
ORIGINAL ARTICLE Reproductive endocrinology

Evidence for gonadotrophin secretory
and steroidogenic abnormalities in
brothers of women with polycystic ovary
syndrome
D.M. Liu1,†, L.C. Torchen2,†, Y. Sung3, R. Paparodis4, R.S. Legro5,
S.K. Grebe6, R.J. Singh7, R.L. Taylor7, and A. Dunaif1,*
1Division of Endocrinology, Metabolism and Molecular Medicine, Northwestern University, Chicago, IL 60611, USA 2Division of Endocrinology,
Ann & Robert H Lurie Children’s Hospital of Chicago, Feinberg School of Medicine, Northwestern University, Chicago, IL 60611, USA 3Division of
Endocrinology, Ewha Womans University College of Medicine, Seoul, 158-710, Korea 4Division of Endocrinology, Diabetes and Metabolism,
Department of Medicine, Universityof Wisconsin School of Medicine and Public Health, Madison, WI 53705, USA 5Department of Obstetrics and
Gynecology, Pennsylvania StateUniversity College of Medicine, Hershey, PA17033, USA 6Department of Laboratory Medicine and Pathology and
Department of Medicine, Mayo Clinic and Foundation, Rochester, MN 55905, USA 7Department of Laboratory Medicine and Pathology, Mayo
Clinic and Foundation, Rochester, MN 55905, USA

*Correspondence address: Charles F Kettering Professor of Endocrinology & Metabolism, Vice Chair for Research, Department of Medicine,
Northwestern University, Feinberg School of Medicine, Tarry Building 15-745, 303 E. Chicago Avenue, Chicago, IL 60611, USA. Tel: 1-312-503-
2902; Fax: 1-312-908-3870; E-mail: a-dunaif@northwestern.edu

Submitted on June 26, 2014; resubmitted on September 22, 2014; accepted on October 2, 2014

studyquestion: Are there abnormalities in gonadotrophin secretion, adrenal steroidogenesis and/or testicular steroidogenesis in broth-
ers of women with polycystic ovary syndrome (PCOS)?

summary answer: Brothers of women with PCOS have increased gonadotrophin responses to gonadotrophin releasing hormone
(GnRH) agonist stimulation and alterations in adrenal and gonadal steroidogenesis.

what is known already: PCOS is acomplexgenetic disease. Male as well as female first-degree relatives have reproductive features of
the syndrome. We previously reported that brothers of affected women have elevated circulating dehydroepiandrosterone sulfate levels.

study design, size, duration: This was a case–control study performed in 29 non-Hispanic white brothers of 22 women with
PCOS and 18 control men.

participants/materials, setting, methods: PCOS brothers and control men were of comparable age, weight and ethnicity.
Adrenocorticotrophic hormone (ACTH) and GnRH agonist stimulation tests were performed. Gonadotrophin responses to GnRH agonist as
well as changes in precursor-product steroid pairs (delta,D) across steroidogenic pathways in response to ACTH and GnRH agonist were exam-
ined.

main results and the role of chance: Basal total (T) levels did not differ, but dehydroepiandrosterone (DHEA) levels (0.13+
0.08 brothers versus 0.22+0.09 controls, nmol/l, P ¼ 0.03) were lower in brothers compared with control men. ACTH-stimulated D17-
hydroxypregnenolone (17Preg)/D17-hydroxyprogesterone (17Prog) (7.8+24.2 brothers versus 18.9+21.3 controls, P ¼ 0.04) and
DDHEA/Dandrostenedione (AD) (0.10+0.05 brothers versus 0.14+0.08 controls, P ¼ 0.04) were lower in brothers than in the controls.
GnRH agonist-stimulated D17Prog/DAD (0.28+8.47 brothers versus 4.79+ 10.28 controls, P ¼ 0.003) was decreased and luteinizing
hormone (38.6+20.6 brothers versus 26.0+ 9.8 controls, IU/l, P ¼ 0.02), follicle-stimulating hormone (10.2+ 7.5 brothers versus 4.8+
4.1 controls, IU/l P ¼ 0.002), AD (1.7+ 1.4 brothers versus 0.9+ 1.5 controls, nmol/l, P ¼ 0.02) and DAD/DT (0.16+0.14 brothers
versus 0.08+ 0.12 controls, P ¼ 0.005) responses were increased in brothers compared with controls.

limitations, reasons for caution: The modest sample size may have limited our ability to observe other possible differences in
steroidogenesis between PCOS brothers and control men.
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wider implications of the findings: Decreased ACTH-stimulatedD17Preg/D17Prog andDDHEA/DAD responses suggested
increased adrenal 3b-hydroxysteroid dehydrogenase activity in the brothers. Decreased D17Prog/DAD and increased DAD/DT responses to
GnRH agonist stimulation suggested increased gonadal 17,20-lyase and decreased gonadal 17b-hydroxysteroid dehydrogenase activity in the
brothers. Increased LH and FSH responses to GnRH agonist stimulation suggested neuroendocrine alterations in the regulation of gonadotrophin
secretion similar to those in their proband sisters. These changes in PCOS brothers may reflect the impact of PCOS susceptibility genes and/or
programming effects of the intrauterine environment.
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Introduction
Polycystic ovary syndrome (PCOS) is a common endocrine disorder that
affects �7% of reproductive age women (Knochenhauer et al., 1998;
Diamanti-Kandarakis et al., 1999). It is characterized by hyperandrogen-
emia and disordered gonadotrophin secretion (Diamanti-Kandarakis
and Dunaif, 2012). Familial aggregation is well established and twin
studies demonstrate strong evidence for heritability, suggesting a
genetic contribution to its pathogenesis (Givens, 1988; Legro et al.,
1998; Vink et al., 2006). PCOS is a non-Mendelian complex genetic
trait reflecting the interaction of multiple susceptibility genes as well as
environmental factors, and several genetic susceptibility loci have been
reproducibly mapped (Urbanek et al., 2007; Shi et al., 2012). Consistent
with these observations, male as well as female first-degree relatives have
reproductive and metabolic abnormalities (Legro et al., 1998, 2002a,b;
Sir-Petermann et al., 2002; Yildiz et al., 2003; Sam et al., 2006).

We have shown that the underlying reproductive phenotype in PCOS
families is hyperandrogenemia. Adrenal as well as ovarian androgen levels
are increased in the sisters of affected women suggesting a defect in the
regulation of steroidogenic pathways common to the gonad and the
adrenal glands (Legro et al., 1998). Brothers of affected women also
have dehydroepiandrosterone sulfate (DHEAS) elevations that are signifi-
cantly positively correlated with those in their proband sisters (Legro et al.,
2002b). This finding suggests that brothers have the same defect in adrenal
steroidogenesis as their proband sisters. Other investigators have demon-
strated increased 17-hydroxyprogesterone (17Prog) responses to long-
acting GnRH agonist stimulation in brothers of women with PCOS, sug-
gesting dysregulationof testicular 17a-hydroxylase activity (Sir-Petermann
et al., 2004). We performed this study to test the hypothesis that altera-
tions in testicular or adrenal steroidogenesis account for hyperandrogen-
emia in brothers of women with PCOS.

Materials and Methods

Study population
We studied 29 brothers, aged 18–47 years, of 22 non-Hispanic white
women with PCOS and 18 unrelated control men of comparable age,
body mass index (BMI) and ethnicity. A group of 46 women were also

included as controls. All subjects were in excellent general medical health
and had no history of abnormal growth or development. There was no
history of infertility among the subjects in either group, but a number of sub-
jects had not attempted to father children. Brothers were referred for partici-
pation by their proband sisters who had previously participated in our studies
of PCOS women. We recruited control men through advertisements in the
local media. Our cohort of PCOS brothers was young and healthy. Accord-
ingly, we recruited control males of comparable health status, age and BMI.
The control men had no personal history of hypertension, and no personal
or first-degree family history of diabetes mellitus. Any potential control
man with a female first-degree relative with a known history of PCOS was
excluded. Nevertheless, it remains possible that control men carried
PCOS susceptibility genes but that: (i) they lacked female relatives, (ii)
PCOS was undiagnosed in their female relatives or (iii) the control male
was unaware of the PCOS diagnosis in their female relatives. Accordingly,
we assumed that 7% (the population prevalence of PCOS) of the control
men had PCOS susceptibility genes.

The diagnosis of PCOS was made in the probands using the NIH criteria
(Legro et al., 1998; Diamanti-Kandarakis and Dunaif, 2012) of elevated circu-
lating testosterone (T) and/or bioavailable T (uT) levels associated with
chronic oligomenorrhea, i.e. ≤6 menses per year. Women with non-classical
21-hydroxylase deficiency, hyperprolactinemia or androgen-secreting
tumors were excluded by appropriate tests (Dunaif et al., 1996). The
control women had regular menses every 27–35 days, no history of repro-
ductive disorders, and no hirsutism (Ferriman–Gallwey score ,8) (Hatch
et al., 1981). The clinical and biochemical features of the probands and
control women have been reported as part of previous studies (Legro
et al., 1998, 2002a,b). Among the families studied, one had 3 brothers, 5 fam-
ilies had 2 brothers, and 16 families had 1 brother who volunteered to par-
ticipate. Clinical and baseline reproductive hormone levels of the brothers
have been reported as part of previous studies (Legro et al., 2002b; Sam
et al., 2008a,b; Coviello et al., 2009).

Ethical approval
The study was approved by the Institutional Review Board of Northwestern
University Feinberg School of Medicine and written informed consent was
obtained from all subjects.

Study protocol
Neither brothers nor control men were taking any medications known to
alter sex hormone metabolism or glucose homeostasis for at least 1 month
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prior to study. All subjects underwent a 2 h 75-g oral glucose tolerance test
(OGTT) after a 3 day 300 g per day carbohydrate diet and an overnight fast
(Sam et al., 2008a,b). Blood samples for glucose were obtained at 0 min and
120 min after the oral glucose load. All control men had normal glucose tol-
erance according to the American Diabetes Association criteria (American
Diabetes Association, 2011). Nine brothers had impaired glucose tolerance
but none had diabetes mellitus. Blood samples were obtained for inhibin B as
a measure of spermatogenesis with the 0 min blood draw of the OGTT.

Between 1130 and 1230 h, each subject underwent an ACTH stimulation
test during which 10 mg/m2 ACTH (Organon, Bedford, OH, USA) per m2

body surface area was injected iv over 2 min (Barnes et al., 1993). Venous
blood was sampled prior to, 0 min, and 30 and 60 min following ACTH admin-
istration for 17-hydroxypregnenolone (17Preg), 17Prog, 11-deoxycortisol
(11DC), cortisol, dehydroepiandrosterone (DHEA), DHEAS and androstene-
dione (AD) levels.

A GnRH agonist stimulation test was performed 60 min after completion
of the ACTH stimulation test. Subjects were given 10 mg leuprolide acetate
(Lupron, TAP Pharmaceutical Products, Inc., Lake Forest, IL, USA) per kg
body weight sc (Rosenfield et al., 1996). Venous blood was sampled for lu-
teinizing hormone (LH) and follicle-stimulating hormone (FSH) levels at
times 230, 215, 0, 30 and 60 min and 4, 16, 20 and 24 h. Blood samples
were drawn for 17Prog, AD and T levels at baseline and 4, 16, 20 and 24 h
following GnRH agonist administration.

Assays
All steroid levels were measured by liquid chromatography/mass spectrom-
etry/mass spectrometry (LC-MS/MS), except for DHEAS, which was mea-
sured by automated chemiluminescent competitive immunoassay on the
IMMULITEw 2000 platform (Siemens Diagnostics, USA). Steroid assay per-
formance parameters have been previously reported (Anderson et al.,
2010). LH and FSH assays werealso performed using the IMMULITEw chemi-
luminescent immunoassay system (Siemens Diagnostics, USA) (McCartney
et al., 2007). Inhibin B assays were performed by ELISA (Ansh Labs, USA)
(Kumar et al., 2013). T and bioavailable T (uT) levels in the PCOS probands
and control women were measured as previously reported (Legro et al.,
1998).

Calculations
Incremental precursor to product molar ratios were calculated to evaluate
apparent activity of steroidogenic enzymes (Rosenfield et al., 1994). The sti-
mulated hormone levels were maximal at the 60 min and 16 h time points
during the ACTH and GnRH agonist stimulation tests, respectively. To calcu-
lateDPrecursor steroid (nmol/l)/DProduct steroid (nmol/l), the incremen-
tal change in a steroid hormone during the ACTH stimulation test was
calculated by subtracting the baseline level from the stimulated level drawn
60 min after ACTH injection in nmol/l. For the GnRH agonist stimulation
test, incremental change was calculated as the difference between the 16 h
and baseline levels.

Data analysis
The sample size was calculated based on data in normal men to detect a 20%
difference in GnRH agonist-stimulated peak T and 17Prog responses (Barnes
et al., 1989) and in ACTH-stimulated DHEA levels (Griffing et al., 1985)
between PCOS brothers and control males with 80% power and alpha set
at 0.05. For analysis of biochemical data, the family unit was the case. Thus,
data from brothers within the same family were averaged to yield one
mean value per family. Data collected from one control subject during the
ACTH stimulation test were excluded from analysis because there was no in-
crease in cortisol at 60 min following a ACTH administration (210 nmol/L
at baseline and 215 nmol/L at 60 min) strongly suggesting that ACTH was
not administered due to a technical error. Data were log-transformed

when necessary to achieve homogeneity of variance. Differences between
groups were assessed by two-tailed unpaired t-tests or Mann–Whitney
tests, if homogeneity of variance was not achieved.

Because there was a trend toward increased BMI in the PCOS brothers,
linear regression or Spearman correlation, depending on the normality of
the data, was performed on all end-points to determine whether there
was a significant association with BMI. ANCOVA adjusting for BMI was per-
formed when therewas a significant association. Statistical analyses were per-
formed using SAS 9.2 (SAS Institute, Inc., Cary, NC, USA). Categorical
variables were compared by Fisher’s exact test. Differences were considered
to be significant at P ¼ 0.05. Data are reported as the untransformed
mean+ SD.

Results

Clinical features and baseline hormone levels
The clinical features and reproductive hormone levels of the PCOS
proband sisters are summarized in Table I. By design, PCOS sisters
had significantly higher T, uT, DHEAS and LH levels compared with
control women of comparable age and BMI. Mean age and BMI did not
differ in the brothers compared with control men by design: 31+8
years in brothers versus 30+7 years in controls (P ¼ 0.79) and
28.9+4.6 kg/m2 in brothers versus 26.3+5.0 kg/m2 controls (P ¼
0.10). Inhibin B levels (182+ 75 pg/ml brothers versus 221+ 75 con-
trols, P ¼ 0.08) also did not differ suggesting that spermatogenesis was
normal.

ACTH stimulation test
Brothers had significantly lower 0 min ACTH DHEA (P ¼ 0.03) levels
than control men (Table II). ACTH-0 min 17 Preg, 17Prog, 11DC, AD,
DHEAS and cortisol levels did not differ significantly between brothers
and control men (Table II). 17Preg, DHEA, 17Prog, 11DC, AD,
DHEAS and cortisol levels and incremental responses following ACTH
stimulation did not differ between brothers and control men (Table II).
The ACTH-stimulated D17Preg/D17Prog molar ratio (P ¼ 0.04) and
DDHEA/DAD molar ratio (P ¼ 0.04) were significantly lower in broth-
ers compared with control men, suggesting increased apparent

........................................................................................

Table I Clinical features and reproductive hormone
levels PCOS proband sisters.

Proband
sisters
(n 5 22)

Control
women
(n 5 46)

P-value

Age (years) 29+6 31+5 0.15

BMI (kg/m2) 37.1+8.8 34.5+7.2 0.35

T (nmol/l) 2.5+0.8 1.0+0.4 ,0.0001

uT (nmol/l) 0.9+0.5 0.2+0.1 ,0.0001

DHEAS (mmol/l) 7.1+3.3 4.3+1.2 ,0.0001

LH (IU/l) 12+9 5+5 ,0.0001

FSH (IU/l) 9+3 9+4 0.93

BMI, body mass index; T, testosterone; uT, bioavailable testosterone; DHEAS,
dehydroepiandrosterone sulfate; LH, luteinizing hormone; FSH, follicle-stimulating
hormone.

2766 Liu et al.



3b-hydroxysteroid dehydrogenase (3b-HSD) activity in brothers (Figs 1
and 3). There were no significant differences between the groups in in-
cremental precursor to product molar ratios for 21-hydroxylase or
11b-hydroxylase activity. There was also no evidence of differences in
17,20-lyase activity in the D4 or D5 pathway (Figs 1 and 3).

GnRH agonist stimulation test
ACTH 0 min 17Prog levels were similar to levels at the start of the GnRH
agonist stimulation test (P ¼ 0.91) suggesting that residual effects of
ACTH did not confound the results of the GnRH agonist stimulation
test. After adjusting for BMI, GnRH agonist 0 min T levels did not differ
between the groups (Table III). Immediately following administration
of a GnRH agonist, no differences were observed between groups in sti-
mulated AD or 17Prog levels. There was no difference in the 17Prog in-
cremental response to GnRH agonist, but the incremental AD response
was higher in brothers than in controls (P ¼ 0.02, Table III). There were
no differences in GnRH agonist 0 min or GnRH agonist-stimulated T
levels or incremental T responses after adjusting for BMI (Table III, Fig. 2).

The DAD/DT molar ratio was higher (P ¼ 0.005) in brothers than in
control men suggesting that brothers had reduced gonadal apparent
17b-hydroxysteroid dehydrogenase (17b-HSD) activity (Figs 2 and 3).
The GnRH agonist-stimulated D17Prog/DAD ratio was lower (P ¼
0.003, Figs 2 and 3) in brothers than in control men, which suggested
that gonadal apparent 17,20-lyase activity was increased in brothers.

GnRH agonist 0 min LH and FSH levels were similar between the two
groups (Table III). However, stimulated LH and FSH levels were higher
(P ¼ 0.02 for LH; P ¼ 0.004 for FSH, Fig. 2) in brothers than in control
men, as were the incremental responses (Table III).

Discussion
Brothers of women with PCOS had evidence for alterations in adrenal
and gonadal steroidogenesis, independent of age and weight. Baseline
DHEA levels were lower in brothers. ACTH-stimulated D17Preg/
D17Prog and DDHEA/DAD molar ratios were also decreased consist-
ent with increased 3b-HSD activity in brothers compared with control
men (Fig. 3). The GnRH agonist-stimulated DAD/DT molar ratio was
increased and D17Prog/DAD ratio was reduced in brothers suggesting
that they had reduced gonadal apparent 17bHSD activity and increased
gonadal apparent 17,20-lyase activity (Fig. 3). Gonadotrophin responses
to GnRH agonist stimulation were significantly increased in the brothers
compared with control men suggesting that brothers also had alterations
in neuroendocrine function.

The putative increase in 3b-HSD activity could account for the lower
baseline DHEA levels in brothers. There are conflicting reports regarding
3b-HSD activity in women with PCOS. One study suggested increased
3b-HSD activity (Moran et al., 2004), while other studies have suggested
that 3b-HSD activity is reduced in women with PCOS (Barnes et al.,
1993; Carbunaru et al., 2004). There were no differences in cortisol or
11DC levels before or after ACTH stimulation, suggesting that gluco-
corticoid biosynthesis was normal in the PCOS brothers.

There were no differences in baseline or GnRH agonist-stimulated
total or bioavailable T levels, after adjusting for BMI, suggesting that tes-
ticular T production was normal. GnRH agonist-stimulated DAD/DT
molar ratios were increased and D17Prog/DAD ratios were reduced
in brothers suggesting that they had increased gonadal apparent
17,20-lyase activity and reduced gonadal apparent 17bHSD activity.
Increased protein expression of CYP17A1 has been reported in polycys-
tic ovaries (Comim et al., 2013). Although no replicated variants have
been identified in the CYP17A1 gene (Li et al., 2012), serine phosphoryl-
ation of the encoded protein, P450c17, increases its 17,20 lyase activity,
which has been proposed as a post-translational mechanism regulating
androgen biosynthesis (Tee and Miller, 2013).

Studies on the role of 17b-HSD in PCOS have been conflicting.
Women with increased AD and estrone levels suggestive of ovarian
17b-HSD deficiency can present with a PCOS phenotype including hir-
sutism and oligo-amenorrhea (Pang et al., 1987; Toscano et al., 1990). In
contrast, an activating polymorphism in the type 5 17b-HSD gene was
found in a subset (�10%) of women with PCOS (Qin et al., 2006), but
this finding was not replicated in a larger cohort of affected women
(Goodarzi et al., 2008). We also were unable to identify an association
between genetic variants in the type 3 17b-HSD gene and PCOS (Mogh-
rabi et al., 1998).

LH and FSH responses to GnRH agonist were significantly increased in
brothers compared with control men. Total T levels at baseline and in
response to GnRH agonist as well as inhibin B levels did not differ
between the groups suggesting the testicular function was normal in
brothers. Similar gonadotrophin responses to native GnRH have been
documented in women with PCOS (Rebar et al., 1976). Stimulation
with GnRH agonist also has resulted in increased LH release but
blunted FSH responses in affected women, a pattern similar to that in
normal men (Barnes et al., 1989). In women with PCOS, an increased fre-
quency of pulsatile GnRH secretion is a putative contributor to enhanced
LH release (Marshall and Eagleson, 1999). Increased pulsatile administra-
tion of native GnRH to GnRH-deficient men selectively increases LH
release (Spratt et al., 1987). Thus, it is possible that the brothers also

........................................................................................

Table II Hormone levels drawn at baseline and
incremental change (D) in hormone resulting from
ACTH administration.

Hormone Controls
n 5 17

Brothers
n 5 22

P-value

17Preg
(nmol/l)

Basal 7.0+4.5 4.4+3.3 0.12a

Incremental D 24.2+9.6 21.2+14.2 0.21

17Prog
(nmol/l)

Basal 2.8+1.1 2.6+0.9 0.70
Incremental D 1.9+1.0 2.5+1.7 0.21

DHEA
(nmol/l)

Basal 0.22+0.09 0.13+0.08 0.03a

Incremental D 0.23+0.11 0.20+0.13 0.53

AD
(nmol/l)

Basal 3.2+1.0 3.3+1.0 0.70a

Incremental D 1.9+0.9 2.4+1.2 0.19

11DC
(nmol/l)

Basal 0.70+0.53 0.71+0.68 0.75
Incremental D 1.68+1.25 1.99+1.88 0.84b

Cortisol
(nmol/l)

Basal 248+69 215+92 0.22a

Incremental D 397+182 364+108 0.57

DHEAS
(mmol/l)

Basal 5.5+1.8 5.2+2.6 0.40b

17Preg, 17-hydroxypregnenolone; 17Prog, 17-hydroxyprogesterone; DHEA,
dehydroepiandrosterone; AD, androstenedione; 11DC, 11-deoxycortisol; DHEAS,
dehydroepiandrosterone sulfate.
aDenotes P-values adjusted for BMI (ANCOVA).
bDenotes two-group comparisons performed by Wilcoxon rank-sum test. All other
two-group comparisons were assessed by two-tailed t-tests.
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have neuroendocrine alterations in the regulation of gonadotrophin se-
cretion similar to those observed in their proband sisters.

Variation in genes regulating ovarian and adrenal steroidogenesis or
gonadotrophin secretion may account for the reproductive phenotype
in brothers and their proband sisters with PCOS (Legro et al., 1998). Al-
ternatively, some of the observed differences in adrenal and gonadal ster-
oidogenesis could be the result of programming effects of the
intrauterine environment. Prenatal androgen administration to pregnant
rhesus macaques produces many of the phenotypic features of PCOS in
female offspring, including abnormalities in adrenal steroidogenesis
(Zhou et al., 2005). Prenatally androgenized male macaques have a meta-
bolic phenotype similar to the one we have reported in brothers (Bruns
et al., 2004; Sam et al., 2008a,b). Adult prenatally androgenized male
sheep have reproductive changes including reduced sperm counts

(Recabarren et al., 2008a) and germ cell number (Rojas-Garcia et al.,
2010). Further, FSH responses to GnRH agonist are increased (Rojas-
Garcia et al., 2010) but LH responses are unchanged (Recabarren
et al., 2007) in these sheep. Leydig cell function appeared to be normal
since circulating T levels and T responses to hCG were similar to
control male sheep (Recabarren et al., 2008a; Rojas-Garcia et al., 2010).

The current study was not designed to have adequate power to deter-
mine if baseline DHEAS levels were increased in brothers, as we have
previously reported (Legro et al., 2002b). Further, we did not examine
the sulfatase enzyme that converts DHEA to DHEAS in this study.
An increase in the activity of this enzyme could account for the reported
increase in DHEAS levels in brothers (Legro et al., 2002b). Nevertheless,
AD responses to GnRH agonist were increased in the brothers suggest-
ing increased testicular androgen biosynthesis in response to LH. This

Figure 1 Incremental precursor to product molar ratios across steroidogenic pathways during the ACTH stimulation test demonstrated increased
apparent 3b-HSD activity in brothers of women with PCOS (black bars) (*P ¼ 0.04 for D17Preg/D17Prog and **P ¼ 0.04 for DDHEA/DAD) compared
with control men (open bars). No differences were observed in apparent 17,20-lyase, 21-hydroxlyase or 11b-hydroxylase activity. D11DC/DCortisol
were compared by Wilcoxon rank-sum test. All other comparisons were made by t-tests (17Preg, 17-hydroxypregnenolone; 17Prog,
17-hydroxyprogesterone; DHEA, dehydroepiandrosterone; AD, androstenedione; 11DC, 11-deoxycortisol).
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finding supports the hypothesis that hyperandrogenemia is a PCOS male
relative reproductive phenotype.

Our findings also differ from those of Sir-Petermann and colleagues
who reported exaggerated 17Prog responses but no alterations in

gonadotrophin secretion in response to GnRH agonist stimulation in
their Chilean cohort of adult brothers of affected women compared
with control men (Sir-Petermann et al., 2004). Ethnic differences may
account for these discrepant findings. However, in contrast to their find-
ings in brothers, the Chilean investigators (Recabarren et al., 2008b)
found no differences in GnRH agonist-stimulated 17Prog responses
during infancy, childhood or adulthood in the sons of women with
PCOS. Such variations in the reproductive phenotype in PCOS brothers
compared with sons may point to differing effects of genetic factors com-
pared with programming effects of the intrauterine environment on
gonadal steroidogenesis in these men.

Our study has potential limitations. GnRH agonist stimulation testing
was performed 1 h following completion of the ACTH stimulation test,
using a protocol similar to one validated in studies of the functional signifi-
cance of polycystic ovaries (Mortensen et al., 2006, 2009). The tests
were performed at the same time of day in all subjects and responsive-
ness (stimulated minus basal values), a parameter not known to have cir-
cadian changes, rather than basal values was the primary end-point. In
addition, baseline 17Prog levels at the start of the ACTH stimulation
test did not differ from those at the start of the GnRH agonist stimulation
test. Accordingly, it is unlikely that the timing and sequence of stimulation
testing impacted the study outcome. The failure to perform semen ana-
lyses to further characterize the reproductive phenotype of PCOS broth-
ers is another limitation of our study. However, levels of inhibin B, which
has been used as an endocrine marker of spermatogenesis (Pierik et al.,
1998), did not differ in brothers. Further, no differences in sperm counts,

........................................................................................

Table III Hormone levels drawn prior to GnRH agonist
administration and incremental change (D) in hormone
levels resulting from GnRH agonist stimulation.

Hormone Controls
n 5 18

Brothers
n 5 22

P-value

LH (IU/l) Basal 2.7+1.4 3.0+1.7 0.55
Incremental D 26.0+9.8 38.6+20.6 0.02

FSH (IU/l) Basal 2.7+1.5 3.2+1.4 0.07b

Incremental D 4.8+4.1 10.2+7.5 0.002

T (nmol/l) Basal 16.2+5.5 11.6+4.7 0.79a

Incremental D 13.5+6.5 11.1+4.7 0.05a

17Prog
(nmol/l)

Basal 3.0+1.3 2.5+1.0 0.17
Incremental D 5.6+3.5 5.2+2.9 0.27

AD
(nmol/l)

Basal 3.9+1.3 3.5+1.1 0.39
Incremental D 0.9+1.5 1.7+1.4 0.02

LH, luteinizing hormone; FSH, follicle-stimulating hormone; T, testosterone; 17Prog,
17-hydroxyprogesterone; AD, androstenedione.
aDenotes P-values adjusted for BMI (ANCOVA).
bDenotes two-group comparison performed by Wilcoxon rank-sum test. All other
two-group comparisons were assessed by two-tailed t-tests.

Figure 2 Baseline LH and FSH levels in brothers (black bars) and control men (open bars) were similar. LH and FSH responses to GnRH agonist stimu-
lation were higher in brothers (*P ¼ 0.02 for LH; **P ¼ 0.004 for FSH). LowerD17Prog/DAD (†P ¼ 0.003) in brothers during the GnRH agonist stimulation
test suggests that they have increased gonadal 17,20-lyase activity compared with control men. HigherDAD/DT in brothers during the GnRH agonist stimu-
lation test (‡P ¼ 0.005) suggests that this group also has reduced 17b-HSD activity in comparison to control men. Comparison of baseline and stimulated
FSH levels were made by Wilcoxon rank-sum tests. All other comparisons were made by t-tests (LH, luteinizing hormone; FSH, follicle-stimulating
hormone; 17Prog, 17-hydroxyprogesterone; AD, androstenedione; T, testosterone).
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motility or morphology were found in adult sons of women with PCOS
compared with control men (Recabarren et al., 2008b). The proband
sisters did not participate in the testing protocol since many previous
studies have examined steroidogenic responses to ACTH and GnRH
agonist in PCOS (Rebar et al., 1976; Barnes et al., 1989; Moran et al.,
2004). Therefore, we could not compare responses in PCOS probands
and to those in their brothers. However, we have previously reported
that only baseline DHEAS levels are correlated in PCOS probands and
their brothers (Legro et al., 2002b).

In summary, we have further characterized the reproductive pheno-
type in the brothers of women with PCOS. This phenotype includes evi-
dence forabnormalities in both adrenal and gonadal steroidogenesis. We
also found that brothers of affected women have alterations in the go-
nadotrophin responses to GnRH agonist similar to those found in
affected women. Identification of reproductive traits shared by PCOS
probands and their first-degree relatives suggests that these traits have
a genetic basis. These observations provide insights into pathways that
may be primarily disrupted in PCOS, such as androgen biosynthesis
and the regulation of gonadotrophin secretion, since both male and
female relatives have hyperandrogenemia and increased LH and FSH
responses to GnRH agonist.
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