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Context:Adrenarche refers to the rise of dehydroepiandrosterone sulfate (DHEA-S) associated with
the development of a functional adrenal zona reticularis. Clinical features of adrenarche include
onset of body odor, axillary hair, and pubic hair, which reflect increased androgen action. An early
rise in adrenal androgens, or premature adrenarche (PremA), is a risk factor for adverse metabolic
profiles in adolescence and adulthood. The bioactive androgens associated with adrenarche and
PremA remain poorly understood. The adrenal gland is a potential source of testosterone (T) and
the 11-oxygenated derivatives 11b-hydroxytestosterone (11OHT) and 11-ketotestosterone (11KT).

Objective: The objective of this study was to characterize the adrenal androgen biome contributing
to adrenarche and PremA.

Participants andMethods:With the use ofmass spectrometry, 19 steroids including the 11-oxygenated
derivatives of Tweremeasured in sera obtained from girls with PremA (n = 37; 4 to 7 years) and age-
matched girls (n = 83; 4 to 10 years).

Results: In reference population girls, dehydroepiandrosterone, DHEA-S, androstenediol-3-sulfate,
T, and 11KT all increased at the onset of adrenarche (6 to 8 years) and beyond (9 to 10 years) (P ,

0.05 vs younger subjects 4 to 5 years). T, 11OHT, and 11KT were further elevated in PremA vs age-
matched girls (P , 0.001). Circulating concentrations of 11KT during adrenarche and PremA
exceeded those of T and 11OHT (11KT . T $ 11OHT). Androgen receptor activity and nuclear
translocation studies demonstrated that 11KT is a potent androgen similar to T.

Conclusions: Our findings suggest that 11KT is the dominant bioactive androgen in children during
adrenarche and PremA. Its androgenic capacity suggests that it may be responsible for the phe-
notypic changes seen in these phenomena. (J Clin Endocrinol Metab 103: 4589–4598, 2018)
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Adrenarche is an endocrine process that results from
the expansion of the adrenal zona reticularis (ZR)

and its increased synthesis of 19-carbon (C19) steroids,
particularly dehydroepiandrosterone (DHEA) and its
sulfate (DHEA-S) (1–3). In children, DHEA andDHEA-S
secretion begins to increase around age 6 to 8 years (4–7).
Clinical manifestations of adrenarche include the initial
stages of axillary and/or pubic hair growth (pubarche),
adult body odor, and mild acne, all of which point to
increased androgen activity (1, 8, 9). Pubarche as a result
of adrenarche normally occurs after age 8 years in girls
and 9 years in boys. Although DHEA and DHEA-S are
very weak androgens, it has been assumed that these
steroids act as precursors for the production of testos-
terone (T) in hair follicles and genital skin that exhibit the
phenotypic effects associated with adrenarche (10–12).

Adrenarche was first recognized by Fuller Albright in the
1940s (13), and more recent studies have shown that dys-
regulation of adrenarche can have significant health con-
sequences. Premature adrenarche (PremA) can be defined as
the precocious commencement of adrenarche leading to
pubarche before 8 years in girls and 9 years in boys, without
the appearance of other secondary sex characteristics
(14–17). Both normal adrenarche and PremA manifest with
signs of increased androgen activity that result from direct
secretion of adrenal bioactive androgens and peripheral
metabolism of adrenal androgen precursors. PremA is dis-
tinguished from precocious puberty by a lack of progressive
breast development in girls or testicular enlargement in boys.
Although in the past PremA was thought to be a benign
variant of maturation, recent studies suggest that this may
not be the case. A subset of girls with PremAhas been shown
to be more susceptible to the development of polycystic
ovary syndrome and insulin resistance as adults (18–22).

The age-related patterns of secretion of other weak and
potent androgens have been investigated during adrenarche
and PremA with varying results. Although some immuno-
assay studies suggested no adrenarchal rise in androstene-
dione (A4) (5, 23), recent liquid chromatography–tandem
mass spectrometry (LC-MS/MS) analysis showed a slight
adrenarche-related rise in this steroid (24). Increases in cir-
culating T concentrations during adrenarche have also been
an area of disagreement (5, 9, 24). Most of the early studies
used immunoassays, and the differences in T levels during
adrenarchemight have resulted from steroid cross-reactivity,
insufficient sensitivity, and high interassay variability when
lowTvaluesweremeasured. LC-MS/MS is rapidly emerging
as the preferred methodology for detection of multiple ste-
roids using a small volume of serum or urine sample
owing to its specificity and sensitivity. Although DHEA-S is
the steroid historically associated with adrenarche, un-
derstanding of adrenal production of other active androgens

could be of broad relevance to several diseases of an-
drogen excess. Recent LC-MS/MS studies have dem-
onstrated human adrenal production of 11-oxygenated
C19 steroids and their potential as biomarkers in
hyperandrogenic disorders (25, 26). The goal of the
current study was to provide a detailed characteriza-
tion of the steroid biome, including 11-oxygenated
C19 androgens such as 11b-hydroxyandrostenedione
(11OHA4), 11-ketoandrostenedione (11KA4), 11b-
hydroxytestosterone (11OHT), and 11-ketotestosterone
(11KT) (Fig. 1) in prepubertal girls with PremA and a
reference population of girls without the confounding
contribution of gonadal androgens.

Materials and Methods

Study design and participants

PremA patients
After approval from the institutional review boards at the

University of Michigan and University of Texas Southwestern
(UTSW) Medical Center, we enrolled 37 girls with PremA
between ages 4 and 7 years. Peripheral serum was obtained
during routine visits to the pediatric endocrinology clinics at
both institutions. The inclusion criteria for the PremA group
were Tanner stage II pubic hair before the age of 8 years and the
absence of true puberty (Supplemental Table 1). We included
patients with no evidence of adrenal pathologies, including
enzyme deficiencies such as congenital adrenal hyperplasia, or
an adrenocortical tumor. We excluded patients with chronic
disorders (including thyroid dysfunction or diabetes mellitus) or
who were taking medications known to affect adrenal function,
gonadal function, or energy metabolism.

Reference population of girls
Serum samples from 83 girls between 4 and 10 years of age

were collected during visits to the University of Michigan and
UTSW pediatric clinics for minor health conditions and routine
visits. Of the total 83 subjects, 54 age-matched girls between 4 and
7 yearswere used for comparisonwith the PremAgroup. Exclusion
criteria were congenital adrenal hyperplasia, major comorbidities,
acute or debilitating chronic illnesses, and corticosteroid therapy.
This population included 13 girls diagnosed with hypothyroidism
at UTSW, who were assessed clinically and did not have any pubic
and axillary hair growth. The otherswere not specifically examined
for clinical signs of adrenarche; consequently, the axillary and
pubic hair status of the remaining 70 girls was not assessed.

Quantitation of serum steroids by LC-MS/MS
C19 and 21-carbon (C21) serum steroids were measured using

LC-MS/MS (refer to Supplemental Materials and Methods and
Supplemental Tables 1–3).

Androgen receptor functional studies

Responses of C19 steroids to a cell-based androgen
receptor bioassay

To characterize C19 steroid androgenic activity, the CV1-
ARLuc cell line was treated with the indicated unconjugated
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and sulfated C19 steroids. Although the unconjugated steroids
were tested at 100 nM, the sulfated steroids were assessed at
1000 nM.Higher concentrations for sulfated steroids were used
in order to be in the vicinity of their physiological concentra-
tions. As previously described in detail, CV1-ARLuc cells are a
selective androgen-responsive reporter model derived from
African green monkey kidney CV1 cells that were engineered to
express androgen receptor (AR) and an AR-driven Gaussia
luciferase reporter (27). For experiments, the cells were plated
at a density of 25,000 cells per well in a 48-well dish in DMEM/
F12 (Life Technologies, Carlsbad, CA) growth medium con-
taining 10% fetal bovine serum (FBS; GE Healthcare Life
Sciences, Pittsburgh, PA) and 1% penicillin-streptomycin
(Thermo Fisher, Waltham, MA) for 24 hours and then treat-
ed with 100 nM of T or 11KT (Steraloids, Newport, RI) in 10%
charcoal-stripped FBS (GE Healthcare Life Sciences) for
18 hours (27). The medium was collected after the incubation
period. For the luminescence bioassay, 25 mL of medium was
mixed with 50 mL of 0.01 mg/mL coelenterazine (GoldBio,
St. Louis, MO). The coelenterazine solution was prepared in
an assay buffer comprising of 50 mM TrisHCl (pH 7.5) and
150 mM of NaCl. Luminescence was then measured by the
FLUOstar OPTIMA Microplate Reader (BMG Labtech, Dur-
ham, NC). The cells were frozen at 280°C for RNA isolation
for RNA sequencing (RNA-Seq) analysis as well as subsequent
cDNA generation and quantitative PCR (qPCR) analysis, as
described later.

RNA isolation and RNA-Seq Analysis
Total RNA was extracted from the cells using the RNeasy

PlusMini Kit (Qiagen, Valencia, CA). The purity and integrity
of the RNA were checked spectroscopically using a Nano-
Drop spectrometer (NanoDrop Technologies, Wilmington,
DE), and 100 ng of RNA was used to generate 50-bp single-
end reads in an Illumina HiSEQ 4000 sequencer (Illumina,
San Diego, CA) at the University ofMichigan sequencing core.
FastQC was used to assess the quality of the FASTQ files

(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/).
Reads were aligned to the latest assembly (version 1.1) of the
green monkey (Chlorocebus sabaeus) genome downloaded
from www.ensembl.org using STAR (28). Qualimap was used
to assess the total number of aligned reads, intronic rates, and
exonic rates of the resulting BAM files (29). The number of
counts per gene were assessed for each condition (basal was
quantified by featureCounts) (30). The R/Bioconductor pack-
ages edgeR (31) and limma (32) were then used to calculate the
reads per kilobase of transcript per million (RPKM) and the
log2-transformed counts-per-million values for each gene. Fold-
change of gene expression between treatment conditions (T and
11KT) and basal in the CV1-ARLuc cells was estimated by the
ratio of the RPKM values of each condition.

cDNA generation and quantitative real-time RT-PCR
The High-Capacity cDNA Kit (Applied Biosystems, Foster

City, CA) was used to reverse transcribe 200 ng of total RNA.
Quantitative real-time RT-PCR was performed in the ABI
StepOnePlus Real-Time PCR systems (Applied Biosystems).
Genes previously shown to be androgen responsive (33–36) and
with an RPKM value .1 at basal levels as observed with the
RNA-Seq data were selected for qPCR analysis. Primer pairs
(Integrated DNATechnologies, Coralville, IA) for the following
genes were designed using the green monkey (Chlorocebus
sabaeus) genome (Supplemental Table 6): protein C inhibitor
(SERPINA5), FK506 binding protein 5 (FKBP5), serum/
glucocorticoid regulated kinase 1 (SGK1), folate receptor a
(FOLR1), and ras homolog family member U (RHOU). The
HPRT1 (Hypoxanthine Phosphoribosyltransferase 1) gene was
used as a reference gene for sample normalization in the CV1-
ARLuc cells (37).

AR nuclear translocation study
CV1-ARLuc cells were grown on microscope slides (Globe

Scientific, Paramus, NJ), previously treated with 50 mg/mL of
Poly-D-lysine (Sigma-Aldrich, St. Louis,MO) at room temperature

Figure 1. Steroidogenic pathways depicting adrenal mineralocorticoid, glucocorticoid, and androgen biosyntheses. The steroidogenic enzymes
and cofactor proteins are marked in blue. The 11-oxygenated androgens are highlighted in black. Steroids not quantified are marked in gray.
Dashed arrow denotes minor conversion to product. 11KA, 11-ketoandrostenedione; 11OHA, 11b-hydroxyandrostenedione.
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for 1 hour in 100-mm plates, in growth medium as previously
described (27). After 24 hours, the cells were rinsed with PBS (Life
Technologies) followed by treatment with 100 nM of T or 11KT
(Steraloids) for 18 hours in 10% charcoal-stripped FBS. Cells were
subsequently fixed with methanol at 220°C for 20 minutes and
washed three times with PBS (Life Technologies). Slides were
incubated overnight with a mouse monoclonal anti-human AR
antibody (1:500 dilution; Santa Cruz, Dallas, TX) and then with a
secondary Alexa Fluor 594-conjugated AffiniPure goat anti-
mouse antibody (1:100 dilution; Jackson Immunoresearch,
West Grove, PA) for 1 hour at room temperature. The slides were
then incubated with Prolong Gold mounting medium with 40,6-
diamidino-2-phenylindole (Thermo Fisher) for 24 hours at 4°C
with coverslips on.

Statistical analysis
Steroid levels across age groups for the reference population

of girls were compared by Kruskal-Wallis tests followed by the
Dunn post hoc test using the SigmaPlot 12.5 software package
(Systat Software, Inc., San Jose, CA). Steroid levels between
girls with PremA and age-matched girls were compared by the
nonparametric Mann-Whitney U test. A P value ,0.05 was
considered statistically significant.

Logistic regression was performed using R software (Free
Software Foundation, Boston, MA) to nominate steroids with
high discriminatory power in distinguishing PremA from age-
matched girls. We next used a stepwise approach based
on linear discriminant analysis implemented in the stepclass

function from klaR (38) to identify the combination of steroid
hormones that would allow the best discrimination between the
two groups. Once the combination of steroids was obtained,
the performance of the classifier was evaluated by the cor-
rectness rate (the percentage of cases with identical a priori and
a posteriori group allocations). Lastly, receiver operating
characteristic curve analysis (MedCalc Statistical Software
version 17.9.7) was performed to calculate the specificity and
sensitivity of each steroid in the combination to diagnose
PremA. Youden index J was used to estimate the cutoff values.
Multiple linear regression analysis was performed to test 11KT
as a function of age and BMI z score (Statistical Applied
Software, SAS Institute Inc., Cary, NC).

Results

Changes in the circulating steroid biome in
prepubertal girls

Subjects were grouped by chronological age, and their
steroid concentrations were assessed (Table 1). Ages 6 to
8 years represent the expected window of the initiation
of adrenarche, wherein the adrenal ZR starts to develop
and produce C19 steroids. Of the unconjugated C21

steroids that included mineralocorticoids, glucocorti-
coids, and their precursors, only 11-deoxycorticosterone
exhibited a significant decrease at the commencement of

Table 1. Serum Concentrations of Steroids in a Reference Population of Girls Between Ages 4 and 10 Years

Steroid, ng/dL
Aged 4–5 y
(n = 22)

Aged 6–8 y
(n = 38)

Aged 9–10 y
(n = 23)

Unconjugated 21-carbon steroids
Pregnenolone 26.3 [14.9–38. 9] 21.45 [14.5–31.7] 25.9 [19.8–40.5]
17OH-Pregnenolone ND ND ND
Progesterone 5.3 [5.0–7.7] 5.1 [4.4–6.1] 4.7 [4.2–6.6]
17OH-Progesterone 17.4 [10.9–28.2] 15.4 [12.8–21.8] 22.3 [13.5–34.2]
11-Deoxycorticosterone 17.3 [8.0–44.4] 7.62 [5.03–19.77]a 8.1 [4.3–18.0]a

Corticosterone 145.4 [85.2–295.1] 113.5 [66.0–232] 84.2 [70.5–221]
11-Deoxycortisol 45.9 [26.6–62.7] 35.5 [22.4–51.1] 35.5 [26.3–52.4]
Cortisol 5481 [3562–9561] 4457 [3504–7100] 4361 [3212–9106]

Unconjugated 19-carbon steroids
DHEA 41.3 [23.0–54.7] 64.2 [43.5–141.4]a 134 [84.1–186]a,b

A4 10.4 [8.4 –15.2] 15.5 [10.3–24.7] 21.2 [19.1–28.6]a,b

T 3.8 [2.4–4.9] 4.8 [4.2–5.3]a 6.3 [5.2–8.1]a,b

11OHA4 17.6 [11.2–34.0] 27.0 [20.0–39.7] 26.1[17.4–44.8]
11KA4 8.18 [6.77–11.23] 11.3 [9.90–14.47]a 12.8 [8.7–16.8]a

11OHT 3.0 [2.6–6.5] 4.6 [3.2–6.7] 5.5 [4.1–6.5]a

11KT 8.6 [7.3–10.9] 13.4 [10.3–18.1]a 17.6 [14.2–22.5]a,b

Sulfated steroids
Preg-S 934 [555–1462 ] 1029 [718–1338] 1435 [975–2243]
17OHPreg-S 347 [257–614] 445 [370–712] 645 [507–1003]a

DHEA-S 5902 [3545–10,231] 13,750 [7672–34,899]a 34,604 [27,308–50,856]a,b

Adiol-S 527 [387–1228] 1149 [663–2464]a 2958 [1943–5540]a,b

Data are expressed as median with corresponding interquartile range. Statistical significance was determined by Kruskal-Wallis one-way ANOVA
followed by the Dunn post hoc test for multiple comparisons. Significance levels are indicated by the footnotes. Note: 17OH-Preg was detected (.172.6
ng/dL) in two subjects between ages 6–8 y and 9–10 y each.

Abbreviation: ND, not detected.
aP , 0.05 vs age 4–5 y.
bP , 0.05 vs age 6–8 y.
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adrenarche (P, 0.05) (Table 1). However, the initiation
of adrenarche was marked by significant increases in
unconjugated and sulfated C19 steroids compared with
C21 steroids. DHEA-S demonstrated the first increment
between ages 6 and 8 years in girls (P, 0.001) (Table 1).
DHEA and Adiol-S demonstrated parallel increases with
DHEA-S during the 6- to 10-year window (all P, 0.001)
(Table 1). Serum levels of the classic bioactive androgen
T showed age-dependent increases after the first 5 years
of life (P , 0.005) (Table 1). In addition, two of the
11-oxygenated C19 steroids (11KA4 and 11KT) had an
adrenarche-related increase (P , 0.05 for 11KA4; P ,
0.005 for 11KT) (Table 1). In all, seven steroids out of the
19 examined significantly changed around the expected
time of onset of adrenarche in the reference population
of girls.

Changes in the serum steroid biome in PremA
Serum steroid levels were compared between girls with

PremA and age-matched girls (aged 4 to 7 years). The
targeted LC-MS/MS analysis of 19 serum steroids in-
dicated broad-based changes in the serum steroid biome
of the PremA cohort. Of the eight unconjugated C21

steroids measured, five showed significant alterations in
concentration in PremA. Preg concentrations increased
with PremA (P , 0.001), whereas Prog, 17OHProg,

11-deoxycorticosterone, and 11-deoxycortisol showed
significant decreases (P , 0.05) (Table 2). LC-MS/MS
analysis of serum androgens and their precursors in the
patients with PremA revealed significantly increased
levels of the classic androgen T (P , 0.001) and its
precursor DHEA (P , 0.001) (Table 2). In addition, all
sulfated steroids were elevated in PremA (all P , 0.001)
(Table 2). Serum concentrations of the 11-oxygenated
androgens 11OHA4, 11KA4, 11OHT, and 11KT were
all significantly higher in the PremA cohort (P , 0.001
for 11OHA4, 11OHT, and 11KT; P = 0.012 for 11KA4)
(Table 2). Specifically, 11KT was 3.5-fold higher than
T in girls with PremA. These findings indicate broad
alterations in adrenocortical steroids in children with
PremA.

Our logistic regression analysis indicated DHEA
exhibited the most discriminatory power between PremA
and age-matched girls, followed by Adiol-S and DHEA-S
(Supplemental Table 7). Concordant to our logistic re-
gression analysis, DHEA was again nominated as the top
performing steroid, with a correctness rate of 0.8222. In
addition, including additional steroids in the model did
not improve the performance of the classifier. From a
diagnostic perspective, DHEA, Adiol-S, and DHEA-S
were the best steroids to discriminate girls with PremA
from age-matched girls (Supplemental Fig. 1).

Table 2. Serum Concentrations of Steroids in Girls With PremA vs Age-Matched Girls Between Ages 4
and 7 Years

Steroid, ng/dL
Age-Matched Girls

(n = 54)
Girls With PremA

(n = 37) P Value

Unconjugated 21-carbon steroids
Pregnenolone 25.6 [14.6–46.2] 50.6 [32.8–83.4] ,0.001
17OH-Pregnenolone ND ND —

Progesterone 5.3 [4.7–7.1] 2.7 [2.0–5.6] ,0.001
17OH-Progesterone 16.2 [12.8–26.3] 12.8 [9.5–22.1] 0.030
11-Deoxycorticosterone 9.7 [6.8–34.1] 7.9 [4.2–14.4] 0.008
Corticosterone 131 [82.8–220] 92.2 [50.4–218] 0.054
11-Deoxycortisol 40.5 [29.4–55.0] 30.4 [19.2–48.1] 0.025
Cortisol 5487 [3784–7873] 4911 [3352–6528] 0.089

Unconjugated 19-carbon steroids
DHEA 52.3 [32.8–89.5] 242 [162–429] ,0.001
A4 13.1 [9.2–22.4] 17.0 [11.4–22.8] 0.238
T 4.6 [3.7–5.2] 5.2 [4.6–5.8] ,0.001
11OHA4 26.1 [16.7–38.9] 45.7 [29.3–67.5] ,0.001
11KA4 10.8 [8.2–13.8] 15.0 [12.4–22.1] ,0.001
11OHT 3.8 [2.6–6.1] 6.2 [4.9–7.4] ,0.001
11KT 11.2 [8.4–16.5 ] 18.1 [12.3–22.9] ,0.001

Sulfated steroids
Preg-S 958 [582–1198] 1722 [1162–2124] ,0.001
17OHPreg-S 416 [270–605] 803 [564–1198] ,0.001
DHEA-S 9321 [4333–17637] 38,227 [23,035–57,073] ,0.001
Adiol-S 764 [450–1606 ] 4102 [2323–6660] ,0.001

Data are expressed as median with corresponding interquartile range. Statistical significance was determined by nonparametric Mann–Whitney U test.
P, 0.05 was considered statistically significant. Note: 17OH-Preg was detected (.172.6 ng/dL) in only one reference subject between ages 4 and 7 y and
no subjects with PremA.

Abbreviation: ND, not detected.
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Correlation between BMI and serum 11KT levels
Girls with PremA had a significantly higher BMI z

score than age-matched girls (P , 0.013) (Supplemental
Table 2). Girls who had PremA and a BMI .85th per-
centile displayed higher 11KT levels than those with a
BMI,85th percentile. In contrast, age-matched girls did
not demonstrate this difference (Supplemental Fig. 2).
Multivariate analysis revealed that 11KT was signifi-
cantly affected by age when adjusted for BMI z score (b =
1.9; P , 0.001) but showed no dependence on BMI
z score after adjustment for age (b = 20.5; P = 0.34).

Effect of unconjugated and sulfated C19 steroids on
AR activation

To better understand the physiologic function of the
adrenal-derived C19 steroids, nine of the steroid products
were tested for their ability to activate the AR in CV1-
ARLuc cells (27) (Fig. 2). Luciferase activity was sig-
nificantly increased on treatment with A4 (1.5-fold vs
basal; P , 0.005), T (83-fold; P , 0.001), and its 11-
oxygenated derivatives 11OHT (fourfold; P , 0.004)
and 11KT (62-fold; P , 0.001) [Fig. 2(A)]. We further

traced the activation of AR by monitoring its nuclear
translocation in CV1-ARLuc cells after separate addi-
tions of 100 nM of T and 11KT [Fig. 2(B)]. In the absence
of ligand, AR was predominantly located in the cyto-
plasm. Addition of either T or 11KT for 18 hours led to
nuclear localization in 100% of the cells. RNA-Seq
analysis performed on CV1-ARLuc cells treated with
androgens demonstrated an overlap of 41 of the top 50
genes induced by T and 11KT [Fig. 2(C)]. Several of the
genes on this list were previously shown to be AR targets.
These include SERPINA5, FKBP5, SGK1, FOLR1, and
RHOU, all of which were confirmed to increase using
quantitative RT-PCR [Fig. 2(D) and 2(E)].

Discussion

Although DHEA and DHEA-S are the conventional
biomarkers of both normal and PremA (4–7), these
steroids are not active androgens and hence are unlikely
to directly mediate the androgenic phenotype observed in
normal and PremA. It is worth noting that DHEA and
DHEA-S constitute a pool of precursors for potential

Figure 2. Androgen studies using the CV1-ARLuc cell line. (A) Gaussia reporter gene regulation in response to unconjugated and sulfated C19

steroids. The data represent the mean 6 SEM of three independent experiments, each performed in triplicate. *P , 0.05 vs basal. Basal denotes
treatment with 0.1% methanol (vehicle). (B) T and 11KT binding causes AR nuclear translocation. Fluorescence microscopy of CV1-ARLuc cells
stably transfected with a human AR and treated with or without 100 nM of T and 11KT, respectively, for 18 hours. Green fluorescence
represents AR immunoreactivity, and blue fluorescence is DAPI (nucleus). (C) The 50 most highly upregulated genes in CV1-ARLuc cells after
treatment with 100 nM of T and 11KT as identified by RNA-Seq. Both T and 11KT stimulated 41 of these 50 genes. (D) RNA-Seq and (E)
quantitative RT-PCR validation of the expression of CV1-ARLuc genes stimulated by treatment with T and 11KT. These genes were previously
shown to be androgen responsive. The data represent the mean 6 SEM of three independent experiments, each performed in triplicate. *P ,
0.05, T vs 11KT. AD, androstenedione; DAPI, 40,6-diamidino-2-phenylindole.
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peripheral conversion to T. In fact, the adrenal gland has
long been regarded as a major contributor to the cir-
culating T pool in women and prepubertal children (39,
40). Using LC-MS/MS analysis, we and others have
defined a broader array of adrenal-derived steroids, in-
cluding 11-oxygenatedmetabolites of T, that can activate
the AR (25, 26, 41, 42). The role of 11-oxygenated C19

steroids in adrenarche and PremA has not been de-
termined. The goal of this study was to characterize
alterations in the circulating steroid biome, including the
11-oxygenated androgens in girls with PremA and a
reference population of girls. This comprehensive report
compared the steroid biome (including bioactive an-
drogens) in girls, including those with PremA. In addition
to DHEA and DHEA-S, we found that T and 11KT
significantly increased during adrenarche compared with
the preadrenarche window. Furthermore, we demon-
strated that 11KT, 11OHT, and T levels were signifi-
cantly higher in girls with PremA than in age-matched
girls.

The adrenarchal rise in DHEA and DHEA-S has been
attributed to the differential expression of 3b-hydrox-
ysteroid dehydrogenase type 2 in the zona fasciculata and
cytochrome b5 type A and sulfotransferase type 2A1 in
the developing ZR (Fig. 1) (3, 6, 43, 44). Cytochrome b5
type A enhances the 17,20-lyase activity of the ste-
roidogenic enzyme CYP17A1 (17a-hydroxylase/17,20-
lyase), thereby allowing DHEA synthesis in the ZR. An
exaggerated rise in androgen precursors in PremA, as
shown here and in previous studies, is in part caused by
increasing 17,20-lyase activity owing to a precociously
developed ZR (45, 46). In the current study, although we
observed an increase in DHEA in PremA, we were unable
to accurately deduce the augmentation in the 17,20-lyase
activity during adrenarche owing to low circulating
17OH-Preg levels that were often below the limit of
detection of our LC-MS/MS assay. Our recent analysis
that traced steroid sulfates in children confirmed that
levels of DHEA-S but not Preg-S or 17OHPreg-S cor-
related directly with age during adrenarche (44). We also
demonstrated that Adiol-S, another steroid sulfate of ZR
origin, shows a concomitant age-related increase with
DHEA-S and proposed that Adiol-S could represent a
surrogate measure of the progression of adrenarche (44).
Considering that Adiol-S is one enzymatic step closer to T
than DHEA-S, this steroid provides another adrenarche-
associated precursor for conversion to androgens in
peripheral tissues. Using gas chromatography-mass
spectrometry, Remer et al. (7) demonstrated an age-
related logarithmic increase in the urinary excretion of
DHEA and Adiol conjugates in both sexes, with the first
significant increase occurring as early as 7 to 8 years of
age. Only one report has compared Adiol-S levels in girls

with PremA with those of age-matched controls, and it
found increased circulating Adiol-S in girls with PremA
(47). In addition to confirming that Adiol-S rises during
adrenarche, we demonstrated the utility of all four ste-
roid sulfates as biomarkers for PremA in the current
study.

As opposed to testicular androgen production, which
utilizes 17b-hydroxysteroid dehydrogenase type 3, 17b-
hydroxysteroid dehydrogenase type 5 is a pivotal factor
in the adrenal synthesis of bioactive androgens. This
enzyme has the ability to convert A4 to T in the adrenal
ZR (42, 48–50). Previous studies have shown that al-
though the adrenal contributes only 1% of the total
circulating T in postpubertal males, it provides;30% to
50% in women and children (39, 40). Although many
studies have shown that T levels do not rise during the
early stages of adrenarche (5, 9, 24), several other ana-
lyses have suggested that T does increase and therefore
contributes to the progression of PremA (5, 51–56). Our
data indicate that circulating T concentrations rose sig-
nificantly with age in our reference population of girls
and showed an early surge in PremA.

T and A4 are good substrates for the adrenal-specific
11b-hydroxylase enzyme leading to the synthesis of
11OHT and 11OHA4, respectively (57, 58) (Fig. 1).
11OHT and 11OHA4 can both be oxidized to their
respective keto-metabolites, 11KT and 11KA4, and this
process occurs predominantly in peripheral tissues
expressing HSD11B2 (42, 58–60) (Fig. 1). Here, we
demonstrated that two of the 11-oxygenated C19 steroids
(11KT and 11KA4) increased considerably with age and
that all four 11-oxygenated C19 steroids exhibited an
early surge in girls with PremA compared with age-
matched girls. The 11-oxygenated C19 steroids are ele-
vated in two other hyperandrogenic disorders, primarily
21-hydroxylase deficiency and also polycystic ovary
syndrome (25, 26).

Until now, T has been the conventional biomarker
of androgen excess in females and prepubertal chil-
dren. Using in vitro luciferase reporter assays, we and
others have shown that 11OHT and 11KT activate the
human AR similarly to T (27, 42, 60). Intriguingly,
11KT can potentially be converted to 11-keto-5a-
dihydrotestosterone, a bioactive androgen as potent as
DHT (60). Our current study also demonstrated an in-
crease in the expression of known androgen-responsive
genes (33–36) in the T- and 11KT-treated CV1-ARLuc
cells. Pretorius et al. (61) also indicated that 11KT, T, and
their 5a-reduced metabolites promoted AR-regulated
gene expression in two androgen-dependent prostate
cancer cell lines. These data collectively indicate that
11KT is a key androgen in the progression of both
normal and PremA.
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The androgen precursors DHEA, DHEA-S, andAdiol-
S were all better clinical discriminators of PremA than all
active androgens, including T, 11OHT, and 11KT
(Supplemental Fig. 1; Supplemental Table 7). Therefore,
the contribution of androgen precursors to the clinical
manifestations of normal adrenarche and PremA cannot
be neglected. It is likely that the phenotypic effects as-
sociated with these phenomena can be attributed to the
combined action of direct adrenal secretion of active
androgens and peripheral conversion of DHEA to
T (62–68) and 11OHA4 to 11KT (59, 60) in target
tissues such as hair follicles or genital skin (8, 10, 68). The
lower discriminatory value of 11KT could also be as-
sociated with the presence of confounding factors such
as BMI and race in the PremA and age-matched reference
populations.

The main limitation of our study is the exclusive in-
clusion of girls. PremA is underreported in boys, thereby
making it difficult to obtain serum samples from boys
with PremA (69). However, comparisons between pa-
tients with 21-hydroxylase deficiency and control groups
have demonstrated that the 11-oxygenated androgens
are similarly elevated in males and females across dif-
ferent ages (25). The other limitation of our study is that
the age-matched reference girls were not examined for
clinical assessment of pubarche; therefore, we could not
exclude the possible inclusion of a few children with
PremA in this reference population. Nevertheless, we
found a significant difference in steroid biomarkers in the
PremA group, which only strengthens the conclusions
regarding the increase in 11-oxygenated steroids. Be-
cause adipose tissue has been shown to participate in the
peripheral biotransformation of androgen precursors
(68, 70), we examined the association between BMI
z score and 11KT levels in both girls with PremA and age-
matched reference girls. When adjusted for age, BMI
z score did not demonstrate a linear correlation with
circulating 11KT concentrations; however, girls with
PremA and BMI .85th percentile showed the highest
11KT values of all groups. Further studies are needed to
understand the association between elevated circulating
11KT concentration and increased body fat in PremA.
Larger cohorts, including a well-characterized reference
population of children with normal adrenarche and boys
with PremA, will aid in comprehensively characterizing
the biologic significance and clinical utility of these 11-
oxygenated androgens in normal adrenarche and PremA.

In summary, we have profiled the steroid biome in-
cluding the 11-oxygenated androgens in a reference
population of girls and in PremA. We have demonstrated
that increases in circulating levels of Adiol-S, T, and
11KT in addition to the traditional markers DHEA
and DHEA-S occur in girls between the ages of 6 and

8 years. Our findings suggest that PremA can be char-
acterized by broad changes in the steroid biome, in-
cluding early increases in circulating 11-oxygenated
androgens (11OHA4, 11KA4, 11OHT, and 11KT) as
well as DHEA, T, and sulfated D5-steroids. Given that
11KT has an androgenic potency approaching that of
T and is the dominant circulating androgen in girls
during adrenarche and PremA, we suggest that 11KT
may be partly responsible for the androgenic manifes-
tations of both normal adrenarche and PremA. Further
investigations are needed to better define the relative roles
of direct adrenal secretion of androgens vs conversion of
androgen precursors in peripheral and target tissues in
the process of normal adrenarche and PremA.
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15. Voutilainen R, Jääskeläinen J. Premature adrenarche: etiology,
clinical findings, and consequences. J Steroid Biochem Mol Biol.
2015;145:226–236.

16. Iba~nez L, Potau N, Virdis R, Zampolli M, Terzi C, Gussinyé M,
Carrascosa A, Vicens-Calvet E. Postpubertal outcome in girls di-
agnosed of premature pubarche during childhood: increased fre-
quency of functional ovarian hyperandrogenism. J Clin Endocrinol
Metab. 1993;76(6):1599–1603.

17. Herman-Giddens ME, Slora EJ, Wasserman RC, Bourdony CJ,
Bhapkar MV, Koch GG, Hasemeier CM. Secondary sexual
characteristics and menses in young girls seen in office practice:
a study from the Pediatric Research in Office Settings network.
Pediatrics. 1997;99(4):505–512.
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other participating members of the Prasterone Clinical Research
Group. Serum steroid concentrations remain within normal
postmenopausal values in women receiving daily 6.5mg intra-
vaginal prasterone for 12weeks. J Steroid BiochemMol Biol. 2016;
159:142–153.

67. Morales AJ, Haubrich RH, Hwang JY, Asakura H, Yen SS. The
effect of six months treatment with a 100 mg daily dose of
dehydroepiandrosterone (DHEA) on circulating sex steroids, body
composition andmuscle strength in age-advancedmen andwomen.
Clin Endocrinol (Oxf). 1998;49(4):421–432.

68. O’Reilly MW, Kempegowda P, Walsh M, Taylor AE, Manolopoulos
KN, Allwood JW, Semple RK, Hebenstreit D, Dunn WB, Tomlinson
JW, Arlt W. AKR1C3-mediated adipose androgen generation
drives lipotoxicity in women with polycystic ovary syndrome.
J Clin Endocrinol Metab. 2017;102(9):3327–3339.

69. Idkowiak J, Lavery GG, Dhir V, Barrett TG, Stewart PM, Krone N,
Arlt W. Premature adrenarche: novel lessons from early onset
androgen excess. Eur J Endocrinol. 2011;165(2):189–207.

70. Kim SH,Moon JY, SasanoH, ChoiMH, ParkMJ. Body fat mass is
associated with ratio of steroid metabolites reflecting 17,20-lyase
activity in prepubertal girls. J Clin Endocrinol Metab. 2016;
101(12):4653–4660.

4598 Rege et al 11-Oxygenated Androgens in Premature Adrenarche J Clin Endocrinol Metab, December 2018, 103(12):4589–4598

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/article/103/12/4589/5075164 by guest on 21 August 2022


