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Abstract

Objective: To evaluate the association between androstenedione, testosterone, and free testosterone and metabolic
disturbances in polycystic ovary syndrome.

Methods: We analyzed the association between androstenedione, testosterone, and free testosterone and metabolic
parameters in a cross-sectional study including 706 polycystic ovary syndrome and 140 BMI-matched healthy women.
Polycystic ovary syndrome women were categorized into 4 groups: normal androstenedione and normal free testosterone
(NA/NFT), elevated androstenedione and normal free testosterone (HA/NFT), normal androstenedione and elevated free
testosterone (NA/HFT), elevated androstenedione and free testosterone (HA/HFT).

Results: Polycystic ovary syndrome women with elevated free testosterone levels (HA/HFT and NA/HFT) have an adverse
metabolic profile including 2 h glucose, HbA1c, fasting and 2 h insulin, area under the insulin response curve, insulin
resistance, insulin sensitivity index (Matsuda), triglycerides, total and high density lipoprotein cholesterol levels compared to
NA/NFT (p,0.05 for all age- and BMI-adjusted analyses). In binary logistic regression analysis adjusted for age and BMI, odds
ratio for insulin resistance was 2.78 (1.34–5.75, p = 0.006) for polycystic ovary syndrome women with HA/HFT compared to
NA/NFT. We found no significantly increased risk of metabolic disorders in polycystic ovary syndrome women with HA/NFT.
In multiple linear regression analyses (age- and BMI-adjusted), we found a significant negative association between
androstenedione/free testosterone-ratio and area under the insulin response curve, insulin resistance, and total cholesterol/
high density lipoprotein cholesterol-ratio and a positive association with Matsuda-index, and high density lipoprotein
cholesterol (p,0.05 for all).

Conclusions: Polycystic ovary syndrome women with elevated free testosterone levels but not with isolated
androstenedione elevation have an adverse metabolic phenotype. Further, a higher androstenedione/free testosterone-
ratio was independently associated with a beneficial metabolic profile.
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Introduction

Polycystic ovary syndrome (PCOS) is the most common

endocrine disease in reproductive-aged women and affects up to

20% of all women when using Rotterdam criteria [1]. PCOS

women present with hyperandrogenism, oligo- or amenorrhea,

and polycystic ovaries (PCO). Further, metabolic disturbances

such as central obesity, insulin resistance (IR), a disturbed glucose

metabolism, and the metabolic syndrome (MS) are common

findings in women with PCOS [2,3,4,5]. There is accumulating

evidence that high androgen levels are the fundamental factor in

the pathogenesis of PCOS [6]. High testosterone levels are linked

with obesity, in particular with an abdominal fat distribution [7],

as well as with IR and a higher prevalence of glucose intolerance

[6]. Further, hyperandrogenism leads to PCO morphology and

ovulatory dysfunction in animal models as well as in women with

PCOS [8,9]. Those androgens are produced in the ovary as well as

in the adrenal gland. Androstenedione is synthesized in the

adrenals and gonads after activation of steroidogenic enzymes such

as 3b-hydroxysteroiddehydrogenase and 17b-hydroxysteroiddehy-

drogenase and it can also be generated in peripheral tissues from

its precursor dehydroepiandrosterone. Besides its mainly ovarian

production, testosterone can also be produced by conversion from

androstenedione by 17b-hydroxysteroiddehydrogenase type 5 in

adipose and other peripheral tissues [10].
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The current clinical practice guidelines from the Endocrine

Society recommend the use of elevated total, bioavailable, or free

serum testosterone level for PCOS diagnosis [11]. However,

O’Reilly et al. [12] recently conducted an interesting study

demonstrating that high androstenedione levels are a sensitive

indicator of PCOS-related androgen excess. The authors further

suggested that simultaneous measurement of serum testosterone

and androstenedione represents a useful tool for predicting

metabolic risk in PCOS. In contrast, results of a previous study

indicated that hyperinsulinemia and IR increase ovarian testos-

terone production in PCOS women but have no effect on

androstenedione secretion [13]. It has also been shown that in

PCOS women with biochemical hyperandrogenemia, obesity

significantly lowers serum androstenedione levels and increases

testosterone to androstenedione ratio [14].

Considering those previous inconsistent results on the role of

different androgens in the metabolic phenotype of PCOS, we aim

to evaluate the association between various androgens including

androstenedione, testosterone, and free testosterone and metabolic

disturbances in a large cohort including 706 PCOS and 140 BMI-

matched control women.

Methods

Subjects
The study cohort consisted of 706 women with PCOS, aged 16–

45 years, and 140 BMI-matched control women within the same

age range. PCOS women were routinely referred to our outpatient

clinic for PCOS evaluation from 2007 to 2012. PCOS women

consulted our outpatient clinic for PCOS-related symptoms such

as hirsutism, acne, obesity, infertility or menstrual irregularities or

were referred to our outpatient clinic by gynecologists for further

endocrine and metabolic evaluation because of PCO. PCOS was

diagnosed using the Rotterdam criteria [15]. Two out of the

following three characteristics are required to confirm the

diagnosis: clinical and/or biochemical signs of hyperandrogenism,

oligo- and/or anovulation, PCO (by ultrasound). Hyperandrogen-

ism was defined by the clinical presence of hirsutism (modified

Ferriman-Gallwey score $6), acne or alopecia and/or elevated

androgen levels (normal range of testosterone: ,2.67 nmol/l, free

testosterone ,11 pmol/l, and free androgen index (FAI): ,5.5).

Oligo- and/or anovulation were defined by the presence of

oligomenorrhea or amenorrhea. PCO morphology was examined

by ultrasound [15]. Hyperprolactinemia, Cushing’s syndrome,

congenital adrenal hyperplasia, and androgen secreting tumors

were excluded by specific laboratory analysis (prolactin, cortisol,

adrenocorticotropic hormone, and 17a-hydroxyprogesterone).

Healthy women, who were routinely referred to our outpatient

clinic for thyroid evaluation between 2009 and 2010, were

included in the study as a control group. As thyroid diseases are

common in Austria, many women are referred to our outpatient

clinic for thyroid evaluation by general practitioners for several

reasons including fatigue, obesity, weight gain, a family history of

thyroid disease, dysphagia, and many other reasons. All control

women had normal thyroid function, regular menstrual cycles,

normal serum androgens, and no clinical signs of hyperandrogen-

ism. PCOS and control women did not take any medication

known to affect endocrine parameters, carbohydrate metabolism

or serum lipid profile for at least 3 months before entering the

study.

Data from PCOS as well from control women have been

published previously in part [3,4,5,16,17,18]. Of note, data on

androgen subgroups based on androstenedione and free testoster-

one as well as androstenedione/free testosterone-ratio are novel

and have not been published before.

The study protocol was approved by the ethics committee of the

Medical University of Graz (‘‘Ethikkommission der Medizinischen

Universität Graz’’) and written informed consent was obtained

from each patient.

Procedures
Procedures have been described previously by our group [16].

Standard anthropometric data were obtained from each subject:

height, weight, waist and hip circumference, and blood pressure

(BP). The basal blood samples for hormone—testosterone, sex

hormone binding globulin (SHBG), androstenedione, dehydroepi-

androsterone sulphate (DHEAS), thyroid-stimulating hormone,

free triiodothyronine, free thyroxine, 17a-hydroxyprogesterone,

prolactin, cortisol, and adrenocorticotropic hormone -and meta-

bolic parameters (glucose, insulin, serum lipids) were collected

between 8.00 and 9.00 AM after an overnight fast. Assays were

performed in the same laboratory as they came in, and the

laboratory kits and assays did not change between 2007 and 2012.

Both testosterone and SHBG were measured on a daily basis and

were stored at 4uC until analysis. Androstenedione and DHEAS

levels were measured on a weekly basis, and blood samples were

frozen and stored at 240uC until analysis. Free testosterone was

calculated from testosterone, SHBG, and albumin according to

Vermeulen et al. (16). Elevated free testosterone levels were

defined as the upper quartile of free testosterone levels of PCOS

women (.11 pmol/l) and elevated androstenedione levels were

defined as .11 nmol/l as suggested by the manufacturer and

validated in our laboratory. Free testosterone and androstenedione

concentrations were used to categorize PCOS women into 4

groups: normal androstenedione and normal free testosterone

(NA/NFT), elevated androstenedione and normal free testoster-

one (HA/NFT), normal androstenedione and elevated free

testosterone (NA/HFT), and elevated androstenedione and

elevated free testosterone (HA/HFT). We used elevated free

testosterone rather than total testosterone levels for categorization

as free testosterone is more closely associated with metabolic

disturbances in PCOS women (table 1). The FAI was calculated as

testosterone (nmol/l)/SHBG (nmol/l)x100. All participants un-

derwent a fasting 75 g oral glucose tolerance test (OGTT). Blood

samples were drawn after 30, 60, and 120 minutes for glucose and

insulin determination. The area under the glucose response curve

and the area under the insulin response curve (AUCins) were

calculated according to the trapezoidal method.

Obesity was defined as BMI $30 kg/m2 and overweight as

BMI 25–29.9 kg/m2. IR was estimated using the homeostatic

model assessment-insulin resistance (HOMA-IR) and was assumed

for levels .2.5. Quantitative insulin sensitivity check index was

used for estimation of insulin sensitivity [19]. We further calculated

insulin sensitivity index-Matsuda as an insulin sensitivity index that

reflects a composite estimate of hepatic and muscle insulin

sensitivity determined from OGTT data (Matsuda-index

= 10,000/!((fasting glucose 6 fasting insulin) 6 (glucoseOGTTmean

6 insulinOGTTmean))) [20]. It has been shown that Matsuda-index

correlates reasonably well with estimates of whole body insulin

sensitivity determined by the glucose clamp [21]. We further

calculated the oral disposition index as composite measure of b-

cell function (Dinsulin0–30/Dglucose0–30x1/fasting insulin).

Prediabetes and type 2 diabetes mellitus (T2DM) were defined

according to the American Diabetes Association [22]. The MS

was defined by the National Cholesterol Education Program and

the Adult Treatment Panel-III in women presenting at least three

of the following criteria: waist circumference .88 cm, high density
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lipoprotein (HDL) cholesterol,50 mg/dl, triglycerides (TG) level

.150 mg/dl, raised BP (systolic .130 mmHg, diastolic .

85 mmHg), and raised fasting glucose (.110 mg/dl) or prevalent

T2DM.

Biochemical analyses
Testosterone, insulin, prolactin, thyroid-stimulating hormone,

free triiodothyronine, free thyroxine and cortisol (Siemens,

Erlangen, Germany) were measured by luminescence immunoas-

say (intra- and interassay coefficients of variation (CVs) of 6.2%

and 4.7% for testosterone, and 4.0% and 2.6% for insulin,

respectively). SHBG was measured by luminescence immunoassay

(Roche, Basel, Switzerland) with an intra- and interassay CV of

1.3% and 2.1%, respectively. DHEAS (LDN Labor Diagnostika

Nord GmbH, Nordhorn, Germany), androstenedione, and 17a-

hydroxyprogesterone (DiaMetra, BioVendor, Brno, Czech Re-

public) were measured by enzyme linked immunosorbent assay

with intra- and interassay CV of ,10%. Glucose, TG, total

cholesterol, HDL cholesterol, and LDL cholesterol were deter-

mined using Modular Analytics SWA (Roche). Albumin was

measured by photometric assay (Roche, Vienna, Austria).

Lipometry
Measurements of subcutaneous adipose tissue thickness were

performed by means of a patented optical device (EU Patent

No. 0516251) on 15 anatomically well-defined body sites as

described previously [7]. Lipometry data were available in 196

PCOS and 95 control women.

Statistical analyses
The control group consists of BMI-matched healthy women.

Data are presented as median with interquartile range. The

distribution of data was analysed by descriptive statistics and

Kolmogorov-Smirnov test. Variables following a non-normal

distribution were log transformed and rechecked for normal

distribution before being entered in logistic regression analyses.

The variables followed normal distribution after log-transforma-

tion. ANOVA (with Bonferroni correction), x2-test, and general

linear model analyses (age- and BMI-adjusted) were used for

comparisons between groups. A power analysis was performed

using GPower [23] for all variables independently associated with

androgen groups in age- and BMI-adjusted analyses. We

performed Pearson correlation analyses to evaluate the correlation

of free testosterone, testosterone, androstenedione, and andro-

stenedione/free testosterone-ratio with clinical and biochemical

parameters. We performed multiple linear regression analyses with

various metabolic parameters as dependent variable and age,

BMI, and free testosterone (testosterone, androstenedione, or

androstenedione/free testosterone-ratio) as independent variables.

We calculated binary logistic regression analyses using IR,

prediabetes/T2DM and MS as dependent variables and androgen

groups (or androstenedione/free testosterone-ratio quartiles), age,

and BMI as independent variables.

All statistical procedures were performed with SPSS version 21

(SPSS Inc., Chicago, IL, USA). A p-value ,0.05 was considered

statistically significant.

Results

Characteristics of PCOS and control women are presented in

table 2. The prevalence of BMI ,25 kg/m2, overweight and

obesity was 55.7%, 20.1%, and 24.1% in PCOS women and

59.8%, 22.8%, and 17.3% in healthy controls (p = 0.234).
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Hyperandrogenism was present in 85.6%, menstrual irregular-

ities in 85.5%, and PCO in 56.8% of PCOS women, respectively.

We found hyperandrogenism and menstrual irregularities and

PCO in 50.6%, hyperandrogenism and menstrual irregularities in

32.9%, hyperandrogenism and PCO in 6.8%; and menstrual

irregularities and PCO in 9.8% of PCOS women, respectively.

Correlation analyses of androgens with clinical and biochemical

variables are shown in table 1. In linear regression analyses, the

association of free testosterone with fasting and 2 h insulin,

Matsuda-index, HbA1c, and HDL cholesterol remained signifi-

cant whereas the association with other metabolic parameters lost

significance. Moreover, the association between testosterone and

diastolic BP and total cholesterol remained significant whereas the

other associations lost significance in multiple linear regression

analyses. When using androstenedione as independent variable in

multiple linear regression analyses, all associations (except Ferri-

man-Gallwey score) lost significance.

Androgen groups
Clinical and biochemical characteristics of PCOS women

according to androgen groups are shown in table 2. In age- and

BMI-adjusted models, the association between androgen groups

and glucose 2 h (p = 0.049), HbA1c (p = 0.003), fasting insulin

(p = 0.029), insulin 2 h (p = 0.029), AUCins (p = 0.015), HOMA-

IR (p = 0.004), Matsuda-index (p = 0.004), TG (p = 0.010), total

cholesterol (p = 0.001), and HDL cholesterol (p = 0.015) remained

significant whereas the other associations between androgen

groups and metabolic parameters lost significance.

Power analyses revealed a power of .99% to detect a statistical

significant difference for all independently associated variables

except total cholesterol (power 87.7%).

IR, prediabetes/T2DM, and MetS
Binary logistic regression analyses using IR, prediabetes/T2DM

and MS as dependent variables are shown in figure 1. The

association of IR with HA/HFT remained stable (p = 0.007) but

was attenuated for NA/HFT after additional adjustment for BMI.

Results were attenuated after additional adjustment for BMI for

prediabetes/T2DM (p = 0.067) and MS (p.0.100).

Figure 1. Risk of metabolic disturbances according to andro-
gen groups. OR with 95% CI for insulin resistance, prediabetes/type 2
diabetes mellitus, and metabolic syndrome according to androgen
groups (NA/NFT n = 354, HA/NFT n = 179, NA/HFT n = 65, HA/HFT
n = 108). # p-value ,0.05. Figure 1a: Binary logistic regression analysis
using insulin resistance as dependent variable and androgen groups as
independent variable (p,0.001 NA/HFT vs NA/NFT, p,0.001 HA/HFT vs
NA/NFT). Figure 1b: Binary logistic regression analysis using insulin
resistance as dependent variable and age and androgen groups as
independent variables (p,0.001 NA/HFT vs NA/NFT, p,0.001 HA/HFT
vs NA/NFT). Figure 1c: Binary logistic regression analysis using
prediabetes/type 2 diabetes mellitus as dependent variable and
androgen groups as independent variable (p = 0.002 NA/HFT vs NA/
NFT). Figure 1d: Binary logistic regression analysis using prediabetes/
type 2 diabetes mellitus as dependent variable and age and androgen
groups as independent variables (p = 0.002 NA/HFT vs NA/NFT).
Figure 1e: Binary logistic regression analysis using metabolic syndrome
as dependent variable and androgen groups as independent variable
(p,0.001 HA/HFT vs NA/NFT). Figure 1f: Binary logistic regression
analysis using metabolic syndrome as dependent variable and age and
androgen groups as independent variables (p,0.001 HA/HFT vs NA/
NFT).
doi:10.1371/journal.pone.0108263.g001
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Androstenedione/free testosterone-ratio
Characteristics of PCOS women according to androstenedione/

free testosterone-ratio quartiles are shown in table 3 and figure 2,

correlation analyses of androstenedione/free testosterone-ratio are

shown in table 1. In linear regression analyses, the association of

androstenedione/free testosterone-ratio with AUCins, HOMA-

IR, Matsuda-index, HDL cholesterol, and total cholesterol/HDL

cholesterol-ratio remained significant and was attenuated for

fasting insulin (p = 0.059), 2 h insulin (p = 0.059), and TG

(p = 0.058) whereas the association with other metabolic param-

eters lost significance. Binary logistic regression analyses using IR

and MS as dependent variable are shown in figure 3. Results were

attenuated after additional adjustment for BMI (p.0.100). We

found no significant association of androstenedione/free testoster-

one-ratio quartiles with prediabetes/T2DM in multivariate

analyses (data not shown).

Discussion

This is the first study demonstrating that a high androstenedi-

one/free testosterone-ratio is associated with a beneficial meta-

bolic profile in PCOS women. Further, PCOS women with

increased free testosterone levels are at increased metabolic risk

whereas PCOS women with isolated androstenedione elevation

have a similar risk as PCOS women without hyperandrogenemia.

Our results are to some extent in contrast to a recent study

showing that PCOS women with elevated androstenedione levels

have an adverse metabolic phenotype [12]. While the study has

several strengths including the measurement of androgens by

tandem mass spectrometry, one limitation is the fact that due to

the small sample size (n = 86) all women with elevated testosterone

also had elevated androstenedione. Therefore, the authors were

not able to analyze a subgroup of PCOS women with normal

androstenedione and elevated testosterone (NA/HT). Further,

mean BMI was 32 kg/m2 in those PCOS women and thus much

higher compared to our cohort.

Our results suggest that PCOS women with elevated free

testosterone have an adverse metabolic profile compared to PCOS

women with NA/NFT or HA/NFT. This might either be related

to an adverse effect of free testosterone (which has been

consistently shown in PCOS women) but might also be attributed

to some beneficial effect of androstenedione. This hypothesis is

supported by our interesting results showing an independent

association of androstenedione/free testosterone-ratio with hyper-

insulinemia, IR, and insulin sensitivity. Of note, BMI-matched

control women who are at low metabolic risk have significantly

higher androstenedione/free testosterone-ratios than PCOS

women despite lower androstenedione and free testosterone levels.

Figure 2. Metabolic parameters according to androstenedione/
free testosterone quartiles. Metabolic parameters according to
androstenedione/free testosterone-ratio quartiles in PCOS women.
ANOVA and general linear model adjusted for age and BMI were used
for comparison between groups. (quartile 1 n = 176, quartile 2 n = 177,
quartile 3 n = 177, quartile 4 n = 176). Figure 2a: 2 h glucose levels in
PCOS women according to androstenedione/free testosterone-ratio
quartiles (crude: p,0.001, age and BMI-adjusted p = 0.030). Figure 2b:
Triglyceride levels in PCOS women according to androstenedione/free
testosterone-ratio quartiles (crude: p,0.001, age and BMI-adjusted
p = 0.040). Figure 2c: HDL cholesterol levels in PCOS women according
to androstenedione/free testosterone-ratio quartiles (crude: p,0.001,
age and BMI-adjusted p = 0.001). Figure 2d: Total cholesterol/HDL
cholesterol-ratio in PCOS women according to androstenedione/free
testosterone-ratio quartiles (crude: p,0.001, age and BMI-adjusted
p = 0.005).
doi:10.1371/journal.pone.0108263.g002
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Different effects of various androgens on the metabolic phenotype

have been proposed previously. It has been suggested that PCOS

women with IR will not develop adrenal hyperandrogenism and at

the same time will have lower levels of androstenedione, suggesting

insulin inhibition of the putative factor responsible for stimulating

both adrenal and ovarian androgen production via CYP17 [24].

This notion is supported by the fact that androstenedione and

DHEAS are decreased in insulin resistant obese women despite

testosterone and FAI remaining unchanged. Interestingly, insulin

infusion has been shown to lower androstenedione levels without

an effect on testosterone or DHEAS levels [25]. Further, insulin

might enhance peripheral steroidogenesis, while inducing a

relative impairment of CYP17 activity [26] leading mainly to

testosterone excess without androstenedione and DHEAS excess.

Thus, hyperinsulinemia and IR increase ovarian testosterone

production in PCOS women but have no effect on androstene-

dione secretion [13]. Likewise, no correlation was found between

adrenal androgen secretion (androstenedione response to synthetic

corticotropin) and IR in PCOS or eumenorrhoic women [27].

Further, while there is a positive association of testosterone and

free testosterone with obesity, serum androstenedione has not been

shown to increase with obesity or insulin levels in women with and

without hirsutism [28]. Similarly, free testosterone serum concen-

trations were higher in abdominally obese women than in both the

controls and women with lower-body obesity, whereas andro-

stenedione, DHEAS, and estradiol did not differ significantly

between the three groups [29]. This is in line with the lack of a

significant correlation of androstenedione but a strong correlation

of free testosterone with BMI and body fat in our study.

As androstenedione is also produced in significant quantities by

the adrenal gland, it is worth mentioning that ovarian and adrenal

androgens might have opposing effects on body weight and insulin

metabolism in women with PCOS [30,31,32]. Some of us

demonstrated in a large cohort of PCOS women that women

with adrenal hyperandrogenism as indicated by elevated DHEAS

have a more beneficial metabolic profile compared to women with

ovarian hyperandrogenism defined by elevated free testosterone

[16]. A high DHEAS/free testosterone or DHEAS/total testos-

terone-ratio is associated with a favorable metabolic phenotype in

PCOS women [16,33].

Interestingly, we observed an independent association of

androgen groups as well as of androstenedione/free testosterone-

ratio quartiles with serum lipids suggesting a beneficial effect of

androstenedione on serum lipids but also a negative impact of free

Figure 3. Risk of metabolic disturbances according to andro-
stenedione/free testosterone quartiles. OR with 95% CI for insulin
resistance and metabolic syndrome according to androstenedione/free
testosterone-ratio quartiles (quartile 1 n = 176, quartile 2 n = 177,
quartile 3 n = 177, quartile 4 n = 176). # p-value ,0.05. Figure 3a:
Binary logistic regression analysis using insulin resistance as dependent
variable and androstenedione/free testosterone-ratio quartiles as
independent variable (p = 0.019 quartile 2 vs. quartile 4, p,0.001
quartile 1 vs quartile 4). Figure 3b: Binary logistic regression analysis
using insulin resistance as dependent variable and age and andro-
stenedione/free testosterone-ratio quartiles as independent variables
(p = 0.019 quartile 2 vs. quartile 4, p,0.001 quartile 1 vs quartile 4).
Figure 3c: Binary logistic regression analysis using metabolic syndrome
as dependent variable and androstenedione/free testosterone-ratio
quartiles as independent variable (p = 0.030 quartile 2 vs. quartile 4,
p = 0.001 quartile 1 vs quartile 4). Figure 3d: Binary logistic regression
analysis using metabolic syndrome as dependent variable and age and
androstenedione/free testosterone-ratio quartiles as independent
variables (p = 0.050 quartile 2 vs. quartile 4, p = 0.001 quartile 1 vs
quartile 4).
doi:10.1371/journal.pone.0108263.g003

Free Testosterone and Androstenedione in PCOS

PLOS ONE | www.plosone.org 10 October 2014 | Volume 9 | Issue 10 | e108263



testosterone on dyslipidemia. Likewise, a study among adolescent

girls with PCOS reported a negative association of androstenedi-

one with TG and a positive association of androstenedione with

HDL cholesterol levels [34] whereas testosterone was negatively

associated with HDL cholesterol levels. As dyslipidemia is

considered an important cardiovascular risk factor in PCOS

women [2], this observation is of interest. The origin of

dyslipidemia in PCOS is not entirely clear but has been attributed

to the effects of hyperandrogenism and IR combined with genetic

and environmental factors such as diet and physical activity

[18,35,36]. Of note, our results suggest that hyperandrogenism is

an important factor that should be considered when investigating

dyslipidemia in PCOS as women with HA/NFT and with a high

androstenedione/free testosterone-ratio present with a favorable

lipid profile. In contrast, women with increased free testosterone

and low androstenedione/free testosterone -ratio have an adverse

lipid profile independent of BMI.

We found few significant differences regarding the metabolic

phenotype of PCOS women with NA/NFT and HA/NFT

compared to healthy BMI-matched control women. This is in

line with a previous studies suggesting that PCOS women without

hyperandrogenemia have a metabolic risk that is comparable with

healthy BMI-matched women [37]. Nevertheless, the prevalence

of IR was higher in PCOS women with NA/NFT and HA/NFT

compared to controls indicating that PCOS women without

elevated free testosterone levels are also affected by metabolic risk

but to a lesser extent. Although androstenedione and free

testosterone levels were lower in control women, we found higher

androstenedione/free testosterone-ratio which further supports the

hypothesis of a potential protective role of high androstenedione/

free testosterone-ratio. Altogether, our results clearly indicate that

PCOS women with elevated free testosterone levels and a low

androstenedione/free testosterone -ratio constitute a high-risk

group who are in need of a close metabolic follow-up and intensive

treatment, including lifestyle intervention.

We aimed to study the association of various androgens with

metabolic disturbances in PCOS but we did not investigate the

relationship between androstenedione and free testosterone

elevation or its ratio with infertility. It should be underlined that

infertility is a major aspect in PCOS and a recent study by Legro

et al. [38] demonstrated that there are effective strategies such as

letrozole treatment that improve ovulation as well as live birth

rates in women affected by PCOS. As PCOS women within the

various androgen subgroups differ regarding their metabolic

phenotype and metabolic disturbances are also associated with

reduced fertility [39], future studies should also focus on the

association of various androgens with risk of infertility as well as on

a possible impact of different androgens on infertility manage-

ment.

One limitation of our study is the observational character that

does not allow final conclusions as to a potential causal role of

various androgens in the development of metabolic disturbances.

Second, we did not measure androgen levels with mass

spectrometry, which is considered gold standard when measuring

androgen concentrations in women [40]. However, given the case

that measurements of androgen levels are inaccurate in our

cohort, our results would under- rather than overestimate the

observed association between androgen concentrations and

metabolic disturbances. Further, lipometry data were only

available in a subgroup of patients and controls. The strengths

of our study are the large sample size of PCOS women as well as

the detailed metabolic characterization including glucose and

insulin levels derived from oral glucose tolerance tests. We were

therefore able to analyze all relevant subgroups of PCOS women.

We present evidence that PCOS women with elevated free

testosterone levels have an adverse metabolic profile compared to

PCOS women with normal free testosterone levels. Further, higher

androstenedione/free testosterone-ratio was independently associ-

ated with a beneficial metabolic profile compared to PCOS

women with lower androstenedione/free testosterone-ratio. Thus,

our study supports the current concept suggesting an independent

negative impact of free testosterone on the metabolic phenotype of

PCOS women. However, androstenedione levels were not found

to have a negative impact on metabolic phenotype but might have

some beneficial effect as indicated by the inverse association of

androstenedione/free testosterone-ratio with metabolic distur-

bances and the higher androstenedione/free testosterone-ratio

observed in BMI-matched control women. Further studies

including a large sample size of PCOS and BMI-matched control

women using mass spectrometry are necessary to elucidate the role

of various androgens in the metabolic phenotype of PCOS

women.
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