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a b s t r a c t

Global sex differences in obesity rates are persistent, suggesting the involvement of sex
steroids. In addition, adipose tissue is a metabolic site for steroidogenesis. Here, we
compared female reproductive parameters in a rat model of obesity, with the same
parameters in its lean control strain, and tested for an association with integrated mea-
sures of corticosterone and testosterone. Steroids were extracted and quantified from 17
Otsuka Long Evans Tokushima Fatty (OLETF; an animal model for obesity) and 13 Long
Evans Tokushima Otsuka (LETO; the lean control strain) hair samples that were collected
after weaning offspring. The obese OLETF mothers had higher hair testosterone levels than
the control LETO strain. Overall, testosterone, but not corticosterone, predicted litter sex
ratios. Younger mothers with large litters and older mothers with small litters tended to
have the highest sex ratios (i.e., male-biased litters). In the lean LETO strain, but not in the
obese OLETF, maternal testosterone was positively associated with litter size and number
of male pups. Corticosterone did not differ between the two strains and was not associated
with testosterone or with reproductive parameters. This study suggests that long-term
circulating testosterone is associated with female reproduction in multiple ways. The
possible trade-off between litter size and sex ratio may be mediated by testosterone and
influenced by body fat and composition, which influence the individual’s well-being.
Exploring the multiple roles of testosterone in females may also help explain the com-
plex relationship between obesity and reproduction.

! 2016 Elsevier Inc. All rights reserved.

1. Introduction

Obesity is associated with numerous health issues
including diabetes, cardiovascular diseases, cancer, and
reproductive disorders [1,2], such as menstrual dysfunction
and anovulation [3]. The adipose tissue that is associated
with obesity is an active metabolic site for glucocorticoids
and sex steroids, e.g., converting androstenedione to
testosterone [4]. Adipose tissue also has a significant role in
the development and maintenance of polycystic ovary

syndrome, and 30 to 70% of women with polycystic ovary
syndrome also suffer from obesity [5]. Worldwide, the
prevalence of obesity has increased in the past few decades.
In the United States of America, e.g., in 2009 to 2010, more
than a third of the adult populationwere obese [6]. Because
globally the prevalence of obesity is higher in women than
in men [7], circulating sex steroids, such as testosterone,
may be implicated.

Testosterone is an androgen produced by both sexes. In
males, it is mainly produced by the testes and the adrenal
cortex, whereas in females, it is produced by the ovary,
placenta, and the adrenal cortex [8]. Although testosterone is
involved in multiple roles including muscle and bone
development, neuronal growth, and immune reaction [9],
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it is traditionally associated with, and studied in males. A
study that was conducted in women aged 65 to 98 revealed
that higher total testosterone levels were associated with
metabolic syndrome, coronary heart disease, low levels of
high-density lipoprotein cholesterol, and insulin resistance
[10]. Testosterone may also be involved in female repro-
duction, by stimulating follicle growth and development
[11], yet most studies have focused on the effects of pro-
gestins, estrogens, and glucocorticoids [12–14]. Recently,
transdermal testosterone treatment inwomen improved live
birth rate and multiple pregnancy outcomes by enhancing
follicle responsiveness to follicle stimulating hormone [15].
On the other hand, high levels of testosterone may have a
negative effect on fertility by delaying the onset of repro-
duction in females [16]. For example, female zebra finches
(Taeniopygia guttata), injected with testosterone after laying
their first egg, reduced their clutch sizes. This impact
increasedwith testosterone doses [17]. In a study conducted
on red winged blackbirds (Agelaius phoeniceus), most of the
females that were treated with testosterone failed to nest
and lay eggs [18]. The negative effect of testosterone on
reproduction has also been documented in mammals.
Richardson’s ground squirrels (Urocitellus richardsonii)
showed a negative correlation between circulating gesta-
tional testosterone and litter size [19], and in northern seals
(Callorhinus ursinus), androgens negatively affected female
fecundity by possibly causing embryonic delays [20].

Testosteronemayalsobeassociatedwithan increasedsex
ratio (i.e., male-biased litters). For example, a study on field
voles (Microtus agrestis) found that high preconception-
circulating testosterone was associated with male-biased
litters [21], and a study in Barbary macaques (Macaca syl-
vanus) revealed that femaleswithhigherpreconception fecal
androgens produced more males compared to females with
lower testosterone concentrations [22]. Although the
mechanism is not clear, Trivers and Willard suggested that
parents should adjust their offspring’s sex ratio according to
maternal conditions (amongother), to increase reproductive
success. Thus, mothers in a good condition are expected to
producemaleoffspring,whereasmothers inapoorcondition
are expected to produce females [23]. Another option is that
testosterone may contribute to maternal dominance
behavior, affecting maternal condition, and consequently
offspring sex ratio [22].

Exploring the multiple roles of testosterone in females
may also help explain the complex relationship between
obesity and reproduction. Most animal models for obesity
are mice and rats, although most mammals in captivity can
also become obese [24]. A prominent model for obesity,
which we used in our study, is the Otsuka Long Evans
Tokushima Fatty (OLETF) laboratory rat which lacks the
cholecystokinin 1 receptor for the satiety hormone chole-
cystokinin [25]. Otsuka Long Evans Tokushima Fatty’s lean
control strain is the Long Evans Tokushima Otsuka (LETO)
rat. Otsuka Long Evans Tokushima Fatty rats share many
characteristics with human obesity [26]. As in human
obesity, OLETF rats are prone to diet-induced overeating,
resulting in increased obesity. They prefer palatable diets
and do not have a primary deficit in leptin signaling. Otsuka
Long Evans Tokushima Fatty rats have an increased body fat
percentage and larger adiposities compared with LETO

controls. Dams’ activity levels are not significantly different
between the two strains [27], however, in the past, we have
documented multiple differences in maternal behavior
between OLETF and LETO dams [27–30]. In this study, we
quantified integrated testosterone and corticosterone
levels that represent long-term circulating concentrations
in OLETF and LETO rats and examined their associationwith
reproductive parameters (i.e., litter size and sex ratio).
Given that androgen production rates are elevated in obese
women due to adipose tissue conversion of androstenedi-
one to testosterone [4], we hypothesized that OLETF rats,
with higher fat mass, would exhibit higher testosterone
levels. We also predicted that the obese OLETF and the lean
LETO might show different patterns of association between
testosterone and reproductive parameters.

2. Methods

2.1. Subjects

We studied 17 OLETF and 13 LETO lactating female rats
aged 160.7 " 56.13 (76–276) days that had 1.6 " 0.56 (1–3)
litters. There was no difference in mean maternal age and
mean number of gestations between the two strains.
Animals were raised in the colony at the Gonda Brain
Research Center at Bar Ilan University, Ramat Gan, Israel,
under a 12:12-hour dark-light cycle and a constant room
temperature of 22 " 2 #C. Rats were housed in poly-
propylene cages (38 $ 21 $ 18 cm). Water and standard
chow were ad libitium.

Once pups were weaned, at the age of 21 to 22 days,
over a period of 14 months, the number of males and fe-
males in a litter was noted, and sex ratio was calculated as
the number of males divided by the total litter size (i.e.,
male and female offspring). We note that pup attrition from
birth to weaning in our colony is minimal, and we do not
have evidence of OLETF-LETO differences in pup attrition.
Similarly, we have no evidence of infanticide directed to-
ward newborns of a specific sex.

Bar Ilan University’s Animal Use and Ethics Committee
did not require formal approval for this study, as hair was
sampled from the existing breeding colony, and not from
experimental animals, and the hair-cutting procedure is
noninvasive.

2.2. Steroid quantification

Hair integrates steroids over time of growth (i.e., weeks
andmonths), thus levels are not affected by themomentary
stress of handling [31]. Hair collection in the laboratory is
relatively noninvasive, and the use of scissors does not
cause pain or infection to the animal or researcher. In
addition, hair steroids reflect free (i.e., unbound) steroids,
which are assumed to be more relevant to behavior [32].
Therefore, hair-testing is an appropriate matrix for exam-
ining the relationship between endogenous steroids and
reproductive outcomes. Measurements of hair growth rate
of the two strains at two time points showed similar rates
(pilot study, see supplementary information). Maternal
hair was cut once pups were weaned. Earlier hair collection
(i.e., postpartum) might have stressed the mother and
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colony, disrupting maternal behavior, and possibly
inducing infanticide. Hair sampling and steroid extraction
followed our previously published protocols [31,33].
Specifically, 40 mg of hair was cut from the rump of
weaning damswith fine scissors. Hair was placed in a paper
envelope and kept dry in a dark drawer until processing.
Each sample was washed twice with isopropyl alcohol
(Romical Ltd., Beer Sheva, Israel). Then hair was weighed
into a glass scintillation vial, and methanol (Sigma–Aldrich
Israel Ltd., Rehovot, Israel) was added. The vial was soni-
cated for half an hour, followed by 19 hours of incubation
under gentle shaking at 50 #C. The next day, methanol was
pipetted into a borosilicate glass tube and evaporated
under a nitrogen stream at 45 #C. The dry extracts were
reconstituted in assay diluent or assay buffer according to
the manufacturers’ instructions. Testosterone and cortico-
sterone were measured using commercial enzyme-linked
immunosorbent assays (ELISA; ENZO Biochem, USA and
Salimetrics, Newmarket, UK for corticosterone and testos-
terone, respectively). The manufacturers reported that
cross-reactivity for the corticosterone kit was 28.6% for
deoxycorticosterone, 1.7% for progesterone, and less than
0.28% for all other steroids. The testosterone kit reported
cross-reactivity was 36.4% for dihydrotestosterone, 21.02%
for 19-nortestosterone, 1.9% for 11-hydroxytestosterone,
1.15% androstenedione, and less than 0.49% with other
steroids.

Kits were validated for rat hair by showing parallelism
between serial dilutions of rat hair and the standards curves
thatwereprovidedwithbothkits (P%0.373 for testosterone
and P % 0.743 for corticosterone; see supplementary
information). Linear range for testosterone was between
0.5 and 4 mg of hair (equivalent to 0.0384 ng/mL and
0.24 ng/mL standard). Linear range for corticosterone was
between 10 and 40 mg of hair (equivalent to 0.032 ng/mL
and 4 ng/mL standard). Average intra-assay CVs were 6.98%
for six repeats (10 mg hair for corticosterone; mean con-
centration " standard deviation [SD] 1663.63 " 116.2) and
11.23% for six repeats (2 mg hair for testosterone; mean
concentration " SD 144.95 " 16.3). Average interassay CV
was 23.99% for four repeats (corticosterone) and 15.15% for
three repeats (testosterone). Recovery was 90.06% for
testosterone and 82.17% for corticosterone.

2.3. Statistical analyses

All variables were tested for normality. Corticosterone
levels were log transformed to produce a normal distribu-
tion. We used general linear models (least squared linear
approach) to test the association between steroids (testos-
terone and corticosterone) and reproductive outcome (e.g.,
offspring sex ratio and litter size) and the interaction
between strains and maternal age. Data were analyzed in
JMP 12.0.1 (SAS Institute Inc.).

3. Results

Sex ratios and litter sizes were similar in the two strains.
In the control LETO strain, mean " SD sex ratio was
0.44 " 0.2 (range 0.27–1), and in the obese OLETF strain, it
was 0.56 " 0.21 (range 0–0.8). Overall, mean " SD sex ratio

was 0.51 " 0.21 (range 0–1). Long Evans Tokushima Otsuka
litters ranged 3 to 11 pups, with a mean " SD of 7.67 " 2.5,
whereas OLETF litters ranged 3 to 14 with a mean " SD of
9.67 " 2.94. Overall, mean " SD litter size was 8.78 " 2.88.
In both strains, bigger litters were associated with more
male pups (R2 % 0.51; N% 27; P% 0.0003), but not females.
However, we found that maternal age and litter size
influenced sex ratio in an opposite manner (interaction
tratio % &2.14; P % 0.043). Younger mothers with large
litters and older mothers with small litters had higher sex
ratios (i.e., male-biased litters).

Testosterone and corticosterone were quantified in all
hair samples. Mean testosterone level in the obese OLETF
(5.108 pg/mg hair) was significantly greater than that of the
lean LETO (3.029 pg/mg hair; tratio % 2.36, P % 0.0255;
Fig. 1A). Mean corticosterone did not differ between the
two strains (tratio% 1.04, P% 0.23; Fig. 1B). Testosterone and
corticosterone levels were not associated.

The two strains showed a significant difference in their
relationship between testosterone and number of offspring
in a litter (interaction tratio% 2.72; P% 0.0121; Fig. 2A). Long
Evans Tokushima Otsuka females with higher testosterone
produced more pups, whereas high testosterone OLETF
females tended to have smaller litters. A similar trend was
seen with the number of males in a litter, where higher
testosterone LETO females tended to have more male pups
in a litter, whereas testosterone in OLETF females was not
associated with the number of males in a litter (interaction
tratio % 2.58; P % 0.0159; Fig. 2B).

Testosterone was significantly associated with sex ratio
and predicted 18% of the variability in it (R2 % 0.18, N % 30;
P % 0.018; Fig. 3A). However, we did not find an association
between testosterone and sex ratio in individual strains.
Corticosterone was not associated with sex ratio (Fig. 3B).

4. Discussion

The main finding in this study is that maternal testos-
terone is associated with reproductive outcomes in multi-
ple ways, possibly through interactions with other factors,
including obesity. Using a rat model for obesity and
comparing it with its lean control strain, fromwhich it was
derived, showed different tendencies. For example, we
found that in the control (LETO) strain, maternal testos-
terone was associated with an increased litter size and an
increase in the number of male offspring, whereas in the
obese (OLETF) strain, these trends were not detected. It is
possible that OLETF dams, with their high testosterone
levels, are reproductively challenged. High testosterone
levels have been shown to be negatively associated with
litter sizes and fecundity in several systems [17–20]. On the
other hand, we found that in both LETO and OLETF strains,
litter size was related to the number of males in a litter, so
that bigger litters meant higher (i.e., male-biased) sex
ratios. We also found that females with higher testosterone
had a higher (i.e., male-biased) sex ratio. The Trivers-
Willard hypothesis [23] suggests an adjustment in sex
ratio according to maternal quality, to maximize repro-
ductive success. Mothers that are in a good condition,
regardless of strain, are expected to producemale offspring,
whereas mothers in a poor condition are expected to
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produce more females. Our general finding supports the
Trivers-Willard hypothesis, similar to other mammalian
studies ([21,22]). However, despite the fact that the two
strains did not differ in theirmean sex ratio and litter size, it
is possible that having larger litters is a bigger burden to
OLETF dams because of their higher body fat and larger
adiposities compared with LETO dams [26]. Putting it all
together, our findings suggest that testosterone may have a
variable reproductive cost in females, interacting with ad-
ipose tissue and energetic reservoirs, yet the physiological
mechanisms underlying this interaction remain unclear.

In this study, we used hair to measure long-term inte-
grated circulating levels of testosterone and corticosterone
in rat dams after weaning their offspring. Although
Schroeder et al. (2010) described differences between OLETF
and LETO’s maternal styles, they reported that plasma
corticosterone levels were similar in both strains [34]. Here,
we showed that hair corticosterone levels are also similar,
biologically validating hair-testing in this species. Appar-
ently, the free unbound corticosterone levels in the hair [32]
show similar trends as the total concentrations reflected in
the blood samples [35]. Using hair, we expected to find a
relationship between corticosterone levels and sex ratio
[36], for it has been suggested that maternal stress may
skew offspring sex ratios in vertebrates [21]. For example,
rat dams that were stressed before conception produced
significantly more females than males and significantly less
offspring than controls [37], and female white crowned
sparrows (Zonotrichia leucophrys) with natural or artificially
high corticosterone produced more female offspring
compared to females with low corticosterone [38]. Corti-
costerone is elevated in the plasma of birds in poor body
condition, and poor body condition is associated with sex
ratio bias in many species [39]. However, in our study, sex
ratios were associated with maternal age and litter size in
both strains but not with corticosterone levels. It is possible
that testosterone, influenced by body fat and composition,
which affects the individual’s well-being, mediates the
trade-off between litter size and sex ratio.

This study is preliminary in highlighting the need to
integrate multiple measures to understand the possible
reproductive costs involved with obesity in reproducing

Fig. 1. Control (LETO) and obese (OLETF) female rats differ in their mean ("standard deviation) hair testosterone (A) but not corticosterone (B) levels. Obese
females had significantly higher mean testosterone levels (tratio % 2.36, *P % 0.0255). LETO, Long Evans Tokushima Otsuka; OLETF, Otsuka Long Evans Tokushima
Fatty.

Fig. 2. Significantly different relationships are found between testosterone
(pg/mg hair) and offspring per litter (A) and number of males (B) in control
(LETO; circle) and obese (OLETF; x) female rats. In the control strain, females
with higher testosterone tended to have more offspring per litter and more
males in the litters, whereas no such relationship was found in the obese
strain. LETO, Long Evans Tokushima Otsuka; OLETF, Otsuka Long Evans
Tokushima Fatty.
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females. Our results suggest that chronic circulating
testosterone levels interactwith obesity to influence female
reproduction in multiple ways. Because obese women may
suffer androgen excess (hyperandrogenism) [40], fecundity
may be lower as well. Understanding the reproductive costs
associatedwith the combination of testosterone andobesity
across animal models may help explain their roles in
mediating fertility in humans as well.
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