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Abstract

Purpose Total body mass impacts reproductive health and
infertility which has increased in the United States with rising
rates of obesity. Overlapping genetic and environmental fac-
tors contribute to obesity and infertility including the andro-
gen receptor (AR), a steroid hormone-activated transcription
factor that is key in regulating androgen activity and sensitiv-
ity to sex hormones, weight and body composition in both
males and females. The AR gene which is X-linked contains
a polymorphic CAG trinucleotide repeat which varies in
length and inversely correlated with gene expression.
Methods We examined the AR gene CAG repeat length and
measures of weight and body mass index (BMI) in 27 non-
syndromic obese and 33 lean controls and for the first time
compared with 28 individuals with Prader-Willi syndrome
(PWS), a rare obesity-related genetic disorder with natural
sex hormone deficits to examine the effects of AR gene CAG
repeat length on androgen-mediated response and obesity-
related factors relevant to human infertility and reproduction.

Capsule The number of polymorphic CAG repeats of the androgen
receptor (AR) gene impacts androgen activity and sensitivity to sex
hormones influencing weight and body composition for both males and
females thereby influencing obesity and infertility rates. The number of
CAG repeats impacted male stature and female weight in control subjects.
However, individuals with Prader-Willi syndrome, a known genetic cause
of obesity, growth hormone deficiency and hypogonadism with sex hor-
mone deficits did not show correlations with the CAG repeat size, further
supporting AR gene interaction or impact on measures of stature, weight
and possibly fertility on the general population.
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Results Mean CAG repeat length in base pairs (278+7.9) did
not significantly differ by subject group (F=2.6, p=0.08) but
was strongly positively correlated with height standard devi-
ation (SD) among males (r=0.31, p<0.05), mainly lean and
obese, but not PWS (r=0.02, p=0.94). A negative correlation
was observed for weight SD among females (»=—0.29,
<0.04) when grouped together.

Conclusions The results were consistent with an androgen-
mediated effect on height and weight negligible in PWS and
supporting the role of sex horomones and 4R gene interaction
in obesity and infertility, both cardinal features of PWS. CAG
repeat length of the 4R gene is a marker for increased andro-
gen sensitivity with shorter lengths predicting smaller stature
in non-PWS adult males possibly due to accelerating fusion of
bone growth plates and reducing the growth phase. Increased
androgen effects from shorter CAG repeat lengths in non-
PWS females could impact pregnancy-related weight gain
and pregnancy outcomes.

Keywords Androgen receptor (4R) gene - CAG repeat
lengths - Obesity - Height - Weight - Body mass index (BMI) -
Prader-Willi syndrome - Lean - Androgen sensitivity -
Testosterone - Fertility

Introduction

About 15 % of all women in the United States are infertile
with advanced age playing a role [1, 2]. In addition to age,
infertility is related to body mass and weight with over 50 %
of adults in westernized societies classified as overweight.
Three out of every 10 individuals are obese with a body mass
index (BMI) greater than or equal to 30 [1-5] with a life ex-
pectancy shortened by 14 years [6]. Obesity not only influences
fertility status but also impacts on pregnancy outcomes [7, 8].
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Increased weight and obesity status produces physical and
biochemical changes including hormone disturbances, pre-
eclampsia, gestational diabetes, fetal growth failure and pre-
mature delivery [7, 8]. Obesity and infertility are both influ-
enced by genetic and environmental factors with over 370
obesity genes and 153 infertility and reproductive genes re-
ported [9]. There are over 40 genes including the androgen
receptor (AR) gene that plays a role in polycystic ovarian
syndrome (PCOS), an endocrine condition that affects 5—
10 % of women [9—-14]. The androgen receptor is a steroid
hormone-activated transcription factor key to regulating an-
drogen activity in both males and females and responsible for
secondary sexual characteristics, sex hormone responses and
infertility in both sexes. It has been shown to influence body
mass and composition [10, 15-19].

The gene coding the androgen receptor is X-linked and
localized to the Xq11.2-q12 chromosome region. A polymor-
phic CAG trinucleotide repeat is located in the AR gene and
varies in length from 8 to 35 repeats in normal individuals. An
inverse correlation exists between the CAG repeat length and
receptor expression impacting on the strength of the androgen
actions and sensitivity to sex hormones. Individuals with a
lower number of CAG repeats exhibit higher AR gene expres-
sion levels and generate more functional AR receptors increas-
ing their sensitivity to testosterone [20—24]. Diminished
in vivo androgenicity in males leads to decreased spermato-
genesis and smaller seminal vesicles [24-27] thereby
impacting fertility and human reproduction [28]. AR gene
CAG repeat lengths above 21 correlate with poor pregnancy
outcomes in females and recurrent spontaneous abortions [29].
Androgen receptor gene CAG repeat length is also associated
with ovarian reserve and may play a role in ovulation but the
natural ovarian aging process does not appear to affect ovarian
response to gonadotropins [30]. A paucity of studies exists in
measuring the effects of the number of CAG repeats in disease
(non-oncology) states and impact on body composition but
boys with the lower range of AR gene CAG repeat length
versus those with intermediate or high repeat lengths had more
intra-abdominal fat but not subcutaneous-abdominal fat [20].

Several rare genetic syndromes share obesity and infertility
phenotypes with the most classical being Prader-Willi syn-
drome (PWS) which is recognized as the most common cause
of life-threatening obesity in children [31]. PWS is due to
loss of paternally expressed genes located in the 15q11—
q13 chromosome region, generally from a paternal de novo
cytogenetic deletion in about 70 % of cases followed by
maternal disomy 15 (both chromosome 15s inherited from
the mother) in about 25 % of cases and the remaining
individuals with imprinting defects influencing gene ex-
pression in the 15q11-q13 region [32-35].

Prader-Willi syndrome is characterized by infantile
hypotonia, a poor suck and feeding difficulties,
hypogonadism/hypogenitalism and infertility, hormone
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imbalances including growth hormone deficiency with short stat-
ure and small hands/feet, cognitive and behavioral problems and
food seeking with hyperphagia in early childhood leading to
marked obesity, if not controlled [31-35]. These individuals have
low testosterone levels in males and low estrogen levels in fe-
males with arrested pubertal development [34]. Natural deficits
in sex hormones in both PWS males and females makes them an
ideal negative control subject group to examine the effects of AR
gene CAG repeat lengths on androgen-mediated responses.

Herein, we examined the AR gene triplet CAG repeat length
polymorphism and body composition measures (e.g., height,
weight, BMI) in a cohort of non-syndromic obese and healthy
lean controls in relationship for the first time in individuals with
Prader-Willi syndrome. PWS individuals have obesity and sex
hormone disturbances in common. Our goal was to assess the
influence of the triplet repeats on obesity-related factors with
relevance to human infertility and reproduction.

Materials and method
Subjects

We studied 88 individuals (40 males, 48 females) including 33
with leanness (17 males, 16 females), 27 with obesity (17
males, 10 females), and 28 without growth hormone treatment
and genetically confirmed with Prader-Willi syndrome (13
males, 15 females). The age range of participants was 2 to
47 years with an average (+SD) age of 19.0 (£10.2) years
(Table 1). Fifteen of the PWS subjects had the 15q11—q13
deletion and 13 had maternal disomy 15/imprinting defects.
All participants consented to study investigation approved by
the local human subjects institutional review board.

Androgen receptor gene assay

DNA was isolated from peripheral blood as previously de-
scribed. The number of CAG repeats of the AR gene was
determined by using 200 ng of DNA and polymerase chain
reaction (PCR) with forward and reverse DNA primers. Each
amplified PCR fragment was separated using capillary elec-
trophoresis and an ABI 3100 DNA sequencer (Applied
Biosystems, Carlsbad, CA) as previously described [36, 37].
The CAG repeat region is located in the amplified region and
length differences reflected CAG repeat sizes. About 90 % of
women are known to have an 4R gene polymorphism (i.e.,
have two different AR gene CAG repeat lengths representing
each X chromosome per cell) [38].

Statistical analysis

Subject characteristics, growth data and AR gene CAG repeat
length are presented as mean=+standard deviation in Table 1.
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Table 1 Subject characteristics,

growth data and androgen Parameter Lean Obese Prader-Willi Syndrome  F test  p-value
receptor gene CAG repeat length

All participants N=33 N=27 N=28
Mean age (SD) 19.6 (9.9) 18.3 (10.8) 19.2 (10.2) 0.12 0.89
Mean height (cm) (SD)  158.6 (21.4)  152.5(20.1)  140.4 (20.8) 5.9 0.004*
Mean weight (kg) (SD)  52.0 (17.0) 80.5 (40.4) 61.9 (27.1) 7.3 0.001**
Mean BMI (SD) 19.9 (2.6) 33.2(11.2) 29.3(8.8) 217 0.001***
Mean CAG (SD) 281 (8.9) 276 (7.4) 277 (6.7) 2.6 0.08

Male subjects N=17 N=10 N=13
Mean age (SD) 20.3 (9.0) 18.3(15.2) 20.5 (9.6) 0.15 0.86
Mean height (cm) (SD) 1653 (21.1)  156.5(22.7)  143.8 (20.9) 3.7 0.03*
Mean weight (kg) (SD)  58.5 (18.4) 87.6 (54.3) 68.8 (29.2) 23 0.10
Mean BMI (SD) 20.6 (2.9) 34.4 (16.0) 31.5(8.7) 82 0.001***
Mean CAG (SD) 280 (9.3) 275 (10.5) 276 (8.0) 1.3 0.30

Female subjects N=16 N=17 N=15
Mean age (SD) 18.7 (11.0) 18.2 (9.6) 18.1 (11.0) 0.02 0.98
Mean height (cm) (SD)  151.5(20.0)  150.2 (18.7)  137.5 (21.0) 23 0.10
Mean weight (kg) (SD)  45.1 (12.4) 76.3 (30.7) 56.0 (24.7) 7.2 0.002**
Mean BMI (SD) 19.2 (2.0) 32.5(7.5) 27.4 (8.7) 16.4 <0.0001***
Mean CAG (SD) 281 (8.6) 277 (4.9) 278 (5.6) 1.5 0.23

*Post hoc Bonferroni test indicates a significant difference (p<0.05) between PWS and lean individuals

**Post hoc Bonferroni test indicates a significant difference (p<0.05) between obese and lean individuals
***Post hoc Bonferroni test indicates a significant difference (p<0.05) between both PWS and obese individuals

compared to lean

Mean CAG repeat length for females is the mean of the average
repeat length from both X chromosomes in females. One-way
analysis of variance (ANOVA) with Bonferroni correction was
used to test for group differences in age, height, weight and
body mass index (BMI). Standard deviational (SD) units were
calculated for height and weight to control for variation related
to age and normative height and weight data. Findings with p-
values of <0.05 were considered significant. Pearson correla-
tion was used to examine the relationship between CAG repeat
length and height, weight and BMI for each subject group
(lean, obese, PWS) and by gender. Linear regression analysis
was used to evaluate the influence of condition and repeat
length on height SD, weight SD and BMI, overall and by
gender. Statistical analyses including descriptive statistics and
Pearson correlations were generated using SAS statistical anal-
ysis software version 9.4 (SAS Inc., Cary, NC).

Results

Table 1 shows the subject characteristics for age, height,
weight and BMI measures with mean AR CAG repeat lengths
in base pair size by condition (lean, obese, and PWS) and
gender. PWS subjects were generally shorter and obese indi-
viduals were heavier than those with leanness. Post-hoc anal-
ysis showed that PWS subjects had significantly lower height
SD compared to lean and obese individuals (F=38.0, df=2,

p<0.0001) while obese individuals had a significantly greater
weight SD than PWS or lean individuals (F=24.6, df=2,
p<0.0001). These relationships were independent of the in-
fluence of gender. Age was significantly correlated with
height, weight and BMI.

AR gene CAG repeat lengths were significantly positively
correlated with height SD (»=0.31, p<0.05) among males
which appeared to be driven by effects in both lean (r=0.43,
p=0.08) and obese (r=0.73, p<0.02) males but not in PWS
(r=0.02, p=0.94; Fig. 1). This relationship was supported by
linear regression modeling of height SD in males which was
significant (F=18.0, p<0.0001) and showed a significant as-
sociation between both subject groups (F=23.9, p<0.0001)
and CAG repeat length (F=6.3, p<0.02) among male sub-
jects. As shown in Fig. 2, similar subgroup effects were noted
for weight SD in lean and obese but not in PWS males. A
negative correlation was also observed between CAG repeat
length and weight SD among females (r=-0.29, p<0.04)
when group together and not observed by group (Fig. 3).

Discussion
The number of trinucleotide CAG repeats of the androgen
receptor gene in our study predicted stature among both obese

and lean males but not in PWS participants. AR gene CAG
repeat lengths among PWS males who are devoid of androgen
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Fig. 1 Correlation between the L]
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response showed no relationship to height or weight implicat-
ing a primary influence of testosterone as a basis for the dif-
ference. Similarly, CAG repeat length in females was inverse-
ly related to weight and of interest in the study of human
infertility and reproduction impacting maternal pregnancy
weight gain and outcomes.

Furthermore, studies in healthy adult males reported by
Zitzmann et al. [19] found a positive correlation in the CAG
repeat length and body fat content measured by bioimpedance
and supported by serum leptin and insulin levels. Pausova
et al. [20] also investigated CAG repeat size and found an
association with intra-abdominal adiposity, sympathetic mod-

ulation of vasomotor tone on heart rate and blood pressure in a
Fig. 2 Correlation between the =
AR gene CAG repeat length and
weight in lean, obese and Prader-
Willi syndrome males. Pearson
correlation for obese males alone

Lean Males (N=17)

Linear (Lean Males)
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cohort of adolescent boys and girls. They reported that intra-
abdominal and subcutaneous fat when determined by magnet-
ic resonance imaging (MRI) in males with a lower number of
CAG repeat lengths had higher intra-abdominal fat but not
subcutaneous fat in those with intermediate or high CAG re-
peat numbers. Boys with lower CAG repeat numbers had
higher blood pressure and higher sympathetic modulation
measures of vasomotor tone but no differences were seen
among the girls. CAG repeat numbers were also strongly as-
sociated with central obesity in older healthy Caucasian male
and post-menopausal female adults, particularly in women
reported by Gustafson et al. [18] using waist and waist-to-
hip measures as study parameters.
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Our results paralleled the findings reported by Voorhoeve
et al. [17] with an inverse association of CAG repeat length
and longitudinal height before and during puberty in young
Dutch boys. These studies suggested that longer CAG repeat
lengths may decrease testosterone sensitivity and impact
levels. This may allow for a longer growth phase and matura-
tion cycle thereby leading to greater height in adulthood which
could directly or indirectly impact fertility status. Campbell
et al. [39] reported data on androgen receptor gene CAG re-
peats and body composition measures in Ariaal men from
Kenya who were pastoral nomads. They inhabited both up-
land and lowland regions. They found in this population that
CAG repeat length was a significant positive predictor for
height, fat free mass, percentage body fat determined by four
skinfold measures and waist circumference. The Ariaal men
with shorter CAG repeat lengths (<20 CAG repeats) also ex-
hibited significantly greater waist circumferences and waist to
hip ratios; fatness patterns more commonly seen in men com-
pared with women. Overall, the Ariaal men sampled were
quite lean with an average body fat of 10 %.

In women, polycystic ovary syndrome (PCOS) is a classi-
cal obesity-related disorder characterized by menstrual irreg-
ularities, obesity, hyperandrogenism and infertility. Obesity is
seen in 30-75 % of women with this infertility disorder and
over 40 genes have been implicated in the hormonal and met-
abolic derangements seen in this syndrome [9—14]. Some of
these genes are involved in both hormone and related protein
production. These include leptin, luteinizing, follicle stimulat-
ing and growth hormones, testosterone, estrogen and their
related receptors, all playing a role in the development of
obesity and infertility in humans. Obesity impacts insulin
and insulin-like growth factor levels which can enhance

Weight in Standard Deviational (SD) Units

lutenizing hormone production and mediated steroidogenesis
in the ovary, thereby increasing production of ovarian andro-
gens [24, 26] leading to hormone imbalances and infertility in
women with obesity [40—43]. An increased BMI further re-
duces the conception rate in females due to higher doses of
gonadotrophins required that respond more poorly to ovarian
stimulation.

The interpretation of study findings is limited by the small
sample size and lack of body composition measurements
(e.g., %fat, lean mass and bone density utilizing dual-energy
x-ray absorptiometry-DEXA), sex hormone levels and docu-
mented infertility status needed to appropriately characterize
the relationship between AR gene polymorphisms on BMI,
obesity and infertility. Understanding the regulatory role of
certain genes and molecular mechanisms contributing to both
obesity and infertility in the general population such as the AR
gene will increase recognition of at-risk individuals at a young
age. This may lead to better management options and eventu-
ally prevention strategies for obesity and possibly lessen infer-
tility. Androgen responsivity secondary to AR gene CAG re-
peat length has a multi-level influence on human reproduction
and fertility through effects on male testicular development
and spermatogenesis [27, 28] and female pregnancy outcomes
[29]. Our study further reports male stature and female weight
as androgen responsive modulatory variables with potential
influence on fertility. Additional research is needed with larger
sample sizes and more measures of body composition (e.g.,
%fat, lean mass and bone density utilizing dual-energy x-ray
absorptiometry-DEXA), sex hormone levels and documented
infertility status to characterize the role of AR gene polymor-
phisms on BMI, obesity and infertility. Our study in the PWS
cohort with cardinal features of obesity, sex hormone
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disturbance and infertility in both PWS males and females but
with no difference in CAG repeat lengths further supports the
role of sex hormones and the AR gene interaction in relation-
ship with body composition measures and infertility relevant
to the general population.
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