with obesity remain unclear.

We used adrenal suppression and stimulation protocols in normal weight (NW) and
overweight (OW) peripubertal girls to examine sources of overnight T and P4 concentrations
and to clarify how excess weight influences both adrenal and nonadrenal androgens across
puberty. We hypothesized that the adrenal gland is the major source of overnight rises in T
and P4 concentrations and a contributor to adiposity-related HA throughout puberty.

1. Subjects and Methods

The University of Virginia (UVA) and University of California San Diego institutional review
boards approved all study procedures.

A. Subjects

Healthy and overweight volunteers were recruited for adolescent hormone studies using local
advertisements and from clinics at UVA and the University of California San Diego. Ex-
clusion criteria included syndromic obesity, BMI%,5, diabetes, inadequately treated thyroid
disorders, central precocious puberty, adrenal disorders (except premature adrenarche),
morning follicular phase 17-hydroxyprogesterone (17-OH Prog) .200 ng/dL, hyper-
prolactinemia, and total T.150 ng/dL [15]. Subjects were not excluded on the basis of clinical
androgen excess or biochemical HA. No subject had taken medications affecting the re-
productive system, adrenal gland, or glucosemetabolism for at least 90 days before the study.

Fifty girls (Table 1) ages 7 to 18 years of age were categorized by pubertal status [pre/early
pubertal (Tanner 1 to 2 by breast palpation; “early”) vs mid/late pubertal (Tanner 3 to 5;
“late”)] and weight status [NW (BMI% 5 to 84) vs OW (BMI% $85)]. We performed adrenal
suppression and stimulation protocols in 10 early pubertal girls [4 NW (BMI% 10 to 67), 6 OW
(BMI% 98 to 99.9)] and 40 late pubertal girls [10 NW (BMI% 14 to 80), 30 OW (BMI% 88
to 99.9)].

Overnight frequent blood sampling (described in the following section) was performed (at
the discretion of individual subjects) in 39 girls (4 NW, 6 OW early pubertal; 10 NW, 19 OW
late pubertal). Overnight data from these subjects were compared with 70 historical controls
who underwent identical sampling but had not received dexamethasone (DEX; 8 NW, 5 OW
early pubertal; 32 NW, 25 OW late pubertal; Table 1) [12]. Ten OW late pubertal controls did
not have luteinizing hormone (LH) available for comparison.
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B. Study Procedures

Informed consent and assent were obtained from custodial parents and subjects, respectively.
Screening medical history, physical examination, and fasting morning blood samples were
performed as previously described [12]. A subset of subjects/controls had bone age x-rays
evaluated by a single pediatric endocrinologist (C.M.B.S.) using the Greulich-Pyle
method [16].

Postmenarchal girls underwent formal study during the mid-follicular phase (cycle days 7
to 10); oligomenorrheic girls were studied $60 days after last menstrual period; and pre-
menarcheal girls were studied as convenient. In all subjects, serum P4 #2 ng/mL excluded
study during the luteal phase.

All subjects received DEX (1 mg orally) at 10 PM the night before adrenal stimulation.
Cosyntropin (synthetic ACTH, 0.25 mg intravenously) was administered at 8 AM the fol-
lowing morning. Blood was drawn via indwelling intravenous line for cortisol, T, P4,
androstenedione (A4), 17-OH Prog, 17-hydroxypregnenolone, dehydroepiandrosterone
(DHEA), and E2 levels immediately before (baseline) and 30 and 60 minutes after
cosyntropin.

For 39 subjects, frequent blood sampling was performed the night before cosyntropin
administration. Blood was obtained via indwelling intravenous line every 10 minutes from 7
PM through 7 AM for LH, T, and P4 levels (steroid hormones analyzed in 2-hour pools). Formal
“lights out” (11 PM through 7 AM) facilitated sleep. Seventy historical controls underwent
similar overnight frequent blood sampling but did not receive DEX.

Table 1. Subject Characteristics

Early Pubertal Late Pubertal

NW OW NW OW

Current
Subjects

Historical
Controls

Current
Subjects

Historical
Controls

Current
Subjects

Historical
Controls

Current
Subjects

Historical
Controls

n 4 8 6 5 10 32 30 25
Anthropometrics/
Metabolism

Tanner stage 1.5 6 0.3 1.4 6 0.2 1.9 6 0.2 1.7 6 0.2 4.2 6 0.4 4.2 6 0.2 4.7 6 0.1 4.8 6 0.1
Age (y) 9.8 6 1.0 9.9 6 0.8 9.4 6 0.7 9.3 6 0.4 13.9 6 0.9 14.1 6 0.4 14.9 6 0.4 15.4 6 0.3
Bone age (y) 9.0 6 1.0 9.6 6 1.1 10.2 6 0.6 10.6 6 0.5 14.3 6 0.8 13.8 6 0.7 16.0 6 0.3 16.6 6 0.5
BA:CA 0.93 6 0.10 0.94 6 0.05 1.09 6 0.06 1.13 6 0.07 1.04 6 0.03 1.06 6 0.03 1.10 6 0.2 1.09 6 0.3
BMI Z-score 20.436 0.30 20.526 0.25 2.25 6 0.09 2.24 6 0.19 0.19 6 0.17 0.15 6 0.15 2.00 6 0.08 1.92 6 0.09
BMI % 38.0 6 11.8 33.2 6 8.0 98.8 6 0.3 97.9 6 1.1 57.8 6 5.9 56.0 6 5.1 96.6 6 0.7 95.7 6 0.7
Insulin

(mIU/mL)
3.7 6 1.0 7.6 6 1.9 10.2 6 2.1 20.2 6 5.4 7.0* 61.8 15.8 6 2.3 21.9 6 3.5 26.3 6 2.4

Puberty LH (mIU/mL) 0.3 6 0.2 1.0 6 0.5 0.2 6 0.1 0.7 6 0.4 3.8 6 1.1 6.5 6 0.7 7.1 6 2.0 5.7 6 0.7
FSH (mIU/mL) 2.7 6 0.6 2.0 6 0.4 2.2 6 0.6 1.3 6 0.5 4.7 6 0.5 4.9 6 0.4 4.8 6 0.6 4.1 6 0.2
E2 (pg/mL) 17.3 6 5.2 17.8 6 4.0 27.5 6 5.4 27.5 6 2.9 45.3 6 10.6 56.1 6 5.9 69.0 6 13.4 61.8 6 5.6
P4 (ng/mL) 0.1 6 0.0 0.4 6 0.1 0.2 6 0.1 0.3 6 0.1 0.4 6 0.1 0.4 6 0.0 2.2 6 0.9 0.6 6 0.1
IGF-1 (ng/mL) 267.2 6 42.4 282.3 6 38.6 163.36 23.3 194.86 25.8 446.16 38.1 412.56 19.5 442.2a6 31.8 292.36 25.0

Androgens Free T
(pmol/L)

3.8 6 0.8 4.1 6 1.3 6.1 6 0.8 4.5 6 1.0 9.8 6 2.2 15.4 6 1.9 36.7 6 5.3 35.2 6 6.9

Total T
(ng/dL)

10.2 6 0.2 8.7 6 2.4 9.2 6 0.8 6.3 6 1.3 23.6 6 7.1 26.4 6 2.9 41.6 6 5.7 47.0 6 4.8

SHBG
(nmol/L)

83.0 6 22.8 59.5 6 6.6 31.1 6 4.0 29.9 6 6.0 53.2 6 6.0 41.5 6 4.3 21.1 6 2.3 22.0 6 2.7

17-OH Prog
(ng/dL)

79.0 6 2.1 NA 92.7 6 5.1 NA 116.46 13.1 NA 138.4 6 11.9 NA

DHEA-S
(mg/dL)

49.5 6 10.7 33.6 6 8.8 53.1 6 7.4 50.4 6 11.9 111.86 14.5 116.76 15.3 156.8 6 21.7 152.06 15.2

Clinical, anthropometric, and screening laboratory characteristics of subjects receiving DEX and cosyntropin
compared with historical controls not receiving DEX. Screening laboratories were not collected based on menstrual
cycle timing; some levels of LH, FSH, E2, P4, free/total T, and 17-OHProgmay be affected. Values reported represent
mean 6 standard error of the mean.
Abbreviations: BA:CA, bone age to chronological age ratio; DHEA-S, DHEA-sulfate; NA, not available.
aP , 0.01 for subjects vs controls within each weight and pubertal stage group.
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C. Hormone Measurements

The UVA Center for Research in Reproduction Ligand Assay and Analysis Core Laboratory
analyzed each subject’s samples in duplicate in the same assay using serum for each hormone.
Samples with measured values below an assay’s functional sensitivity [i.e., the lowest con-
centration with accuracy to a known standard within 20% and intra-assay coefficient of
variation (CV),20%]were assigned a value slightly below the assay’s sensitivity. LH, follicle-
stimulating hormone (FSH), and insulin-like growth factor 1 (IGF-1) were measured by
chemiluminescence (Immulite 2000, Siemens, Los Angeles, CA; sensitivity, 0.1 IU/L for LH/
FSH; 25 ng/mL for IGF-1; intra-assay CVs, 3.2% to 3.5%; interassay, CVs 4.9% to 6.6%).
DHEA was measured by enzyme-linked immunosorbent assay (ALPCO, Salem, NH; sen-
sitivity, 0.4 ng/mL; intra-assay, CV 5.7%; interassay CV, 8.0%). Total T, E2, P4, A4, and 17-
OH Prog were measured by radioimmunoassay (Siemens; sensitivities, 5 ng/dL, 10 pg/mL,
0.1 ng/mL, 0.1 ng/mL, and 0.1 ng/mL; intra-assay CVs, 4.3% to 6.1%; interassay CVs, 7.1% to
8.1%). The UVA Ligand Laboratory T assay demonstrates good correlation with commercial
liquid chromatography tandem mass spectrometry [17]. We adjusted measured P4 concen-
trations for minor assay cross-reaction with cortisol (0.03%) [18]. Sex hormone–binding
globulin (SHBG), DHEA-sulfate, cortisol, and insulin were measured by chemiluminescence
(Immulite 2000; sensitivities 0.2 nmol/L, 7 mg/dL, 1 mg/dL, and 2.6 mIU/mL; intra-assay CVs,
2.5% to 4.8%; interassay CVs, 5.2% to 7.9%). Free T was calculated from total T and SHBG
levels, assuming an albumin concentration of 4.3 g/dL [19].

D. Statistical Methods

D-1. LH characteristics and screening data

LH pulses were identified using the computer algorithm Cluster 7 [20]. Mean LH concen-
tration and pulse frequency (interpulse interval) were analyzed in 4-hour time blocks: 7:00 PM

to 10:50 PM (represents time awake); 11:00 PM to 2:50 AM and 3:00 AM to 6:50 AM (represents
time asleep, time block values averaged for analysis) [12, 21]. LH secretory characteristics
and screening data for each pubertal-weight group (see the following section) were compared
between subjects receiving DEX and historical controls using two-tailed Student t tests with
unequal variance.

D-2. DEX suppression

Overnight changes in free T and P4 levels were analyzed via random coefficient piecewise
regression using loge picomole/L and nanogram/mL scales, respectively, to satisfy homo-
scedastic variance and normality assumptions. Predictor variables were DEX exposure,
pubertal status, weight status, and sampling time; the latter was assigned as the midpoint of
each 2-hour pool (e.g., 1:55 AM for the 1:00 AM to 2:50 AM pool). To account for an expec-
tedmorning increase in endogenous ACTH, a change point was incorporated into themodel at
1:55 AM; this allowed us to compare evening (7:55 PM to 1:55 AM) vs early morning (1:55 AM to 5:
55 AM) changes in free T and P4 levels. The random coefficient piecewise regressionmodel was
decomposed into eight submodels (early pubertal NW6DEX, early pubertal OW6DEX, late
pubertal NW6DEX, and late pubertal OW6DEX). For eachmodel, the regression intercept
coefficient represents the estimated mean hormone concentration at sampling start (i.e., 7:55
PM [before DEX administration]) and the regression slope coefficients represents the average
linear rate of change in hormone levels during evening hours (7:55 PM to 1:55 AM, with DEX
given at 10:00 PM) and early morning hours (1:55 AM to 6:55 AM). For each study group (i.e.,
early pubertal NW, early pubertal OW, late pubertal NW, late pubertal OW), we compared
regression coefficients (i.e., intercepts, evening slopes, and early morning slopes) between
girls who did and did not receive DEX using Student t tests. We tested for nonzero linear
slopes and differential linear trends related to DEX exposure, puberty status, and weight
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status. A Bonferroni-corrected two-sided P , 0.05 criterion was used to reject the null
hypothesis.

D-3. Cosyntropin stimulation

Hormone levels were analyzed via random coefficient regression, using pubertal status,
weight status, sampling time (0, 30, and 60 minutes), and the square of the sampling time (0,
900, and 3600 minutes2) as predictor variables, assessing for linear and quadratic trends in
hormone concentration response to cosyntropin. Type III F tests were used to assess the
influences of pubertal and weight statuses on hormone concentration vs time relationships.
To control type 1 error, global F tests were performed to assess the null hypothesis that all
random coefficient regression model parameters (i.e., intercept, linear slope, and quadratic
coefficient) were the same irrespective of pubertal or weight status. If the global test yielded a
P value #0.1, then we compared parameters between groups (NW early pubertal, OW early
pubertal, NW late pubertal, and OW late pubertal) using Student t tests with a two-sided P,
0.05 criterion.

2. Results

A. Screening Characteristics

When considered according to pubertal and weight groupings, current subjects and his-
torical controls were generally well-matched for biochemical and anthropometric data
(Table 1). Of the controls, 2 NW and 5 OW late pubertal girls had hirsutism alone; 2 NW and
4 OW late pubertal girls had oligomenorrhea (defined as ,9 menses/y if $2 years post-
menarche) alone; and 1 NW and 13 OW late pubertal girls had both. Of subjects, seven OW
late pubertal girls had hirsutism alone; five OW late pubertal girls had oligomenorrhea
alone; and one NW and five OW late pubertal girls had both. Of all participants (current
subjects and historical controls), one OW early pubertal girl (current subject) had adre-
narche at age 7.

B. Overnight LH Concentrations and Pulse Frequency

Within each pubertal-weight grouping, mean LH concentrations and interpulse intervals
were similar regardless of DEX exposure, with one exception: NW early pubertal girls re-
ceiving DEX had longer interpulse intervals while asleep compared with controls (344 6 31
minutes [mean 6 standard error of the mean] vs 199 6 27 minutes, P = 0.009).

C. DEX Suppression

In subjects, median morning cortisol concentration after DEX [average of 5:55 AM pool (if
available) and 7:00 AM samples] was ,1 mg/dL (interquartile range, ,1 to 1), confirming
adequacy of ACTH suppression.

C-1. Free T

Evening baseline free T concentrations (i.e., intercept values; ~7:55 PM) were higher in each
late pubertal group compared with corresponding early pubertal groups, both in the
presence and absence of DEX treatment (P , 0.001 for all comparisons) (Fig. 1; Supple-
mental Table 1). Similarly, evening baseline free T values were higher in each OW group
compared with corresponding NW groups, regardless of DEX treatment (P # 0.001 for all
comparisons).

In NW early pubertal controls, free T levels rose in the early morning (1:55 to 5:55 AM; P =
0.014), and the early morning slope was greater than evening slope (7:55 PM to 1:55 AM; P ,
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0.001) [Fig. 1(a)]. However, NW early pubertal subjects receiving DEX demonstrated no early
morning increase in free T concentrations, and evening and early morning slopes were not
different. Although other subgroups exhibited similar patterns [Fig. 1(b–d)], neither evening nor
early morning free T slopes significantly differed according to DEX, pubertal, or weight status.

Figure 1. Free T during DEX suppression test. The figure shows overnight free T (pmol/L) in
early pubertal—(a) normal weight, (b) overweight—and late pubertal—(c) normal weight, (d)
overweight—girls who did and did not receive DEX (i.e., DEX and control, respectively). Dotted
lines represent individual subject responses. Dashed (first 6 hours) and solid lines (last 4
hours) identify predicted free T. Different y-axis scales are used for early vs late pubertal
subjects. Darker dotted lines represent overlap of individual responses. The letter “a” in the
graphs designates a significant difference in intercept between late vs early puberty among
girls with the same weight and DEX status (P , 0.001); “b” designates a significant difference
in intercept between OW vs NW among girls with the same pubertal and DEX status (P #

0.001). *Both (a) an early morning slope significantly different from zero (P = 0.014) and (b)
a significant difference between evening vs morning slope (P , 0.001).
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Together, these data suggest that (1) evening free T values increase across pubertal de-
velopment andwith excess weight and (2) free T levels increase during earlymorning hours in
NW early pubertal girls, but DEX administration prevents this increase. A potential caveat is
that apparently flat slopes for some girls may partly reflect total testosterone values near
functional assay sensitivity.

C-2. Progesterone

Evening baseline (intercept) P4 values were higher in late vs early pubertal NW girls not
receiving DEX and in late vs early pubertal OW girls regardless of DEX exposure (P , 0.001
for each) (Fig. 2; Supplemental Table 1). In NW early pubertal controls (i.e., not receiving
DEX), early morning slope trended to be positive (unadjusted P = 0.037; Bonferroni-corrected
P = 0.111) and was greater than the evening slope (Bonferroni-corrected P = 0.034). P4
concentrations rose in early morning for both late pubertal control groups (NW girls, P =
0.005; OW girls, P = 0.002), with slopes greater than evening (P , 0.001 for both). However,
corresponding subjects receiving DEX demonstrated no early morning P4 level changes.

AmongOW late pubertal girls, DEXadministrationwas associatedwith significantly lower
early morning P4 slope (P = 0.010) [Fig. 2(d)]. Although other subgroups exhibited similar
patterns [Fig. 2(a–c)], DEX-related differences were not statistically demonstrable. There
were no demonstrable weight- or puberty-related differences in slopes.

Overall, these data suggest that evening P4 values increase across pubertal development
in most girls and DEX prevents early morning increases in P4 concentrations, particularly in
OW late pubertal girls.

D. Cosyntropin Stimulation

Cortisol concentrations appropriately increased after cosyntropin in every group (P, 0.001),
with no differences among groups.

D-1. Free T

Intercept values were significantly greater than zero in late pubertal girls only, implying a
nonadrenal (ovarian) contribution to DHEA levels in late puberty only (Fig. 3, Supplemental
Table 2). Mean DEX-suppressed free T levels (i.e., regression intercept)—ostensibly from a
nonadrenal source (e.g., ovary)—were significantly greater than zero only inOW late pubertal
girls. DEX-suppressed free T levels were 3.7-fold higher in late vs early pubertal NW girls;
this was not statistically significant, possibly reflecting small numbers of early pubertal NW
girls (n = 4). OW late pubertal girls had 8.3-fold higher DEX-suppressed free T levels
compared with OW early pubertal girls (P = 0.002). These findings imply increased non-
adrenal (ovarian) free T values across puberty, at least in OW girls. Although mean DEX-
suppressed free T levels were 84% higher in OW vs NW early pubertal girls, this was not
statistically significant. DEX-suppressed free T level was fourfold higher in OW vs NW late
pubertal girls (P = 0.001), suggesting that overweight status is associated with increased
nonadrenal (ovarian) androgens in late pubertal girls.

Changes in free T levels after cosyntropin (i.e., regression slopes)—representing an adrenal
source—were not different from zero in either early pubertal group. Changes in free T levels
were not different between NW and OW early pubertal girls or between early and late pu-
bertal NW girls. After cosyntropin, free T levels trended toward an increase in NW late
pubertal girls (P = 0.053), whereas free T levels markedly increased in OW late pubertal girls
(P , 0.001), with a 2.3-fold greater slope in the OW vs NW late pubertal groups (P = 0.033).
The increase in free T level after cosyntropin was 5.2-fold greater in late vs early pubertal OW
girls (P = 0.013). These data suggest that OW late pubertal girls exhibit elevated adrenal free
T levels in response to ACTH.

Total T concentration results are reported in the Supplemental Methods and Materials.
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D-2. Progesterone

DEX-suppressed (intercept) P4 values, representing nonadrenal sources, were greater than
zero in late pubertal OW girls only (Supplemental Table 2). Although DEX-suppressed P4

Figure 2. Progesterone during DEX suppression test. The figure shows overnight P4 (in
nanograms per milliliter) in early pubertal—(a) normal weight, (b) overweight—and late
pubertal—(c) normal weight, (d) overweight—girls who did and did not receive
dexamethasone (i.e., DEX and control, respectively). Dotted lines represent individual subject
responses. Dashed (first 6 hours) and solid lines (last 4 hours) identify predicted P4. Different
y-axis scales are used for early vs late pubertal subjects. Darker dotted lines represent
overlap of individual responses. The letter “a” in the graphs designates a significant
difference in intercept between late vs early puberty among girls with the same weight and
DEX statuses (P , 0.001). Asterisks designate significant differences in evening vs morning
slopes (*P , 0.05, **P , 0.001). The letter “b” in the graphs designates a significant
difference between early morning slope in DEX vs no DEX among girls with the same
pubertal and weight status (P , 0.05).
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concentrations appeared to be fourfold higher in late vs early pubertal OW girls, this dif-
ference was not statistically significant (P = 0.052). P4 values increased after cosyntropin in
every group (P, 0.001), suggesting an adrenal contribution to P4 levels. Slopes did not differ
among groups, except for an 18% decrease in late vs early OW girls (P = 0.013).

D-3. DHEA

DEX-suppressed (intercept) DHEA concentrations did not differ by weight status. Intercept
values were significantly greater than zero in late pubertal girls only, implying a nonadrenal
(ovarian) contribution to DHEA levels in late puberty only (Fig. 3; Supplemental Table 2).
DEX-suppressed DHEA trended toward 3.2-fold higher levels in late vs early pubertal OW
girls (P = 0.052). DHEA levels increased after cosyntropin in both late pubertal groups (P ,
0.001 for both), with a threefold higher slope in late vs early pubertal OW girls (P = 0.013), but
no significant differences according to weight status.

D-4. A4

DEX-suppressed (intercept) A4 values did not differ by weight status. DEX-suppressed A4 in-
tercept valueswere greater than zero in late pubertal girls only andwere 6.9-fold higher in late vs

Figure 3. Cosyntropin stimulation test. Regression analyses of adrenal hormones—(a) free
testosterone, (b) dehydroepiandrosterone, (c) androstenedione, (d) 17-OH progesterone—are
shown. Dotted and solid lines identify observed individual and predicted hormone levels,
respectively. ‡Statistically positive mean DEX-suppressed baseline values [i.e., 95%
confidence interval (CI) of regression intercept does not include zero]. Asterisks designate
statistically significant slopes [i.e., 95% CI of response rate (per hour) does not include zero]. In
the graphs, the letter “a” designates a significant difference in intercept between late vs early
puberty among girls with the same weight status (aP , 0.05, AP , 0.001); “b” designates
a significant difference in intercept between OW vs NW among girls with the same pubertal
status (P # 0.001); “c” designates a significant difference in slope between late vs early puberty
among girls with the same weight status (P , 0.05); and “d” designates a significant difference
in slope between OW vs NW among girls with the same pubertal status (P , 0.05).
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early pubertal OW girls (P = 0.001), suggesting increased nonadrenal (ovarian) contribution
to A4 concentrations in late puberty (Fig. 3, Supplemental Table 2). A4 levels significantly
increased after cosyntropin in all groups except for early pubertal NW girls (early OW, P =
0.050; late NW, P = 0.012; late OW, P, 0.001), with 2.3-fold higher response rates in OW vs
NW late pubertal girls (P = 0.005) and in late vs early pubertal OW girls (P = 0.020). Overall,
these data suggest that adrenal A4 levels in response to ACTH are elevated in OW late
pubertal girls.

D-5. 17-OH Prog

DEX-suppressed (intercept) 17-OH Prog values were greater than zero in late pubertal girls
only, with 6.3-fold higher levels in late vs early pubertal OW girls (P = 0.003), suggesting
increased ovarian levels in late puberty (Fig. 3, Supplemental Table 2). 17-OH Prog levels
increased after cosyntropin in all groups (P # 0.001), but slopes did not differ according to
either pubertal or weight status.

D-6. Additional analyses

Baseline (DEX-suppressed) and cosyntropin-stimulated 17OH Preg and E2 concentrations
are described in Supplemental Materials. Also, we performed a secondary analysis of
cosyntropin-stimulated free T, A4, and 17-OH Prog levels after excluding data from one NW
late pubertal girl who had an elevated 17-OH Prog response (peak 10.42 ng/mL) despite a
normal screening level (1.23 ng/mL) and no clinical signs of HA (Supplemental Table 3).
Briefly, this secondary analysis suggested that OW late pubertal girls had 70% higher DEX-
suppressed A4 levels (P = 0.052), a 2.0-fold higher free T slope (P = 0.066) after cosyntropin, a
2.1-fold higher A4 slope (P = 0.011), and a 35% higher 17-OH Prog slope (P = 0.033) compared
with NW late pubertal girls.

3. Discussion

The sources of androgen overproduction—a risk factor for PCOS—across pubertalmaturation
remain unclear [1, 2]. The purpose of our study was twofold. First, we aimed to test whether
the adrenal gland is a major contributor to the diurnal patterns of serum T and P4 con-
centrations during puberty in girls, using DEX to suppress overnight ACTH and comparing
resulting T and P4 levels to girls who had not received DEX. Second, we aimed to assess how
excess weight influences adrenal androgens in peri-pubertal girls by examining sex steroid
concentration responses to DEX suppression and cosyntropin stimulation. Although we did
not directly assess ovarian sex steroids, we inferred that DEX-suppressed sex steroid con-
centrations primarily reflected a nonadrenal source.

In the overnight studies, DEX abolished the previously observed early morning increases
of free T and P4 levels in early pubertal girls and in late pubertal girls, respectively, im-
plying an adrenal (ACTH-dependent) source [12, 13]. T and P4 are important regulators of
gonadotropin-releasing hormone (GnRH) pulsatility with elevated T concentrations
impairing P4 inhibition of GnRH pulses and P4 exhibiting day-night differences in in-
hibitory effects during puberty [21, 22]. Thus, we hypothesize that diurnal changes in
concentrations of P4 and T may contribute to diurnal changes of pulsatile GnRH release
during puberty.

DEX suppression and cosyntropin stimulation testing suggested that the adrenal ca-
pacity to secrete androgens (free T, A4, DHEA) increases across puberty, especially in OW
girls, with higher free T and A4 concentration responses after cosyntropin observed related
to obesity. Differences in 17-OH Prog levels were not demonstrable between NW and OW
peripubertal girls. Our results suggest that A4 and free T concentration responses after
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cosyntropin may be more sensitive indicators of adrenal HA than 17-OH Prog levels in OW
girls.

Although ovarian function was not studied directly, our pre-DEX evening and post-DEX
morning data suggest a nonadrenal (e.g., ovarian) origin for (1) increasing levels of serum free
T and P4 across puberty in most girls and (2) increasing levels of A4, 17-OH Prog, and DHEA
across puberty in OW girls. Fourfold higher free T levels after DEX in OW vs NW older girls
suggest nonadrenal (ovarian) sources of obesity-associated HA. More direct examination of
ovarian androgens in OW girls is in progress.

Because SHBG levels were lower in OW girls, higher DEX-suppressed free T levels or
greater free T concentration responses to cosyntropin do not prove that T production is
necessarily increased in OWgirls.With lower SHBG, free T levels or responses to cosyntropin
can be slightly higher even with slightly reduced production levels. Regardless, serum free T
levels represent the most physiologically relevant fraction of circulating T. Accordingly, our
results suggest that excessweight during late puberty is associatedwith increased bioactive T
exposure from both adrenal and ovarian sources.

We note several limitations in our current study. We did not directly assess adrenal and
ovarian sex steroid production via venous catheterization. We used changes in serum hor-
mone levels after cosyntropin stimulation as a measure of adrenal androgen capacity.
Similarly, we used serum hormone levels after DEX suppression as a measure of nonadrenal
(non-ACTH–dependent) hormones, and we inferred that such sex steroid concentrations
primarily reflected an ovarian source. Overall, our data suggested that DEX did not influence
LH secretion. More direct assessments of adrenal and ovarian hormone production are
difficult and/or not ethically feasible in adolescent girls.

Additionally, we had relatively small sample sizes for healthy girls, which prompted our
use of historical controls. Despite lack of randomization, characteristics of current subjects
(who received DEX) and historical controls (who did not receive DEX) were similar in most
respects. Compared with corresponding historical controls, late pubertal NW subjects had
lower fasting insulin levels and late pubertal OW subjects had higher IGF-1 levels. [Note that
we used amore rigorous P value criterion for significance (P, 0.01) given the high number of
screening characteristics compared.] The potential physiological relevance of such apparent
differences is unclear. Similarly, although there was an apparent difference in sleep-
associated LH interpulse intervals between NW early pubertal girls according to DEX sta-
tus, we doubt that this is specifically related to DEX administration because it was observed
in one group only.

Recruitment was not based on clinical androgen excess or biochemical HA, but we rec-
ognize that girls concerned about androgen excess may have preferentially volunteered.
However, analyses after exclusion of girls with clinical androgen excess (data not shown)were
not substantially different from the primary analyses, with one exception: in this secondary
analysis, late pubertal OW controls no longer had an earlymorning rise in P4. Importantly, in
an investigation of the origins of obesity-related HA during puberty, we argue that it would be
inappropriate to systematically exclude girls with clinical signs of androgen excess. None-
theless, given the potential for recruitment bias, these data cannot be used to estimate the
prevalence of HA in NW and/or OW peri-pubertal girls.

Our study explores the influence of increased weight on the relative adrenal and ovarian
sources of androgens across puberty in younger girls. Our findings suggest that both adrenal
and nonadrenal (e.g., ovarian) androgens increase across puberty, especially in those with
excess weight. Exaggerated androgen production related to peripubertal obesity may neg-
atively influence normal hypothalamic-pituitary-ovarian system maturation during this
critical developmental window [3, 23].

Most previous studies evaluated PCOS women, who primarily exhibit ovarian HA, al-
though some also have adrenal HA [9, 10]. Although exaggerated serum 17-OH Prog re-
sponses to ACTH and GnRH agonist (GnRHa) are commonly used markers for adrenal and
ovarian HA, respectively, some studies suggest that 17-OH Prog may not be the best marker
for adrenal HA [9]. In 60 PCOS women, increased cosyntropin-stimulated DHEA levels
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defined adrenal HA, whereas increased 17-OH Prog levels after GnRHa or elevated T levels
after short-term DEX suppression defined ovarian HA [24]. In these women, 5% had adrenal
HA, 63%had ovarianHA, 23%had both ovarian and adrenalHA, and 8%had neither (adipose
source proposed). In 42 adolescent women with clinical HA (mean age, 18 years), 14% had
abnormal 17-OH Prog concentration responses to cosyntropin, 58% to GnRHa, and 12% to
both [11]. Among OW girls in our study, 13% had adrenal HA (increased postcosyntropin
DHEA levels), 30% had ovarian HA (elevated DEX-suppressed free T levels), and 17% had
both. Thus, the predominance of ovarian dysfunction in OW girls appears similar to that in
PCOS women and adolescents. Other studies in adults found increased A4 levels in response
to cosyntropin [9, 25–27]. If we define adrenal HA as increased A4 concentrations after
cosyntropin, then the prevalence of adrenal HA in our OW girls would increase to 53%. In 15
obese, glucose-intolerant PCOS adolescents (mean age, 14 years), elevated cosyntropin-
related A4 concentrations were ameliorated by insulin sensitization with metformin
(232%) and rosiglitazone (226%) [28, 29]. These match our findings of increased adrenal A4
concentration responses in adolescent obesity and link adrenal androgen hyper-
responsiveness to insulin resistance. Yet, some studies found that A4 represented adrenalHA
in nonobese subjects only, whereas others suggested A4 and T were mostly ovarian (elevated
basal levels but normal cosyntropin responses) [9, 30–32]. Although our late pubertal OW
girls demonstrated exaggerated cosyntropin-stimulated free T level responses, the increases
were small relative to DEX-suppressed (likely ovarian) levels.

Formal assessment of androgen sources in unselected early to mid-pubertal girls, par-
ticularly with obesity, has not been previously performed. Nonobese Spanish girls with
premature adrenarche—another putative risk factor for PCOS [33]—exhibited adrenal HA
using cosyntropin (mean age, 6.7 years) and ovarian HA using GnRHa (mean age, 9.8 years)
during early puberty [14, 34]. Because early adrenal HA is linked to ovarian HA and PCOS,
adrenal androgens may accelerate the development of ovarian HA in mid to late puberty,
possibly by prematurely increasing daytime LH pulse secretion. Low-dose glucocorticoids
have been used with lifestyle modification and metformin in adult PCOS to ameliorate
adrenal HAwithout worseningmetabolic parameters [35, 36]. Our data suggest that adrenal-
origin HA begins by mid to late puberty in overweight girls, providing an opportunity for
interventions to prevent subsequent GnRH pulse abnormalities leading to PCOS.

4. Conclusion

In summary, our data suggest that overnight increases in free T levels in NW early pubertal
girls and P4 levels in late pubertal girls are likely of adrenal origin, and that OW late pubertal
girls demonstrate elevated serum androgen levels from both adrenal sources (i.e., increased
serum A4 and free T responses to cosyntropin) and nonadrenal sources (i.e., increased free T
levels after DEX). These data add to what is known about the developmental timing and
sources of excess androgen in OW peripubertal girls. Current therapy targets postmenarchal
girls with established PCOS, but we suggest that preventive strategies against early HAmay
help prevent abnormal LH regulation and subsequent PCOS. Future studies in younger girls
are required to explore the plausibility and efficacy of such strategies.
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