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Abstract 
Objective: 11-oxygenated androgens significantly contribute to the circulating androgen pool. Understanding the physiological variation of 11- 
oxygenated androgens and their determinants is essential for clinical interpretation, for example, in androgen excess conditions. We 
quantified classic and 11-oxygenated androgens in serum and saliva across the adult age and body mass index (BMI) range, also analyzing 
diurnal and menstrual cycle-dependent variation.
Design: Cross-sectional. Morning serum samples were collected from 290 healthy volunteers (125 men, 22-95 years; 165 women, 21-91 
years). Morning saliva samples were collected by a sub-group (51 women and 32 men). Diurnal saliva profiles were collected by 13 men. 
Twelve women collected diurnal saliva profiles and morning saliva samples on 7 consecutive days during both follicular and luteal 
menstrual cycle phases.
Methods: Serum and salivary steroids were quantified by liquid chromatography–tandem mass spectrometry profiling assays.
Results: Serum classic androgens decreased with age-adjusted BMI, for example, %change kg/m2 for 5α-dihydrotestosterone: men −5.54% 
(95% confidence interval (CI) −8.10 to −2.98) and women −1.62% (95%CI −3.16 to −0.08). By contrast, 11-oxygenated androgens increased 
with BMI, for example, %change kg/m2 for 11-ketotestosterone: men 3.05% (95%CI 0.08-6.03) and women 1.68% (95%CI −0.44 to 3.79). 
Conversely, classic androgens decreased with age in both men and women, while 11-oxygenated androgens did not. Salivary androgens 
showed a diurnal pattern in men and in the follicular phase in women; in the luteal phase, only 11-oxygenated androgens showed diurnal 
variation.
Conclusions: Classic androgens decrease while active 11-oxygenated androgens increase with increasing BMI, pointing toward the 
importance of adipose tissue mass for the activation of 11-oxygenated androgens. Classic but not 11-oxygenated androgens decline 
with age.
Keywords: 11-oxygenated androgens, serum steroids, salivary steroids, liquid chromatography–tandem mass spectrometry, body mass index
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Introduction
Circulating androgens and their precursors are produced by 
the gonads and the adrenal glands in both men and women. 
However, androgen biosynthesis in the gonads and adrenal 
glands is differentially regulated and generates different types 
of androgen precursors.

Gonadal androgen biosynthesis produces the classic andro-
gen precursor androstenedione (A4) and the active classic an-
drogens, testosterone (T), and 5α-dihydrotestosterone (DHT). 
Gonadal steroidogenesis begins with puberty and declines 
gradually with age in men and more rapidly in women during 
the peri-menopause, and is primarily regulated by pituitary 
gonadotrophins, that is, via the hypothalamic–pituitary–go-
nadal axis.1

Adrenal biosynthesis produces the classic androgen precur-
sor dehydroepiandrosterone (DHEA), which serves as a sub-
strate for the generation of active androgens in peripheral 
tissues.2 DHEA can be inactivated to its sulfate ester 
DHEAS or activated in the classic androgen pathway in the 
adrenals contributing to circulating concentrations of A4 
and, to a lesser degree, T. Adrenal DHEA biosynthesis declines 
with age in adults3 and is stimulated by adrenocorticotropic 
hormone and hence follows the diurnal pattern of hypothal-
amic–pituitary–adrenal axis activation.4,5

The adrenal gland also produces significant amounts of 
the 11-oxygenated androgen precursor 11β-hydroxyandrostene-
dione (11OHA4),6 which is generated through hydroxylation of 
A4 by steroid 11β-hydroxylase CYP11B1, the same enzyme 
that catalyzes the final step of cortisol biosynthesis.7 While 
the ability of the adrenal to produce 11OHA4 is known 
for decades, 11OHA4 was previously considered an inert me-
tabolite. However, in recent years it has been demonstrated 
that 11OHA4 can be activated in peripheral tissues to 
11-ketoandrostenedione (11KA4) and 11-ketotestosterone 
(11KT).7,8 Importantly, 11KT binds and activates the andro-
gen receptor with similar potency and efficacy as T and the 
11KT metabolite 11β-hydroxytestosterone (11OHT) is a par-
tial androgen receptor agonist.6,9,10 In peripheral tissues such 
as adipose, 11KT is generated from 11KA4 by aldo–keto re-
ductase 1C3, AKR1C3, which can also convert A4 to T, but 
has a significantly higher catalytic activity for the activation 
of 11-oxygenated androgens.11,12 The expression of 
AKR1C3 in adipose tissue is upregulated by insulin13 and re-
duced by weight loss in women.11

11KT is the major circulating active androgen in wom-
en14,15 and has been highlighted as a potential disease activity 
biomarker in women with polycystic ovary syndrome14 and 
congenital adrenal hyperplasia.16–18 To inform the under-
standing of the physiological variations of 11-oxygenated an-
drogens in healthy women and men, we comprehensively 

studied the physiological variation of 11-oxygenated and clas-
sic androgens in serum and saliva, including diurnal and men-
strual variation, and examined the influence of age and body 
mass index (BMI) in a large healthy volunteer cohort with a 
broad age range.

Participants and methods
Participants and sample collection
The collection of serum and saliva samples from healthy vol-
unteers identified through advertisement received ethical ap-
proval by the Science, Technology, Engineering and 
Mathematics Ethical Review Committees of the University 
of Birmingham, UK (ERN_17-0494, ERN_17-0494B) and 
the Mayo Clinic, Rochester, MN, USA (IRB ID 18-009787). 
Inclusion criteria were age 18 years or above and provision 
of written informed consent prior to study participation. 
Exclusion criteria were any acute or chronic disease affecting 
steroid biosynthesis or metabolism, the intake of any medica-
tion known to interfere with steroid biosynthesis or metabol-
ism except for use of hormonal contraceptives (combined oral 
contraceptives, contraceptive depot injection, or implant).

A standardized questionnaire was used to record demo-
graphic data including age and BMI; for women, the use of 
hormonal contraceptives and menopausal status were re-
corded. If no information on menopausal status was provided, 
women aged 50 years or older were considered postmeno-
pausal. Premenopausal women not using hormonal contra-
ception were asked on which day of their menstrual cycle 
the sample was collected, defining the day of the start of their 
last menstrual bleed as day 1.

We collected morning serum samples from 290 healthy vol-
unteers (165 women, 57%; 125 men, 43%), with similar age 
and BMI distribution for men (median age 57 (range 22-95) 
years; median BMI 26 (range 19.0-43.3) kg m–2) and women 
(median age 48 (range 21-91) years; median BMI 24.6 (range 
17.3-43.5) kg m–2). We included 76 (46%) premenopausal 
and 89 (54%) postmenopausal women. Fifteen of the preme-
nopausal women (20%) either received hormonal oral 
contraceptives (n = 7; all combined estrogen/progestin) or 
contraceptive depot injections/implants (n = 8; all 
progestin-only); none of the postmenopausal women were 
on hormone replacement therapy (HRT). Menstrual cycle–de-
pendent serum steroid concentrations were studied in 32 
women, who reported the day of their menstrual cycle at the 
time of blood collection.

Morning saliva was collected by 83 healthy volunteers (51 
women, 37 pre- and 14 post-menopausal; 32 men). 
Twenty-five volunteers (12 premenopausal women, age 
24-39 years; 13 men, age 20-35 years) additionally collected 

Significance

We analyzed classic and 11-oxygenated androgen concentrations from a large healthy volunteer cohort with broad ranges of 
age and body mass index who donated serum (n = 290) and saliva (n = 83) samples that underwent multi-steroid profiling by 
tandem mass spectrometry assays. In women, 11-oxygenated androgens were present in amounts at least equal amounts to 
those of classic androgens, while in men gonadal testosterone production ensured the predominance of classic androgens. 
11-oxygenated androgen levels remained unchanged with age, while classic androgens decreased. Classic androgens testos-
terone and 5α-dihydrotestosterone decreased with body mass index whereas androgen receptor agonists 
11-ketotestosterone and 11-hydroxytestosterone increased. 11-oxygenated androgens are major contributors to the circu-
lating androgen pool, particularly in women, and their activation appears closely linked to adipose tissue mass.
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a 7-timepoint saliva profile (07:00 hours, 09:00 hours, 
11:00 hours, 13:00 hours, 15:00 hours, 19:00 hours, 
23:00 hours). Twelve premenopausal women (eight not on 
hormonal contraceptives) collected diurnal saliva profiles dur-
ing both the follicular and luteal phases of the menstrual cycle. 
In addition, they collected morning saliva samples for 7 con-
secutive days both in the follicular and the luteal phases 
(days 1-7 and days 18-24, respectively).

All blood samples were collected in the morning between 
8:30 and 10:25 and serum was stored at −80°C. Saliva sam-
ples were collected by passive drool; morning samples were 
collected between waking up and 10:00 hour. To avoid con-
tamination by trace blood or other substances, participants 
were asked to avoid brushing their teeth for 2 hours, to avoid 
eating for 1 hour and to rinse their mouth with water 
10-15 minutes prior to the saliva sample collection. Saliva 
samples were frozen at −20°C, then defrosted, and centrifuged 
at 2500 g for 5-10 minutes; the clear supernatant was ali-
quoted and stored at −80°C until analysis.

Serum steroid analysis by liquid chromatography– 
tandem mass spectrometry
Unconjugated steroids were quantified using a previously pub-
lished and validated multi-steroid profiling liquid chromatog-
raphy–tandem mass spectrometry (LC–MS/MS) assay.19 In 
brief, 200 μL of serum were mixed with stable isotope-labeled in-
ternal standards (Progesterone-d9, 17α-hydroxyprogesterone 
(17OHP)-d8, cortisol-d4, cortisone-d7, DHEA-d6, A4-d7, 
T-d3, DHT-d3, 11K4-d10, 11KT-d3, 11OHA4-d7, 5α-dihydro-
progesterone (5αDHP)-d4, allopregnanolone (alloP)-d4) and 
following protein precipitation with 50 μL acetonitrile samples 
were extracted by liquid–liquid extraction with 1 mL methyl 
tert-butyl ether. The dried organic phase was reconstituted in 
the mobile phase and steroids were chromatographically sepa-
rated using a Phenomenex Luna Omega C18 column (1.6 µm, 
100Å, 2.1 mm × 50 mm) and a water–methanol gradient. 
Ammonium fluoride was introduced by post-column infusion 
and steroid quantification was performed on a Waters Xevo 
TQ-XS mass spectrometer using electrospray ionization in posi-
tive ion mode.

In brief, DHEAS was extracted and quantified using a sep-
arate validated assay.20,21 Internal standard (DHEAS-d2) 
was added to 20 µL of serum followed by 20 µL of ZnSO4 

then100 μL of acetonitrile. The samples were then centrifuged 
and 100 μL of the solution was transferred to a new vial, dried, 
and reconstituted in 200 μL of methanol/water prior to LC– 
MS/MS analysis.21 DHEAS was quantified against a calibra-
tion series ranging from 250 to 8000 ng mL–1.

Saliva steroid analysis by LC–MS/MS
As previously described,22,23 300 μL of saliva were mixed with 
isotopically labelled internal standards and extracted by sup-
ported liquid extraction using 1 mL of dichloromethane. 
Progesterone, 17α-hydroxyprogesterone (17OHP), A4, T, 
11OHA4, and 11KT were quantified using previously pub-
lished assays22,23 on a Waters Xevo TQ-S mass spectrometer. 
For a subset of morning saliva samples, 17OHP, A4, T, 
11OHA4, and 11KT were measured by a modified version 
of the published assay using a Waters Xevo TQ-XS mass spec-
trometer. For this assay, chromatography was performed us-
ing a Waters Acquity HSS T3 (1.8 µm, 100 Å, 2.1 mm × 
50 mm) column using a gradient of 2 mmol L–1 ammonium 

acetate and 0.1% (v/v) formic acid in water and acetonitrile. 
The lower limit of quantitation was 5 pmol L–1 for T, 
10 pmol L–1 for A4, 12.5 pmol L–1 for 17OHP, 6 pmol L–1 

for 11KT, and 45 pmol L–1 for 11OHA4. The assay was linear 
up to 50 000 pmol L–1 for T, 100 000 pmol L–1 for A4, 150 
000 pmol L–1 for 17OHP, 100 000 pmol L–1 for 11KT, and 
200 000 pmol L–1 for 11OHA4. Recovery was shown to be 
92.5%-109.8% for all analytes, inter-assay precision was 
<8.6% (<13.7% at lower limit of quantitation, LLOQ) and 
inter-assay bias from nominal concentrations was <8.8% 
(<15.6% at LLOQ).

The analytical performance of the two assays measuring sal-
ivary 17OHP, A4, T, 11OHA4, and 11KT was compared us-
ing saliva samples from multiple donors (n = 46-59). The 
mean relative difference between the assays was within −5% 
and 5.8% and the concentrations determined with the two as-
says strongly correlated (r > 0.93, P < .0001). The data gener-
ated by the two assays was hence combined for analysis.

Statistical analysis
Statistical analysis was performed using Stata v.16 and SPSS ver-
sion 27 (IBM Corp.) with graphs generated using Prism 9 for 
macOS Version 9.2.0 (GraphPad Software, LLC). Data were 
summarized using medians and interquartile ranges (IQRs) 
and presented separately for men and women by age group 
(<50 years and ≥50 years); for pre- and post-menopausal wom-
en; and for women on hormonal contraceptives and women not 
on hormonal contraceptives. Statistical comparisons were made 
used the Wilcoxon signed rank test for paired data and Mann– 
Whitney U-test for unpaired data as appropriate.

For our formal statistical analysis, a multivariable linear 
model for each steroid was fitted to estimate the association 
with both age and BMI, with further adjustment for recruit-
ment center. Models were fitted for male and female partici-
pants separately. Each steroid outcome was log-transformed 
prior to regression analysis, due to non-normality of data, 
and results were expressed as approximate percentage changes 
per unit change in the characteristic,24 with corresponding 
95% confidence intervals (CIs).

Steroid concentrations below the LLOQ were replaced by 
0.5×LLOQ for all statistical comparisons; however, raw 
data without adjustment are used for illustrative purposes in 
the figures. We have not made any formal corrections for mul-
tiple testing. However, due to the number of tests performed in 
this exploratory analysis, if readers do wish to consider statis-
tical significance, we would advise a lower level of significance 
<0.05 to be used.

Results
Serum and saliva androgen in men and women
Serum concentrations of the classic androgen precursors 
DHEA and A4 were similar in men and women while, expect-
edly, the circulating concentrations of T and DHT were higher 
in men (Figure 1A). Serum concentrations of both 
11-oxygenated androgen precursors (11OHA4 and 11KA4) 
and active 11-oxygenated androgens (11KT, 11OHT) were 
similar in men and women (Figure 1B). Serum concentrations 
of 11OHA4 were highest amongst the 11-oxygenated andro-
gens, higher than serum A4 and similar to serum DHEA. 
Sex- and age-specific serum concentration ranges for classic 
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and 11-oxygenated androgens are summarized in Table 1; re-
sults for other steroids measured are provided in Table S1.

Salivary T, but not A4, concentrations were higher in men 
than in women. Salivary 11OHA4 and 11KT concentrations 
showed similar concentrations in men and women. Salivary 
11KT was higher than T in both men and women (Figure 1C). 
Salivary and serum concentrations of A4, T, 11OHA4, and 
11KT from the same individuals correlated closely (Figure S1).

Differential effects of age and BMI on classic and 
11-oxygenated serum androgens
Exploratory analyses showed, that in the cohort providing se-
rum samples age and BMI were positively correlated in both 

men (r = 0.3482, P < .0001) and women (r = 0.4928, P < 
.0001; Figure S2A and B).

In the classic androgen pathway, both androgen precursors 
(DHEAS, DHEA, A4) and active androgens (T, DHT) de-
clined as age increased in both women (Figure 2) and men 
(Figure S3). The linear regression model adjusting for BMI 
demonstrated a clear impact of age with decreasing concentra-
tions of all classic androgens except for DHT in men 
(Figure 3A and B, Table S2). In keeping with this, postmeno-
pausal women had lower serum DHEAS, DHEA, and A4 com-
pared to premenopausal women (all P < .001; Table S3).

Descriptive analyses indicated no clear association between 
11-oxygenated androgen concentrations and age except for 
11OHT (Figure 2). However, after adjustment for BMI (using 

Figure 1. Classic (A) and 11-oxygenated (B) androgen concentrations in serum from 125 men and 165 women and saliva (C) from 32 men and 51 women. 
Individual data points, median, and interquartile range are indicated.

Table 1. Sex- and age-specific serum steroid concentrations (median and 5th-95th centile range) of classic and 11-oxygenated androgens.

Men <50 years (n = 48) Men ≥50 years (n = 76) Women <50 years (n = 84) Women ≥50 years (n = 81)

Age (years) median (min-max) 34 (22-47) 68 (50-95) 30 (21-49) 64 (51–91)
BMI (kg/m2) median (min-max) 24 (19.0-31.8) 26.9 (20.6-43.3) 22.4 (17.3-37.3) 25.7 (18.4–43.5)
DHEAS (μmol L–1) 6.0 (2.7-12.0) 2.3 (0.82-6.6) 4.6 (1.6-8.2) 1.5 (0.41–4.1)
DHEA (nmol L–1) 8.1 (2.5-27.0) 5.0 (1.5-12.0) 9.6 (4.2-20.0) 5.0 (1.3-16.0)
A4 1.5 (<0.70-5.0) 1.7 (<0.70-3.2) 2.3 (0.71-5.3) 1.1 (<0.70-2.9)
T 13.0 (8.3-19.0) 12.0 (6.5-22.0) 0.61 (<0.35-1.2) 0.45 (<0.35-1.2)
DHT 1.4 (0.60-2.3) 1.1 (<0.34-2.2) <0.34 (<0.34-0.80) <0.34 (<0.34-0.36)
11OHA4 7.6 (2.9-14.0) 8.5 (4.6-16.0) 7.5 (3.4-14.0) 8.4 (3.9-16.0)
11KA4 3.5 (1.42-6.2) 2.1 (0.60-5.2) 3.2 (1.6-5.4) 1.8 (0.64-4.2)
11OHT 0.47 (<0.33-1.1) 0.72 (<0.33-1.5) 0.39 (<0.33-0.78) 0.63 (<0.33-1.2)
11KT 0.86 (<0.33-2.2) 0.81 (0.36-1.8) 0.70 (<0.33-1.6) 0.94 (0.37-1.7)

Values below the lower limit of quantification (LLOQ) are shown as less than (<) the steroid-specific LLOQ.
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Figure 2. Serum concentrations of classic androgens across the adult age range in women (n = 165). Women on hormonal contraceptives are shown as 
open circles. The dotted line indicates the lower limit of quantification.
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the linear regression model), serum 11OHT was similar across 
ages (women: %change kg/m2 0.04 (95% CI −0.78 to 0.85); 
men: 0.24 (−0.69 to 1.18)), while 11KA4 decreased slightly in 
older subjects (women: −0.56 (95% CI −1.34 to 0.23); men: 
−0.89 (−1.82 to 0.03)) (Figure 3A and B, Table S2).

Descriptive analyses explored the relationship between circu-
lating active androgen concentrations and BMI in women 
(Figure 4) and men (Figure S4). The linear regression analysis, ad-
justing for the effect of age, showed a clear negative association of 
BMI with DHT in men (%change kg/m2 −5.54 (95% CI −8.10 
to −2.98)), as well as a trend for increases in all four 
11-oxygenated androgens in men with increasing BMI. In wom-
en, DHT was also negatively associated with BMI (−1.62 (−3.16 
to −0.08)), but of the 11-oxygenated androgens only 11KT (1.68 
(−0.44 to 3.79)) and 11OHT (1.97 (−0.11 to 4.04)) trended to 
increase with increases in BMI (Figure 3C and D, Table S2). Of 
note, DHEAS also tended to increase with BMI in women (% 
change kg/m2 1.74 (95% CI −0.15 to 3.63)), but to decrease in 
men (−1.72 (−4.40 to 0.95)) (Figure 3C and D).

Menstrual cycle variations in serum and saliva 
steroids
Serum concentrations of progesterone (P = .0034) and its me-
tabolites 5αDHP and alloP (both P < .001) were significantly 
increased during the luteal phase (Figure S5). Morning 

salivary progesterone and 17OHP concentrations were higher 
during the luteal phase, reflective of ovulation and corpus lu-
teum formation (Figure 5A and B, Figure S6).

Salivary A4, T, 11OHA4, and 11KT (Figure 5C–F, Figure S6) 
and serum concentrations of classic and 11-oxygenated andro-
gens (Figure 6, Figure S7) did not differ significantly between fol-
licular and luteal phases of the menstrual cycle except for serum 
DHEA, which was higher in the luteal phase (P = .0128), and T 
which showed a trend toward higher concentrations in the luteal 
phase (P = .0749).

Diurnal variation of salivary steroids in 
premenopausal women and men
Salivary progesterone concentrations were below the limit of 
quantification at all time points during the follicular phase 
in all but one woman. Progesterone increased during the luteal 
phase without demonstrating a diurnal pattern (Figure 7A).

Salivary concentrations of 17OHP, A4, and T as well as 
11OHA4 and 11KT showed a clear diurnal pattern during 
the follicular phase in women (Figure 7) and also in men 
(Figure S7), with the highest concentrations observed in the 
morning followed by a gradual decline with a nadir in the 
late evening. 11OHA4, which is produced by CYP11B1 in 
the adrenal gland, and its downstream metabolite 11KT, 
showed stronger diurnal variation than A4 and T (Figure 7, 

Figure 3. Impact of increasing age (%change per year) and body mass index (%change kg–1 m–2) on classic and 11-oxygenated androgens in women 
(n = 165) and men (n = 125). Results obtained by linear regression analysis using log-transformed outcomes, with results expressed as percentage 
changes per unit change.
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Figure 4. Serum concentrations of active classic and 11-oxygenated androgens in relation to body mass index (BMI) in women (n = 165). Women on 
hormonal contraceptives are shown as open circles. The dotted line indicates the lower limit of quantification.
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Figure S8). A clear diurnal pattern was also maintained by se-
rum 11-oxygenated androgens throughout the menstrual 
cycle while the diurnal pattern for A4 and T was less distinct 
in the luteal phase (Figure 7).

Impact of hormonal contraceptives on serum and 
salivary steroids
Premenopausal women with and without hormonal contra-
ceptive use had similar age and BMI distributions (Table 2). 

Expectedly, women on hormonal contraceptives had signifi-
cantly lower serum concentrations of progesterone and its me-
tabolites 5αDHP, alloP, and 17OHP (Table 2).

Serum A4 concentrations were significantly lower in women 
taking hormonal contraceptives (P < .001). However, neither 
the serum concentration of T nor those of the adrenal-derived 
androgens and their precursors (DHEA, 11OHA4, 11KA4, 
and 11KT) were different between women taking and not tak-
ing contraceptives.

Figure 5. Salivary steroids during follicular and luteal phases of the menstrual cycle. Eight women collected daily morning saliva samples on days 1-7 of 
the menstrual cycle (follicular phase) and days 18-24 (luteal phase) and the median values of these collections are shown for every individual. The dotted 
line indicates the lower limit of quantification. Median and interquartile ranges are indicated.
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Mirroring the observations in serum, salivary 17OHP and A4 
concentrations were significantly decreased in women taking 
hormonal contraceptives (all P < .001; Table 2). Interestingly, 

while we did not observe differences in serum T and 11KT, sal-
ivary T and 11KT concentrations were significantly lower in 
women on hormonal contraceptives (all P < .001; Table 2).

Figure 6. Serum androgens during follicular and luteal phases of the menstrual cycle. Women indicated on which day of their menstrual cycle their serum 
sample was collected. Samples collected on or between days 1 and 9 were categorized as the follicular phase (n = 12-14), samples collected on or 
between days 18 and 26 were categorized as the luteal phase (n = 16-18). The dotted line indicates the lower limit of quantification. The median and 
interquartile range are indicated.
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Discussion
The active 11-oxygenated androgen 11KT and its 
11-oxygenated precursors have been established as useful bio-
chemical markers of adrenal androgen excess over recent 

years,14,16,18,25 in addition to the classic androgens, testoster-
one, and 5α-DHT. Aiming to improve the utility of 
11-oxygenated androgen measurements in the clinical labora-
tory, we set out to characterize the physiological variation of 

Figure 7. Diurnal variation of salivary steroids in premenopausal women during follicular and luteal phases of the menstrual cycle. Eight women not taking 
any hormonal contraceptives (solid circles) and 4 women on contraceptives (open circles) collected seven saliva samples at defined times over 24 hours 
on a day during the follicular phase (days 1-7) and on a day during the luteal phase (days 18-24, grey shaded area). Women were allowed to choose on 
which day during the respective phase they completed the sample collection series. The dotted line indicates the lower limit of quantification. Percentage 
change in salivary steroid concentrations over the day were calculated for follicular (G) and luteal phases (H). Bars represent the median and whiskers 
represent the range.
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11-oxygenated androgen concentrations in healthy individu-
als by multi-steroid profiling in serum and saliva. The effect 
of age,15,26 BMI,15,26 menopause,27 and variations due to 
menstrual cycle26 and diurnal rhythm28,29 have previously 
been studied for 11-oxygenated androgen concentrations in 
serum in several cohorts, however, most of those were of lim-
ited size (Table 3). In this study, we comprehensively analyzed 
the impact of all these variables on classic and 11-oxygenated 
androgens and their precursors in the second largest cohort to 
date, analyzing serum steroids in 290 healthy volunteers and 
salivary steroids in a sub-group of 83 volunteers recruited 
from a community setting in the UK.

A key finding of our study is the differential and sex-specific 
impact of BMI on circulating 11-oxygenated androgen con-
centrations. In men, the levels of all four 11-oxygenated an-
drogens increased with increasing BMI. In women, however, 
only the AR agonists 11KT and 11OHT are increasing with 
BMI, while there was no change in the concentrations of their 
precursors 11OHA4 and 11KA4. This points to adipose tissue 
as an important determinant and source of active 
11-oxygenated androgens, in line with previous findings on in-
creased 11-oxygenated androgens in women with polycystic 
ovary syndrome with androgen excess, insulin resistance, 
and obesity.14 The most important enzyme for the activation 
of 11-oxygenated androgens is AKR1C3, which converts 
11KA4 to 11KT. We have previously shown that AKR1C3 ex-
pression in subcutaneous, but not omental, adipose tissue 

from women correlates significantly with BMI, is reduced after 
weight loss11 and upregulated by insulin.13 It should be noted 
that the catalytic activity of AKR1C3 is significantly higher for 
the conversion of 11KA4 to 11KT compared to the conversion 
of A4 to T.11,12 Therefore, we suggest that increased fat mass 
and increased insulin resistance will upregulate AKR1C3 ac-
tivity, which consequently is likely to increase the generation 
of the active 11-oxygenated androgens 11KT and 11OHT; 
the latter is formed as a downstream product from 11KT by 
the 11-oxoreductase activity of HSD11B1, an enzyme abun-
dantly expressed in adipose tissue.

While studies on AKR1C3 in male adipose tissue are miss-
ing, it is plausible that increased AKR1C3 activity in adipose 
tissue can explain BMI-related increases in circulating 11KT 
concentrations in both sexes. However, in men, the metabolic 
impact of the decrease in T and DHT with increasing BMI will 
be much more significant than any increase in 11-oxygenated 
androgens. While we found 11-oxygenated androgen concen-
trations to be similar between men and women, gonadal T 
production by far exceeded the circulating 11-oxygenated an-
drogen pool in men, irrespective of changes due to increasing 
age and BMI.

In contrast to our study, where we found a significant posi-
tive correlation of age and BMI, in the cohort studied by Davio 
et al.15 no association between age and BMI was observed. A 
likely explanation for this might be that in the US American 
cohort the younger individuals already had high rates of obes-
ity, though this cannot be verified, as no age-specific break-
down of BMI ranges was provided by Davio et al.15

However, they reported a positive association of 11KT with 
BMI in men and additionally a positive association of 
11OHT and a negative association of 11KA4 with BMI in 
women.15 Collectively, their observations and our current 
findings indicate that the peripheral activation of 
11-oxygenated androgens appears to be of importance for 
their biological action.

Of note, the classic androgen precursor DHEAS tended to 
increase with BMI in women, but not in men, which is interest-
ing considering that in a recent study increases in DHEAS were 
the most prevalent change observed in 270 premenopausal 
women with PCOS.30 In line with previous observa-
tions15,26,27,31,32 we found that serum concentrations of the 
classic androgen precursors DHEA and A4 and the active an-
drogens T and DHT decline with age. Despite the age-related 
decrease in DHEA and A4, which are the immediate precur-
sors of 11-oxygenated androgen biosynthesis in the adrenal 
gland, we did not find evidence for changes in the serum con-
centrations of 11-oxygenated androgens. The generation of 
C19 steroids, that is, androgens, from their C21 precursors 
takes place predominantly in the zona reticularis of the ad-
renal gland, which co-expresses the enzymes CYP17A1 and 
CYB5A,33 which are crucial for biosynthesis of DHEA, the im-
mediate precursor of A4. The zona reticularis also expresses 
AKR1C3, which converts A4 to T.34 Due to the age-related re-
duction of the zona reticularis35,36 the adrenal production of 
A4 and T is expected to decrease with age. However, the en-
zyme CYP11B1, which is required for the formation of 
11OHA4 from A4, is expressed in the zona fasciculata, which 
has not been shown to change with age.35 The decreased levels 
of adrenal A4 in older individuals appear to still serve as a suf-
ficient substrate pool to feed the generation of 11-oxygenated 
androgens by CYP11B1. Consistent with this hypothesis, a re-
cent preliminary report indicated that the CYP11B1 Km value 

Table 2. Effect of hormonal contraceptives (HCs) on serum and salivary 
steroid concentrations.

Women not on HC 
Median (IQR)

Women on HC 
Median (IQR)

P

Serum steroids
n 61 15
Age (years) 30.0 (26.0-37.0) 26.0 (23.0-32.0) .060
BMI (kg/m2) 22.1 (20.8-24.6) 21.6 (20.1-26.6) .993
Pregnenolone 3.0 (1.3-5.3) 2.6 (1.9-3.0) .014
Progesterone 2.8 (<0.3-34.5) <0.3 (<0.3, < 0.3) <.001
5αDHP <0.6 (<0.6-1.7) <0.6 (<0.6 to <0.6) .006
alloP <0.6 (<0.6-2.3) <0.6 (<0.6 to <0.6) .002
17OHPreg 4.7 (<3.0-6.0) 5.8 (4.0-7.6) .480
17OHP 2.9 (0.9-5.4) 0.7 (<0.6-1.7) .062
Cortisol 252 (205-380) 314 (252-491) .050
Cortisone 47.1 (41.0-54.4) 52.8 (46.5-59.5) .030
DHEA 9.6 (6.0-14.6) 10.8 (8.5-14.4) .422
DHEAS 4.6 (3.2-5.6) 5.0 (4.0-6.4) .327
A4 2.7 (1.8-3.9) 2.1 (1.4—2.4) <.001
T 0.6 (0.5-0.9) 0.6 (0.4-0.7) .620
DHT <0.3 (<0.3-0.5) <0.3 (<0.3-0.5) .620
11OHA4 7.2 (5.3-10.0) 8.5 (5.4-11.2) .357
11KA4 3.2 (2.3-3.8) 3.4 (2.5-5.0) .414
11OHT 0.4 (<0.3-0.5) 0.5 (0.4-0.6) 1.000
11KT 0.7 (0.4-1.0) 0.8 (0.6-1.3) .620
Salivary steroids
n 32 9
Age (years) 29.0 (28.0-35.0) 25.0 (24.0-27.0) <.001
BMI (kg/m2) 22.0 (20.3-24.9) 21.0 (21.0-24.1) .967
17OHP 56.1 (24.9-110) 6.3 (6.3-18.2) <.001
A4 220 (154-301) 103 (83-140) <.001
T 16.8 (10.3-25.9) 10.5 (8.0-14.6) <.001
11OHA4 476 (311-744) 417 (226-615) .120
11KT 231 (177-315) 139 (95.9-201) <.001

All concentrations are given in nmol L–1 for all serum steroids, except for 
DHEAS, which is in μmol L–1; salivary steroid concentrations are in pmol L–1. 
Values below the lower limit of quantification (LLOQ) are shown as less than 
(<) the steroid-specific LLOQ.
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for A4 is significantly lower than that for its other substrates 
11-deoxycortisol and 11-deoxycorticosterone.37

Davio et al.15 recently studied a large cohort comprising 
healthy men (n = 319) and women (n = 271). They reported 
that the 11-hydroxy androgens (11OHA4 and 11OHT) in-
creased with age in women, while the 11-keto androgens 
(11KA4 and 11KT) decreased with age in men. In our study 
of 125 men and 165 women, we observed an apparent increase 
in 11OHT with age that vanished after adjustment for BMI 
while 11KA4 decreased with age after adjusting for BMI.

The absolute concentration we report for serum 11OHA4 
and 11KA4 are higher compared to values reported by other 
laboratories4,15 (Table 3), which can be explained by differen-
ces in the internal standards used and indicates that absolute 
concentrations determined by different assays cannot be dir-
ectly compared unless a cross-validation of the assays has 
been performed.

Using saliva day profiles, we have shown in this study that 
11-oxygenated androgen concentrations follow a clear diur-
nal pattern in both sexes, with peak concentrations in the 
morning and lowest concentrations in the late evening, reflect-
ing their adrenal origin and regulation of their biosynthesis 
through the hypothalamic–pituitary–adrenal axis. This pat-
tern was more pronounced for the direct adrenal precursor 
11OHA4 compared to 11KT, which is predominantly gener-
ated from 11OHA4. As participants did not collect saliva sam-
ples during the night, we cannot draw any conclusions on the 
exact timing of the early morning peak in androgen concentra-
tions. Previous work had already established the diurnal pat-
tern of 11-oxygenated androgens for men in serum28 and for 
men and women in saliva.29 We now show that in women 
this pattern is maintained across the menstrual cycle, while it 
is reduced in the luteal phase for the classic androgens A4 
and T. Additionally, we establish that the morning concentra-
tions of 11-oxygenated androgens in serum and saliva do not 
vary between follicular and luteal phases. While it is usually 
recommended to collect samples for the analysis of androgen 
excess in the follicular phase, this does not appear to be rele-
vant for the measurement of 11-oxygenated androgens.

Of note, across the entire cohort, the concentrations of 
11KT were comparatively higher in saliva than in serum in re-
lation to the other steroid analytes. This can be explained by 
high HSD11B2 expression in the salivary gland38,39 leading 
to the local conversion of 11β-hydroxysteroids to their 
11-keto counterparts, as has been shown for glucocorticoids40

explaining the relevance of salivary cortisone as a marker for 
circulating cortisol.

Interestingly, we observed that the increases in progesterone 
concentrations during the luteal phase of the menstrual cycle 
result in simultaneous increases in its metabolites 5αDHP 
and alloP, which are also intermediates of the alternative 
DHT biosynthesis pathway.41 The alternative DHT biosyn-
thesis pathway has been established as a source of active an-
drogens in congenital adrenal hyperplasia and during fetal 
development.42,43 This raises the question as to whether the al-
ternative pathway of DHT biosynthesis might contribute to 
the generation of active androgens in conditions of elevated 
circulating progesterone such as the luteal phase of the men-
strual cycle or pregnancy.

Previous studies on the effect of hormonal contraceptives on 
total circulating T concentrations in women have led to 
contradictory results, with some reporting reduced serum T 
concentrations,44 while others did not find any differences 

compared to women not taking hormonal contracep-
tives.32,45,46 In this study we observed significantly reduced 
concentrations of T and 11KT in the saliva of women on hor-
monal contraceptives compared to women not taking hormo-
nal contraceptives, but not in the serum. There are at least two 
possible explanations for this. First, contraceptives could dif-
ferentially impact on the peripheral generation of T and 
11KT from their circulating precursors. Second, estrogen- 
mediated increases in hepatic SHBG production could reduce 
the fraction of free T and 11KT in circulation. Consequently, 
fewer molecules of T and 11KT may diffuse across the epithe-
lial cells in the salivary gland, thereby leading to reduced sal-
ivary concentrations, while the total circulating levels 
(protein bound plus free) as measured by our assay remain 
unaltered.

The strengths of our study are (1) the inclusion of large 
numbers of participants whose health status was verified, al-
lowing for analysis of subgroups including a sex-specific ana-
lysis; (2) steroid measurements by validated tandem mass 
spectrometry assays, (3) concurrent measurement of andro-
gens from the classic, 11-oxygenated and alternative DHT 
pathways, and (4) steroid measurements in both serum and 
saliva including assessment of diurnal and menstrual cycle 
variations.

Our study has several limitations. First, our study was cross- 
sectional by design, thus, future longitudinal studies with clin-
ically well-characterized cohorts are needed to assess the 
physiological role of sustained 11-oxygenated androgen con-
centrations with ageing. We used a longitudinal design to 
study alterations in salivary androgens across the menstrual 
cycle, but the relatively low number of participants represents 
a limitation. Second, though we measured salivary steroids 
that are reflective of free, unbound serum steroid concentra-
tions, we measured the total concentrations of the analytes 
in serum and, therefore, cannot conclude on the variation of 
their free or bioavailable serum concentrations. This is of par-
ticular importance in the context of the menstrual cycle and 
hormonal contraceptives, as estrogens increase hepatic 
SHBG production. Of note, the affinity of the 11-oxygenated 
androgens for SHBG has not been determined to date. Third, 
the sensitivity of our LC–MS/MS assay did not allow for ac-
curate quantification of DHT and 11OHT in all serum sam-
ples from women due to the very low female serum 
concentrations.

In conclusion, 11-oxygenated androgens form a stable cir-
culating pool of androgens during adulthood, while classic an-
drogens decline with age and are subject to menstrual 
cycle-dependent variation. BMI is a key factor in the regula-
tion of 11-oxygenated androgen activation in peripheral tis-
sues, namely adipose tissue, warranting further investigation.
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