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Early postnatal exposures to sex steroids have been well-recognized to modulate predisposition to
diseases of adulthood. There is a complex interplay between timing, duration and dose of endo-
crine exposures through environmental or dietary sources that may alter the sensitivity of target
tissues to the exogenous stimuli. In this study, we determined the metabolic and reproductive
programming effects of a single developmentally-entrained pulse of testosterone given to female
mice in early postnatal period. CD-1 female mice pups were injected with either 5�g of testosterone
enanthate (TE group) or vehicle (CON group) within 24 hours after birth and followed to adult age.
66% of testosterone-treated mice exhibited irregular cycling, anovulatory phenotype, and signif-
icantly higher ovarian weights than vehicle-treated mice. Longitudinal NMR measurements re-
vealed that TE group had greater body weight, whole body lean, and fat mass than the control
group. Adipose tissue cellularity analysis in TE group revealed a trend toward higher size and
number than their litter-mate controls. The brown adipose tissue (BAT) of NT mice exhibited white
fat infiltration with down-regulation of several markers including UCP-1, CIDEA, BMP-7 as well as
BAT differentiation-related transcription regulators. Testosterone-injected mice were also more
insulin resistant than control mice. These reproductive and metabolic reprogramming effects were
not observed in animals exposed to TE at 3 and 6 weeks of age. Collectively, these data suggest that
sustained reproductive and metabolic alterations may result in female mice from a transient ex-
posure to testosterone during a narrow postnatal developmental window.

Pre and perinatal nutrition and hormonal perturbations
have been well recognized as important modulators of

adult heath and disease states. Seminal experiments by

Phoenix et al (1) established the framework for the orga-
nizational and activational effects of hormones dichoto-
mized by the duration of the resulting effects of exposure.
The “organizational” effects were defined to be long-last-
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Abbreviations: ACAC, acetyl-CoA carboxylase �; ACACB, acetyl-CoA carboxylase �,ACC1,
acetyl-coenzyme A carboxylase 1; ACS1, acetyl-coenzyme A synthetase 1; ACLY, ATP
citrate lyase; AR, androgen receptor; ATGL, adipose triglyceride lipase; BAT, brown adipose
tissue; BMP-7, bone morphogenetic protein 7; C/EBP�, CCAAT-enhancer-binding protein
alpha; C/EBP�, CCAAT-enhancer-binding protein beta; CIDEA, cell death-inducing DNA
fragmentation factor, alpha subunit-like effector A; DHT, dihydrotestosterone; E2, 17�-
estradiol; ER�, estrogen receptor alpha; ER�, estrogen receptor beta; EVLOVL6, Fatty Acid
Elongase 6; FASN, fatty acid synthase; FBPase, Fructose 2,6-bisphosphate; FoxO, Forkhead
box O; FSH, follicle-stimulating hormone; G6Pase, Glucose 6-phosphatase; GAPDH, glyc-
eraldehyde 3-phosphate dehydrogenase; GnRH, gonadotropin-releasing hormone;HSL,
hormone sensitive lipase; IGF1R,insulin-like growth factor 1 receptor; IPGTT, intraperito-
neal glucose tolerance test; IPITT, intraperitoneal insulin tolerance test; IRS, insulin receptor
substrate; LH, luteinizing hormone; LPL, lipoprotein lipase; LXR�, liver X receptor alpha;
NMR, nuclear magnetic resonance; PCOS, polycystic ovary syndrome; PGC-1�, peroxisome
proliferator-activated receptor gamma coactivator 1 alpha; PEPCK, phosphoenolpyruvate
carboxykinase; PPAR�, peroxisome proliferator-activated receptor gamma; PRDM16, PR
domain containing 16; qPCR, quantitative PCR; SCD1, stearoyl-CoA desaturase 1;
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ing effects while the “activational” effects of sex steroids
on mating and nonmating behaviors modifications were
limited largely to the duration of sex steroid exposure.
Additional studies in songbirds and rodents established
that organizational effects of androgens on neural circuits
usually occur during the periods when masculinizing com-
ponents are developing or maintained while the feminin-
izing programming is prevented (2, 3). An important de-
terminant of the neural organizational effects of steroids is
the timing of sex steroid exposure. Male rats castrated at
birth exhibit remarkable lifelong alterations in mating be-
haviors even when they receive testosterone replacement
in adult life. Similarly, prenatal antiandrogen administra-
tion prevents masculinization of mating behaviors in adult
males (4, 5). Consistent with the dramatic reprogramming
in males associated with prenatal antiandrogen adminis-
tration, prenatally and neonatally androgenized females
show mounting behavior and altered sexual preferences
(6, 7). These data suggest the existence of critical devel-
opmental periods in which discrete developmental pro-
cesses may be susceptible to lifelong alterations as a result
of perturbations in sex steroid exposure.

Exposure to endocrine modulators in the environment
has long been recognized as a potential health risk. The
origin of exposure may be diverse ranging from livestock
excretion of steroidal supplements to aquatic life ingesting
contaminants from surface water. Stavreva et al have
shown androgenic activity in almost 35% of water sam-
ples collected across 14 states with in US (8). A recent study
highlighted even more intriguing aspect this vexing prob-
lem where Qu et al demonstrated that metabolites of Tren-
bolone acetate, a common growth promoter used by for
beef cattle production in the U.S., can undergo a photo-
hydration effectively regenerating the parent steroid (9).
This study is important in establishing that the exposure to
steroidal endocrine modulators does not need to be ex-
tended over long duration or occur in supraphysiological
doses; even transient exposures during critical develop-
mental windows can induce profound alterations in adult
reproductive and or metabolic reprogramming.

At the population levels, since the genetic composition
is relatively slow to change, the significant role of rapid
alterations in nutritional/hormonal exposures is being in-
creasingly recognized. The Barker hypothesis, also known
as the developmental origins of health and disease (10,
11), recognizes the importance of the environmental mi-
lieu during development to adult health. Although this
hypothesis was originally based on nutritional deprivation
in utero, its perspective has been extended to developmen-

tal exposure to sex steroid hormones and reproductive
disruption in females in adult. It has been speculated that
the increased prevalence of reproductive disorders in
women may reflect the interplay between genetic and en-
vironmental factors (12–14).

Androgens have been shown to play important roles in
reproductive function in females by acting as substrates
for estradiol (E2) production, and by modulating ovarian
function activationally and by organizational reprogram-
ming. Studies in sheep (15–17), monkeys (18–20) and ro-
dents (21) have shown that prenatal androgen exposure in
utero may alter ovarian function in adult. Prenatal and
neonatal androgen exposure to rodents results in anovu-
lation (22, 23). These studies suggest that androgen ex-
posure in early life may reprogram endocrine adaptations
that permanently alter reproductive function.

Prenatal and neonatal factors may also influence the
susceptibility to metabolic responses in adult life. While
the precise mechanisms of steroid action during the de-
velopment of metabolically active organs including liver
and adipose tissue is not clear, prenatal androgenization
has been reported to influence growth, adiposity and in-
sulin sensitivity in female rodents, monkeys and sheep
(24–29). However, the testosterone doses used in these
studies were relatively large and sustained over varying
durations of time.

Past studies have clearly established that reproductive/
behavioral reprogramming of neural circuitry is sensitive
to testosterone exposure in the developmental window.
However, it is not known if the reproductive and meta-
bolic tissues are direct targets of these organizational
events. Accordingly, the aim of this study was to evaluate
the programming effects of a single, developmentally-en-
trained pulse of testosterone (T) given to female mice in
early postnatal period on the metabolic and ovarian tissue
reproductive functions in adulthood. Specifically, we ad-
ministered a single dose of testosterone to female pups
after birth, which in preliminary experiments raised cir-
culating testosterone concentrations to levels observed
during the natural testosterone surge in male mice. The
timing of testosterone injection during the immediate
postnatal period after birth was intended to coincide with
the timing of the postnatal testosterone surge in the male
mice. The female mice that received either testosterone
(TE) or vehicle (CON) during the immediate postnatal
period were followed until 32 weeks of age and their hor-
mone levels, estrous cycles, ovarian histology, body mass
and composition, fat distribution, adipose tissue cellular-
ity and gene expression, and insulin sensitivity were char-
SREBP1c, sterol regulatory element-binding protein 1c;T, testosterone; TE, testosterone
enanthate; TGF�1R, tumor growth factor beta 1 receptor; WAT, white adipose tissue
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acterized. To test the hypothesis that the reproductive and
metabolic phenotype was associated with testosterone ex-
posure during the immediate postnatal period but not with
testosterone exposure during other time windows (eg,
time of weaning (�postnatal day 20) or time of sexual
maturation (� week 6)), we injected a single dose of tes-
tosterone to separate groups of female mice at 3 and 6
weeks of age and followed them into adulthood.

Materials and Methods

Animal Care and Diet Treatments
The study protocols were approved by the Boston University

Institutional Animal Care and Use Committee. The pups deliv-
ered from pregnant CD-1 mothers (Charles River, Wilmington,
MA) were injected subcutaneously within 24-hours after birth
with either 5 �g of testosterone enanthate (TE) in 10�l oil or 10�l
oil and their feet were tattooed to be segregated into appropriate
groups. They were rubbed with the cage bedding, mixed, and
redistributed randomly to mothers to minimize confounding due
to the litter effect. After weaning on postnatal day 21, the mice
were fed laboratory chow (Harlan Teklad global 18% protein
rodent diet, #2018) ad libitum. Mice were sacrificed at age 32–
33week for tissue analysis after 4hours fasting (7am-11am), and
sacrifice was done within 2 hours after the morning fasting. At
sacrifice, blood samples were collected by cardiac puncture after
mice were anesthetized. Ovaries, inguinal subcutaneous,
parametrial, mesenteric, perirenal fat pads and interscapular
brown adipose tissue (BAT) were isolated, weighed and fixed in
z-fix solution. Liver and kidney were isolated, weighed and fixed
in 10% buffered formalin solution. In addition, isolated tissues
were snap frozen in liquid nitrogen and stored at -80C until
further processing. In independent experiments, pups were sac-
rificed at 3, 6 and 24 hours after TE or vehicle injection, blood
samples were pooled from two to four female pups from the same
litter due to the limited volume available from each pup for T
measurements. Additionally, 3- and 6-week old female mice re-
ceived a single injection of TE (5 �g/g BW) in 100�l oil or 100�l
oil and were fed laboratory chow (Harlan Teklad global 18%
protein rodent diet, #2018) ad libitum. Body weight, body lean
mass and fat mass were determined every two weeks.

Hormone measurements
Plasma total T was measured using liquid chromatography

tandem mass spectrometry (30). Mouse 17�-estradiol (E2), lu-
teinizing hormone (LH) and follicle-stimulating hormone (FSH)
were determined by ELISA (Calbiotech, La Jolla, CA), two-site
sandwich immunoassay (31, 32) and RIA (33), respectively, at
the University of Virginia Center for Research in Reproduction
Ligand Assay and Analysis Core (Charlottesville, VA).

Oestrous cycle analysis and ovarian morphology
Oestrous cycle was determined by daily cytological exami-

nations of vaginal smears obtained between 10 and 11 AM for
5 to 10 consecutive days before the sacrifice. The four stages of
the cycle, oestrus (E), metoestrus (M), di-oestrus (D) and pro-
oestrus (P) were recognized by the presence, absence or propor-

tional numbers of epithelial cells, cornified cells and leukocytes.
Occasionally mucous was seen, especially in acyclic females.
Ovaries were collected from control (CON) and T-injected fe-
male mice (TE) at 32–33 weeks in oestrus stage (next day to
pro-oestrus stage), and fixed in z-fix solution for morphological
analysis. The specimens were processed for paraffin embedding.
Sections were used for hematoxylin and eosin staining and for
histological analysis with standard light microscopy. The num-
ber of corpora lutea was counted from 4–5 slides of each mouse,
and the incidence of epithelial inclusion cysts and cystic dilated
bursa were recorded.

Body composition
Whole body fat mass, lean body mass, free water and total

body water were measured by nuclear magnetic resonance
(NMR) using the EchoMRI-100™ QMR systems every two
weeks. This noninvasive measurement does not need anesthesia
or sedation.

Gene expression from ovary, white adipose tissue
(WAT), BAT and liver

Total RNA was extracted from ovaries, adipose tissues and
liver using miRNeasy Mini Kit according to the manufacturer’s
protocol (QIAGEN). First-strand cDNA was synthesized from
the total RNA with SuperScript III-First Strand System (Invitro-
gen) per the manufacturer’s protocol. Expression level of genes
was quantified by 7900HT Fast Real-Time PCR System (Life
Technologies) using SYBR Green PCR Reagents. Glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) and 18S-ribosomal
RNA (18S-rRNA) were used for normalization. The sequences
for the quantitative PCR (qPCR) primer set are shown in Sup-
plementary Table 1.

Adipose tissue cellularity
At euthanasia, the inguinal subcutaneous, parametrial, peri-

renal and mesenteric fat depots were dissected and weighed. Adi-
pocytes were isolated from inguinal subcutaneous and parame-
trial adipose depots (n � 4 to 5 from each group) by collagenase
digestion (1 mg/ml, Worthington Biochemical) in Krebs bicar-
bonate buffer, pH 7.4, containing 4% albumin (Millipore), 100
nM phenylisopropyl adenosine and 5 mM glucose (KRB-A) (34).
After 1 hour of collagenase digestion in a shaking water bath (60
cycles/min, 37°C), isolated adipocytes were filtered through a
250-�m nylon mesh and washed three times with KRB-A buffer.
The diameters of at least 300 isolated adipocytes were calculated
using photomicroscopic method (35). The weighted average adi-
pocyte weights of cells with a diameter over 20 micron were
calculated (36) and total fat cell number was calculated assuming
that the fat pads were 75% for inguinal and 85% for parametrial
(34) .

Intraperitoneal glucose tolerance test (IPGTT) and
intraperitoneal insulin tolerance test (IPITT)

At age 30–32 weeks of age, the mice were fasted for 6 hours
(from 7 am to 1 pm) before IPGTT and IPITT. Blood glucose
levels were measured in samples obtained from the tail vein using
a Contour blood glucose monitoring system and test strips
(BAYER). After fasting measurements, mice were injected intra-
peritoneally with glucose (2.0g/kg BW as a 20% glucose solu-
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tion) or insulin (1.25 mU/kg BW), and tail vein samples were
obtained at 15, 30, 45, 60, 90 and 120 minutes after the injection.

Statistics
All statistical analyses were performed using SAS 9.3 software

(SAS Institute, Cary NC) and Prism software (version 4.0 and
6.0; GraphPad Software Inc.). Unpaired t test were performed to
compare two groups if the data were normally distributed;
Mann-Whitney-Wilcoxon test was used for data that were not
normally distributed. Fisher’s exact test was used for categorical
data. Marginal models with repeated measurements (body
weight, lean body mass and body fat mass), containing terms for
baseline covariate, treatment, time effects and interaction be-
tween treatment and time were tested. If the interaction was
found to be nonsignificant it was dropped from the model and
overall treatment effect was tested. Statistical significance was set
at 0.05 alpha level.

Results

Hormone levels (Table 1 and Figure 1)
To characterize the duration of testosterone elevation

after the TE injection, circulating levels of T were mea-
sured 3, 6, and 24 hours after the injection. Blood collected
from two to four female pups from the same litter was
pooled due to the limited volume available from each pup.
Circulating testosterone level was significantly higher in
neonatal mice 3 and 6 hours after TE injection than in
age-matched control pups injected with the vehicle. By 24
hours, the mean circulating testosterone levels in pups in-
jected with TE had decreased to 52.8ng/dl. This rapid rise
and subsequent decline in circulating testosterone levels in
pups injected with TE is qualitatively similar to the natural
endogenous testosterone surge observed in neonatal male
mice during the first 24 hours after birth (Figure 1) (37).
The circulating testosterone levels measured at 4, 12 and
32 weeks of postnatal life did not differ significantly be-
tweenmice thathad receivedTEorvehicle injectionwithin
24 hours after birth.

To determine whether neonatal testosterone injection
affected other reproductive hormone levels in adult life,
circulating E2, LH and FSH levels were measured at 32–33

weeks of age, when the mice were in the oestrus phase.
Overall, circulating E2, LH, and FSH levels did not differ
significantly between the two groups (Table 1).

Cyclicity and Ovarian morphology (Table 2 and
Figure 2)

Vaginal smears were monitored daily for 5–10 consec-
utive days to characterize the oestrous cycle. 66% (6 out
of 9) of female mice that had received neonatal testoster-
one injection were acyclic (4 were in prolonged di-oestrus
and 2 in extended oestrus) (Table 2). These perturbations
were sensitive to the timing of testosterone exposure; the
mice injected with TE at 3-, and 6-weeks of age had normal
estrous cycles.

The mean ovarian weight at 32–33 weeks of age was
higher in mice injected with testosterone in the neonatal
period than in the control mice (160.2 � 24.1 vs. 60.4 �

6.6 mg, P � .001) compared to controls (Table 2). The
histologic sections of the ovaries revealed an anovulatory
phenotype; five of the nine (55%) testosterone-injected
mice lacked a corpus luteum (Table 2). No significant dif-
ference was observed in the number of ovarian follicles
between the testosterone-injected mice and their vehicle-
injected control littermates. Although epithelial inclusion
cysts, which are commonly seen in old female mice (38),
were observed in both testosterone-injected and vehicle-
treated mice, the testosterone-injected mice had a higher
frequency of epithelial inclusion cysts (55%) than control
mice (Table 2). The presence of ovarian cysts and cystic
bursa likely contributed to the increased ovarian weight in
NT mice.

Neonatal testosterone exposure had no effect on the
steady state expression levels of sex hormone receptors
and IGF-1R and TGF�1R, which play an important role
in follicular development (Supplemental Figure 1).

Body weight,d body composition and adiposity
(Figure 3-5)

At the age of weaning (3 weeks of age), there were no
significant differences in body weight between NT mice

Table 1. Blood reproductive hormone concentrations in control (CON) and T-treated (TE) mice at 32–33 weeks old

CON TE
P

valuea

Testosterone
(ng/dl)

3.0 (0.0; 15.9) 5.2 (1.9; 10.2) 0.667

17�-Estradiol
(pg/ml)

19.6 (11.2; 22.9) 18.0 (12.7; 28.1) 0.815

LH (ng/ml) 0.259 (0.178; 0.568) 0.862 (0.324; 1.425) 0.114
FSH (ng/ml) 4.966 (3.091; 5.338) 4.050 (2.912; 4.520) 0.228

Plasma samples were collected at the end of the study (32–33 weeks old). Values are Median (25% Percentile; 75% Percentile). aP values are from
Mann Whitney test.
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and CON mice. However, TE mice gained significantly
more weight than CON mice after weaning (Figure 3A).
As a result, TE mice had consistently higher body weight
throughout the study period, compared with CON mice
and there was a significant overall treatment effect (P �
.05) over the duration of the study. Body composition,
ascertained using NMR scanning, also demonstrated
higher lean body mass in TE mice (Figure 3B, P � .01).
Whole body fat mass was not statistically different in TE
mice compared to CON mice over the duration of study
(Figure 3C, P � .235), although, there was a consistent

trend toward higher weight each depot in TE mice (Sup-
plemental Table 3). However, the fat distribution calcu-
lated as depot weight as % dissected fat, was not changed
by neonatal testosterone administration. Because testos-
terone is reported to regulate adipogenesis and adiposity
we further examined the cellularity of inguinal subcuta-
neous and parametrial adipose tissue. No significant dif-
ference in the mean size of adipocyte or cell number of
either depot was detectable with the number of samples
examined (n � 4 to 5 from each group), so the increase in
depot weight is likely to be accounted for by the trend
toward higher size and number (Supplemental Table 4). In
contrast, mice injected with testosterone at 3-, and
6-weeks of age did not display a significant difference in
the body weight or body composition when compared
with their vehicle-injected littermate controls (data not
shown), again confirming the specificity of the timing of
androgen exposure in altering body composition.

Since there were trends toward higher fat mass in the TE
group (Figure 3C and Supplemental Table 3), we deter-
mined the expression levels of key genes in lipogenic and
lipolytic pathways in adipose tissues. LPL, which hydro-
lyzes extracellular TG in lipoprotein for TG accumulation
in adipocytes, showed 2.8-fold elevation in the inguinal
subcutaneous adipose tissue in the TE mice relative to
CON mice (Figure 4B, P � .001, n � 9 for each group).
This between-group difference in LPL expression was not
observed in the parametrial adipose tissue (Figure 4C).
This difference in LPL expression might contribute to the
trend in increase fat mass. Adipocyte-derived resistin is
known to be increased in obese rodents and strongly re-
lated to insulin resistance (39). The TE mice showed in-
creased resistin expression in the inguinal subcutaneous
adipose tissue compared with CON (Figure 4B, 1.8-fold
elevation, P � .01, n � 9 for each group). Neither the
expression of AR nor ER� in specific adipose tissue depots
was altered by neonatal testosterone exposure (Supple-
mental Figure 2).

Figure 1. Plasma T concentration after TE injection. Plasma samples
collected at 3H, 6H and 24H after testosterone enanthate injection
were pooled and used for total testosterone measurements. Two to
four female mice within the same litter were used for plasma pooling.
Plasma samples were also collected at 4 (n � 6), 12 (n � 6) and 32
weeks of age (n � 9) after testosterone enanthate injection. Values at
4, 12 and 32 weeks are mean � S.E. Mann-Whitney-Wilcoxon test
was performed for between group comparisons of plasma
testosterone levels at 4, 12 and 32 weeks.

Table 2. Ovarian morphology in early postnatal
testosterone-exposed (TE) and control (CON) female
mice at 32–33 weeks old

CON
(n � 9)

NT
(n � 9)

P
valueb

Ovarian
weight
(mg)a

60.44 � 6.64 160.20 � 24.11***

Number of
mice with
Acycling 2 (22%) 6 (66%) 0.153
Ovary
without
corpus
luteum

0 (0%) 5 (55%) 0.029

Epithelial
inclusion
cyst

3 (33%) 5 (55%) 0.637

aValues are mean � SE. *** P � 0.001 vs. CON (unpaired t test). bP-
values are from Fisher’s exact test for a contingency table .

Figure 2. Ovarian morphology of control (CON) and testosterone-
injected (TE) mice. A, Hematoxylin-eosin (HE)-stained ovarian section of
a normal cycling mouse (CON) with healthy follicles and a corpus lutea.
B, HE-stained ovarian section of an acyclic mouse with ovarian cyst and
cystic bursa, but without a corpus luteum (TE). CL, Corpus luteum; EIC,
Epithelial inclustion cyst; CB, Cystic bursa. Magnification, X4; Scale bar,
500 �m.
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TE mice showed significantly higher weights of the in-
terscapular brown adipose tissue (BAT) (P � .01, n � 9 for
each group) and the BAT accumulated more lipid in mul-
tilocular cells (Figure 5A). During the fat tissue dissection
at the time of euthanasia at 32–33 weeks, we noted white
fat infiltration into brown fat (Figure 5B). We therefore
examined a series of functional and differentiation tran-
scripts to assess if the BAT differentiation was affected by
neonatal testosterone exposure. UCP-1 is a member of the
mitochondrial inner membrane proteins and is highly ex-
pressed in BAT. Real-time PCR showed a 28% reduction
of transcript level of UCP-1 in TE mice compared to CON
mice (Figure 5C, P � .074). CIDEA, a mitochondria-spe-
cific marker in BAT, was also reduced by 34% in TE mice
relative to CON mice (Figure 5C, P � .089). mRNA ex-
pression levels of BMP-7, another BAT-specific marker,
and BAT differentiation-related transcription factors
(PPAR�, C/EBP� and PRDM16) and transcriptional co-
activator (PGC-1�), in TE mice were consistently reduced
in comparison with the CON group but the differences
between groups were not statistically significant (Figure
5D). The expression levels of AR, ER� and ER� in BAT
were numerically lower in the TE group but did not differ
significantly between groups (Figure 5E); ER� was unde-
tectable in both groups as expected.

Glucose and insulin tolerance (Figure 6)
To investigate whether changes in body mass and com-

position observed in mice exposed to neonatal testoster-
one administration affected glucose tolerance and re-
sponse to insulin, IPGTT and IPITT were performed at the
age of 30 and 32 weeks, respectively. TE and control mice
showed similar fasting glucose levels (� 100 mg/dl). After
exogenous glucose loading (2.0 g glucose/kg BW), blood
glucose levels increased to a higher level in TE mice than
in CON mice (206.8 � 9.7 vs 172.8 � 7.5 mg/dl), respec-
tively at 15 minutes (P � .05). However, the blood glucose
area-underthe-curve (AUC) did not differ between the TE

and CON mice. After intraperitoneal administration of
1.25 mU insulin/kg BW, the TE mice displayed a signifi-
cantly lesser reduction in blood glucose levels compared
with their litter-mate controls. The blood glucose AUC
was significantly greater in the TE mice compared with the
CON mice, consistent with their higher level of insulin
resistance. Two of 9 mice from the CON had blood glu-
cose levels were � 25 mg/ dl at 45–60min after insulin
administration; these values were recorded as 25 mg/ dl in
the statistical analyses.

Discussion

We show here that transient exposure of female newborn
mice to testosterone within 24-hours of birth is associated
with substantial reproductive and metabolic alterations in
adult life. The female mice injected with a single dose of
testosterone during the neonatal period displayed higher
frequency of oestrous cycle abnormalities, including acy-
clicity and the lack of corpora lutea, higher ovarian mass,
and a greater frequency of epithelial inclusion cysts than
those injected with the vehicle alone. These phenotypic
effects were not associated with a concomitant alteration
in circulating levels of testosterone and estradiol during
adult life. Furthermore, in comparison to vehicle-injected
controls, the mice exposed to testosterone transiently after
birth had higher body weights, a higher trajectory of body
weight gain, a body composition characterized by in-
creased lean tissue mass, and a greater degree of insulin
tolerance. Collectively, these data demonstrate that even
transient androgen exposure during a relatively narrow
developmental window can induce sustained effects on
reproductive and metabolic functions throughout adult
life.

These reproductive and metabolic features were ob-
served in mice exposed to testosterone during the imme-
diate postnatal period, and were not observed in mice

Figure 3. A, The trajectories of body weight of control (closed circle) and T-treated mice over the 32 weeks of postnatal life (open circle). B,
Absolute lean body mass of control and T-treated mice during the postnatal life. C, Absolute body fat mass in control and T-treated mice. Data
represent mean � S.E. (n � 9). P-values are for overall treatment effect from marginal model.
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which received TE injection at 3 or 6 weeks of age, indi-
cating the critical importance of the timing of testosterone
exposure in inducing the reproductive and metabolic phe-
notype. Rodents exposed to androgen in utero during late
pregnancy have shown inconsistent changes in adult re-
productive function. For instance, in one study, prenatal
androgen exposure had no effect on adult reproductive
function in Wistar rats, although there was a reduction in
the primordial follicle pool (22); exposure to higher tes-
tosterone doses for 4 days during late gestation induced
hyperandrogenism, ovarian cysts and anovulatory cycles
in Sprague Dawley rats (21). Recently, Tyndall et al (22)
reported that sustained testosterone administration from
postnatal day 1 to postnatal day 24 induced anovulation,
while testosterone administration during a later postnatal
period (days 15 to 24) did not affect ovarian phenotype in

Wistar rats. These findings are in agreement with our data
that the early postnatal window is critical for inducing the
reproductive and metabolic phenotype that we observed
in testosterone-injected mice.

Several regimens of prenatal as well as postnatal sex
steroid administration, including serial prenatal injections
or long-term postnatal injections have been shown in well-
conducted studies to induce the development of cystic ova-
ries, acyclicity and immature follicular development in
sheep, monkey and rodents (15–22). The testosterone
dose used in the present study - 5 �g TE - is among the
lowest doses of testosterone used in published reports.
More importantly, this dose of TE was effective in tran-
siently raising circulating testosterone concentrations in
femalepups into the rangeobservednaturally inmalenew-
born mice during this period. The peak testosterone levels

were observed 6 hours after the in-
jection and testosterone levels de-
creased to near normal levels within
24 hours after the injection, confirm-
ing that the testosterone exposure
was transient and mimicked the nat-
ural testosterone surge in male mice.

Although some of the phenotypic
features of testosterone-injected
mice – acyclicity and anovulation,
and increased adiposity and insulin
resistance – are similar to those ob-
served in women with polycystic
ovary syndrome, extrapolation of
findings from rodent models to hu-
man disease warrants substantial
caution. Circulating testosterone
levels in adult life did not differ be-
tween testosterone and placebo-in-
jected mice. Also the reproductive
developmental windows in rodents
and humans differ substantially.
However, these data are consistent
with the notion that even brief dura-
tions of exposures to environmental
endocrine disruptors with andro-
genic or antiandrogenic activity dur-
ing critical developmental windows
could potentially exert long term ef-
fects on reproductive and metabolic
function.

The testosterone-injected mice
had higher body weight and greater
lean body mass over the study pe-
riod. While sum of the major fat de-
pots and individual fat depots dis-

Figure 4. A, Adipose tissues weights of postnatal control and T-treated mice at 32–33 weeks
old. Data represent mean � S.E. (n � 9) (B) Expression of LPL and Resistin in early postnatal
testosterone-exposed (TE, n � 9) and control (CON, n � 9) female mice aged 32–33wk in
inguinal subcutaneous adipose tissue. C, Expression of LPL and Resistin in early postnatal
testosterone-exposed (TE, n � 9) and control (CON, n � 9) female mice aged 32–33wk in
parametrial adipose tissue. Values are relative expression (2(-��CT)), �CT values (CT of target
gene – CT of housekeeping gene) were used for unpaired t test. **,P � .01 vs. CON; *** P �
.001.
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played clear trend towards increased tissue weights, the
difference didn’t reach statistical significance. The stron-
gest trends toward higher adipose tissue weights were ob-
served in two intra-abdominal depots, mesenteric and the
perirenal (P � .1 Supplemental Table 3). Within the sam-
ple size (n � 9 per group), NT did not significantly affect
body fat distribution as calculated as the mass of each
depot as a percentage of the total dissected tissue (Sup-
plemental Table 3), nor the size or number of adipocytes
in the inguinal or parametrial depots (Supplemental Table
4). However, as strongest trends were in the mesenteric
depot, further studies should include this depot, the only
true visceral depot in the mouse. These observations sug-
gest that neonatal programming effect by testosterone
tend to increase overall adiposity, but selective effect to
increase the mass of specific depots is not evident. This is
similar to phenotypic changes observed in the ovariecto-
mized C57/BL6 mice (40), but contrasts with data in
women with high androgen levels in PCOS who are often
characterized by accumulation of visceral fat (41). Taken
together, our results highlight the need for better powered
studies to further dissect the depot-specific influence of
neonatal exposure to sex steroids.

Triglyceride accumulation within the adipose tissue oc-
curs primarily via LPL hydrolysis of lipoprotein triglyc-
eride (42). The TE mice exhibited higher mRNA levels of
LPL in inguinal subcutaneous fat depot, which would be
predicted to lead to an increase in adipocyte size as the
animals aged. Overall, LPL expression pattern in inguinal

subcutaneous fat in these mice are consistent with their
morphologic features as seen in a previous report (43).
Adipocyte-derived resistin is known to be strongly related
to insulin resistance (39). The TE mice showed increased
resistin expression in the inguinal subcutaneous adipose
tissue compared with CON (Figure 4C), consistent with
the observed insulin resistance. The mechanisms by which
neonatal androgen exposure leads to systemic insulin re-
sistance in adult mice need further investigation.

The BAT in TE mice exhibited higher mass with in-
creased white fat infiltration. The transcriptional analysis
of BAT-specific markers UCP-1, CIDEA and growth fac-
tor BMP-7 and other BAT differentiation-related genes is
also consistent with the phenotypic observation (Figure 5
C-D). We recognize that the steady state gene expression
profiles may be quite different than during the transient
exposure. However, even a slight shift in expression over
the cumulative lifespan can have significant effect on body
composition. Accordingly, expression data obtained at a
single time point may not necessarily reflect the dynamic
changes during an animal’s life or during different meta-
bolic states.

The imprinting effects of neonatal testosterone expo-
sure on mating and nonmating behaviors in rodents, song
birds, and in other animal models have been well charac-
terized, and generally felt to be due to the epigenetic effects
of testosterone. Further research is needed to determine
whether the reproductive and metabolic phenotype in
adult mice life after a transient testosterone exposure is

Figure 5. A, Interscapular brown adipose tissue (BAT) weights of control (CON) and T-treated (TE) mice at 32–33 weeks old. Data represent
mean � S.E. (n � 9). **,P � .01 vs. CON (unpaired t test). B, Hematoxylin-eosin (HE)-stained section of the interscapular BAT in CON and TE mice.
Magnification, X10, Scale bar, 200 �m. Figure 5. C, -(E) Brown adipose tissue-specific mRNA expression. C, Expression of UCP-1, CIDEA and BMP-
7 mRNA in early postnatal testosterone-exposed (TE, N � 9) and control (CON, n � 9) female mice aged 32–33wk were measured by quantitative
RT-PCR. D, Gene expression of BAT differentiation-related transcription factors. E, Gene expression of nuclear receptors. Values are relative
expression (2(-��CT)), �CT values (CT of target gene – CT of housekeeping gene) were used for unpaired t test. *,P � .05 vs. CON.
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due to epigenetic effects related to alterations in DNA
methylation, histone modifications, or microRNAs. It is
also not clear whether these reproductive and metabolic
effects are due to shared mechanistic pathways induced by
testosterone or to different pathways. We do not know
whether these are AR-mediated effects or whether these
effects require testosterone’s conversion to estradiol and
mediation of ER-mediated mechanisms, as has been re-
ported for some imprinting effects of testosterone on ro-
dent behaviors and on adult ovary (23, 44). The TE mice
did not reveal clear differences in the expression pattern of
AR, ER�, or ERbeta. While in this study we focused on the
transcriptional markers of signaling mechanisms associ-
ated with neonatal testosterone exposure, several chro-
matin modifying enzymes have been shown to interact
with and modulate action of AR and ER mediated path-
ways. It is likely that additional epigenetic pathways may
be involved in the regulation of the observed metabolic
and reproductive reprogramming.

In summary, we have shown that a single injection of
low, physiologically relevant dose of testosterone to neo-
natal female mice induces reproductive and metabolic al-
terations that are sustained throughout adult life. The

findings from this study provide further support for the
hypothesis that early postnatal period in mice may be a
critical developmental window of susceptibility to envi-
ronmental endocrine disruptors. Because the reprogram-
ming that occurs during early life may go unrecognized
until adulthood, but may contribute to metabolic and re-
productive alterations, further studies should establish the
mechanisms and transcriptional or epigenetic markers of
such preprogramming by androgens.
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