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Antenatal  betamethasone  is  used  for accelerating  fetal  lung  maturation  for  women  at risk  of  preterm
birth.  Altered  sperm  parameters  were  reported  in  adult  rats  after  intrauterine  exposure  to betametha-
sone.  In  this  study,  male  rat  offspring  were  assessed  for reproductive  development  after  dam  exposure  to
betamethasone  (0.1 mg/kg)  or vehicle  on Days  12, 13, 18  and  19  of  pregnancy.  The  treatment  resulted  in
reduction  in the  offspring  body  weight,  delay  in  preputial  separation,  decreased  seminal  vesicle  weight,
testosterone  levels  and  fertility,  and  increased  testicular  weight.  In  the  testis,  morphologically  abnormal
etamethasone
eproductive programming
exual development
estis
ertoli cell
ertility

seminiferous  tubules  were  observed,  characterized  by an  irregular  cell  distribution  with  Sertoli  cell  that
were displaced  towards  the  tubular  lumen.  These  cells  expressed  both  Connexin  43  (Cx43)  and  Prolif-
erative  Nuclear  Cell  Antigen  (PCNA).  In conclusion,  intrauterine  betamethasone  treatment  appears  to
promote  reproductive  programming  and  impairment  of  rat sexual  development  and  fertility  due  to, at
least in  part,  unusual  testicular  disorders.

© 2016 Elsevier  Inc.  All  rights  reserved.
. Introduction

Betamethasone is used for pregnant women at risk for preterm
irth, between 24 and 34 weeks of pregnancy [1–5]. In labora-
ory animals, studies have reported that this treatment may  cause
hanges in brain and neuroendocrine functions, suppression of
aternal and fetal adrenal function, as well as problems with male

ertility [6–12].
During the treatment period, betamethasone promotes changes

n intrauterine development that can impact fetal development
esulting in persistent effects on the phenotype of the offspring
13,14]. In addition, fetal programming is most likely to result in
ermanent structural and physiological alterations, including risk
f cardiovascular, metabolic and psychological diseases [4,13].
Glucocorticoid administration to adult animals can decrease
erum levels of testosterone [15,16]. This decrease in testosterone

∗ Corresponding author at: Laboratory of Biology and Toxicology of Reproduction
nd Development, Department of Morphology, Institute of Biosciences of Botucatu,
NESP—Univ Estadual Paulista, 18618-970, Botucatu, SP, Brazil.

E-mail address: cibelesantosborges@gmail.com (C.S. Borges).
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890-6238/© 2016 Elsevier Inc. All rights reserved.
appears to result from the inhibition of steroidogenic enzymes in
Leydig cells [15–17].

During the second phase of intrauterine development, specifi-
cally between days 11–13 and 18–19 of gestation, several changes
in the morphology of the testis occur, e.g. an increase in Ser-
toli cell and germ cell proliferation, as well as an increase in
testosterone levels [18–21]. Previous studies using this model
reported alteration in semen quality of males exposed in utero
to betamethasone [22]. The present study investigated the sex-
ual development and fertility of male rats whose mothers were
exposed to betamethasone during this period, with emphasis on
the testicular development.

2. Materials and methods

2.1. Animals and treatment

Male (90 days old/300–350 g) and female (90 days
old/225–230 g) Wistar rats were obtained from the Multidis-

ciplinary Center for Biological Investigation, State University of
Campinas and maintained under controlled conditions (25 ◦C,
30% air humidity, 12/12-h light/dark cycle) with food and water
available ad libitum. Two  nulliparous female rats were mated

dx.doi.org/10.1016/j.reprotox.2016.05.021
http://www.sciencedirect.com/science/journal/08906238
http://www.elsevier.com/locate/reprotox
http://crossmark.crossref.org/dialog/?doi=10.1016/j.reprotox.2016.05.021&domain=pdf
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ith one male, during the dark cycle of the photoperiod. The
etection of sperm in the vaginal smear of rats in estrus was
onsidered as gestational day 1 (GD1). Pregnant and lactating rats
ere maintained in individual cages. The experimental procedures
sed in this study were approved by the local Ethics Committee
or the Use of Experimental Animals of the University of São Paulo
tate (protocol number 451-CEEA) in accordance with the Guide
or the Care and Use of Laboratory Animals (National Institutes of
ealth). All surgical procedures were performed under ketamine-
ylazine anesthesia and euthanasia was performed by decapitation
ollowing CO2 asphyxiation.

.2. Experimental groups

Pregnant female rats were randomly allocated into two  experi-
ental groups: control group (n = 11; treated with saline (vehicle)

lone) and treated group (n = 13; 0.1 mg/kg; Betamethasone 21-
hosphate disodium diluted in vehicle; Sigma-Aldrich, St. Louis,
O). This dose was selected based on the dose used in clinic for
aternal treatment and modified to rodents [9,10]. Rats received

n intramuscular injection of vehicle or betamethasone on days
2 and 13 (period of germ cell and Sertoli cell proliferation), 18
nd 19 (peak testosterone levels) of pregnancy. The injection pro-
ocol was based on the maternal corticosteroid therapy adapted by
ouza et al. [11], which takes into account differences in the sexual
ifferentiation in male fetuses [9,10,23,24]. During the treatment,
he body weight and food consumption was monitored in pregnant
emales.

After birth, on post-natal day 1 (PND1), the number of pups per
itter was randomized and redistributed in order to have 8 pups
4 males and 4 females) per lactating female. Rats were weaned at
ND21 and housed in separate cages (n = 4 males per cage). Male
ats (n = 2–3) from each litter were used in order to prevent poten-
ial variation due to litter effects, as described below.

.3. External examination at puberty

Rats pups were weighed and anogenital distance measured at
ND1 in four male rats per litter (n = 11–13 per group). The onset of
uberty was determined by manual retraction of the prepuce [25].

.4. Organ weights

On PND 45 (n = 10/group) and PND110 (n = 5/group), rats were
eighed and euthanized. After euthanization, blood was  collected

9:00 and 11:30 AM)  and the right testis, epididymis, seminal vesi-
le (full and empty, without the coagulating gland), and ventral
rostate were dissected and weighed. The left testes were fixed for
istology and immunohistochemistry.

.5. Serum hormonal levels

Blood samples were allowed to coagulate and the serum
btained by centrifugation (2400 rpm) for 20 min  at 4 ◦C and stored
t −20 ◦C. Serum testosterone, FSH and LH levels were determined
y radioimmunoassay. Testosterone levels were measured using
he Coat-A-Count® assay (Diagnostics Products Corporation, Los
ngeles, USA) while LH and FSH were measured using specific kits

upplied by the National Institute of Arthritis, Diabetes and Kidney
iseases (NIADDK). All samples were measured within the same
ssay to avoid the inter-assay errors. Intra-assay variabilities were
.4% for LH, 2.8% for FSH, and 4% for testosterone.
xicology 63 (2016) 125–134

2.6. Histological analyses

Left testes were fixed by immersion in Bouin’s fixative, dehy-
drated, and embedded in Paraplast Plus® (P3683, Sigma-Aldrich).
Tissues were sectioned (5 �m),  mounted on a glass slide and
stained with hematoxylin and eosin (HE) to evaluate testicular
morphology. Sections destined for immunohistochemistry were
mounted on silanized glass slides and stored at room temperature.
Histopathology was  analyzed in a blind assay using a Zeiss micro-
scope (model Scope A1-Axio) mounted with a digital camera and
analysis software (ZeissAxio Vision, version 4.7.2).

Three non-serial testicular sections of 50 �m apart were taken
for each animal in order to evaluate 100 seminiferous tubules.
Seminiferous tubules were classified as being either normal or
abnormal. The interstitium and peritubular myoid cells were also
examined, as were the general morphology of the Leydig cells and
the appearance of blood vessels [26].

The diameter of the seminiferous tubules and thickness of ger-
minal epithelium was evaluated in 10 sections of seminiferous
tubules per animal (n = 5 per group) in tubules at stage IX of sper-
matogenesis. This was done using a Leica DMLB microscope with a
magnification of 200X and analyzed with the Leica Q-Win software
(version 3).

In order to evaluate the degree of maturation of the semi-
niferous epithelium, 100 cross-sections of seminiferous tubules
per animal (n = 5 per group) were randomly evaluated by assign-
ing values according to the abundance of mature germ cells
in the epithelium [27]. The following scale was used: degree
1 (I): young spermatids with rounded nucleus (stages 1–8 of
the cycle of the seminiferous epithelium); degree 2 (II): sper-
matids in maturation phase, with ovoid or elongated nucleus
(stages 9–14); degree 3 (III): spermatids in maturation phase,
with elongated nucleus (stages 15–18); degree 4 (IV): mature
spermatids (stage 19) in small numbers; degree 5 (V): mature
spermatids (stage 19) in average numbers; degree 6 (VI): mature
spermatids (stage 19) in high abundance. Each symbol means
the numbers of tubules in this degree. The “average degree” was
determined using the following mathematical formula: Average
degree = [(I × 1) + (II × 2) + (III × 3) + (IV × 4) + (V × 5) + (VI × 6)]/100.

In order to evaluate the dynamics of spermatogenesis, the rel-
ative frequency of stages was  estimated: I–VI (two generations
of spermatids), VII–VIII (mature spermatids), IX–XIII (only one
generation of spermatids), XIV (secondary spermatocyte) in 100
cross-sections of seminiferous tubules per animal. The relative fre-
quency of stages estimates the rate or duration of spermatogenic
process [28].

Furthermore, the number of Sertoli cell nuclei and the volume
of Leydig cells also determined. Sertoli cell nuclei were determined
in histological sections in 20 seminiferous tubules per rat testis in
stage VII of spermatogenesis. The nuclear volume of Leydig cells
was measured by randomly selecting 50 circular or elliptical cells,
their diameters (D) were measured and the volume was obtained
using the formula: V = [D × �}/6.

2.7. Immunohistochemistry for Cx43 and PCNA in the testis

Histological sections (n = 5 animals per group) were deparaf-
finized and hydrated in graded ethanol and washed in TBST
(Tris-Buffered Saline, 0.1% Tween-20). Sections were then sub-
jected to antigen retrieval in citrate buffer (0.01 M,  pH 6.0) and
heated in a microwave. Slides were washed in ddH2O, followed
by hydrogen peroxide (3%) for 15 min, tap water (5 min), and

then incubated in blocking solution (TBST, 5% BSA) for 1 h at
37 ◦C in a humidified chamber. Sections were then incubated with
primary antisera. Sections were incubated overnight with anti-
Cx43 (0.625 �g/ml, C-6219; Sigma-Aldrich); or with anti-PCNA
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4 �g/ml, SC-56/PC-10; Santa Cruz Biotechnology). Sections were
hen washed 3 times in TBST and incubated with the appropri-
te secondary antibody for 1 h at 37 ◦C (for Cx43: goat anti-rabbit
RP (1 �g/ml, C# 6721;Abcam); for PCNA: goat anti-mouse HRP

1.6 �g/ml SC—2005; Santa Cruz Biotechnology)). Sections were
ubsequently washed with TBST and incubated with diaminobenzi-
ine (0.5 mg/ml, Sigma-Aldrich) for 15 min, rinsed in tap water and
ounterstained with methylene blue for 5 min. Negative control
ections did not receive primary antibody.

.8. Fertility evaluation after natural mating

At PND90, one male rat per litter (n = 11–13/group) was  placed
n a cage alone for 5 min  prior to the introduction of a sexu-
lly receptive female (70 days old) and the paired animals were
ept together for 3 h after the first ejaculation. Females were
emoved and vaginal smears were collected to confirm whether
r not insemination occurred. Females naturally inseminated by
ats from the control and treated groups were euthanized 20 days
fter mating to assess male fertility. A median laparotomy was
one and the uterus and ovaries were collected. The numbers
f corpora lutea, implants, resorptions, as well as the number
f live and dead fetuses was determined. From these results the
ollowing parameters were calculated: Pregnancy rate or index:
number of females achieving a pregnancy/number of potentially
ertile females that were mated) × 100; fertility potential (effi-
iency of implantation): (implantation sites/corpora lutea) × 100;
ate of pre-implantation loss: [(number of corpora lutea − number
f implantations)/number of corpora lutea] × 100; and rate of post-
mplantation loss: [(number of implantations − number of live
etuses)/number of implantations] × 100.

.9. Statistical analysis

Data are presented as mean ± standard error of mean (SEM)
r median and interquartile range. A Student T-test was  used for
omparison of parametric variables. Non-parametric data were
ompared using a Mann-Whitney test. Differences were consid-
red significant when p ≤ 0.05. Statistical analyses were performed
sing the GraphPad InStat software (version 5).

. Results

Prenatal betamethasone treatment resulted in a significant
eduction in food intake (Fig. 1A) and weight gain of the dams
Fig. 1B) as well as in the weight of the male offspring at PND

 (Fig. 1C). However, the relative anogenital distance was similar
etween control and betamethasone-treated group (2.23 ± 0.04 for
ontrol vs 2.30 ± 0.02 for betamethasone group). After weaning, the
ifferences in body weight between groups did not persist (data not
hown).

Preputial separation, which is the first sign of puberty, was
elayed in the betamethasone offspring (Fig. 1D). These animals
ad lower levels of serum testosterone levels at PND45. However, at
ND110 there were no differences in testosterone levels. Interest-
ngly, there was a significant increase in LH levels which extended
nto adulthood (Fig. 2).

Testicular weights were significantly higher in the betametha-
one group at both PND45 and 110. Furthermore, ventral prostate
eights were also significantly higher, but only at PND110. In con-

rast, seminal vesicle weights were significantly lower at PND45,

hen testosterone levels were lower, but not at PND110 (Table 1).

The degree of maturation of the seminiferous epithelium at
ND 45 was significantly different between the treated and con-
rol group, thus, the betamethasone group showed a delay in the
icology 63 (2016) 125–134 127

maturation of the germ cells (Table 2). In the same way, the sper-
matogenesis showed a significant decrease in the percentage of
seminiferous tubules in VII–VIII stages (Table 2).

Morphometric analysis of testis indicated a decrease in the
diameter of the seminiferous tubules in both ages (Table 2).
Even though the height of epithelium was  smaller in the treated
group, this effect was not statistically significant (PND45, p = 0.06;
PND110, p = 0.17). The number of the Sertoli cell nuclei in stage
VII of spermatogenesis and the volume of Leydig cells were similar
between the groups (Table 2).

Testicular histopathology indicated that approximately 20% of
tubules from betamethasone-treated rats showed abnormalities at
both ages (Table 2). Of those, 6% of tubules in PND45 and 14% in
PND110 displayed Sertoli cell nuclei migration towards the lumen
of the tubule, while this abnormality was  noted in two tubules of a
single control rat in PND110 (Fig. 3). It is important to note that in
these seminiferous tubules, spermatogenesis is active and there are
no apoptotic cells observed (Fig. 3D and H). The mis-localized germ
and Sertoli cell nuclei seem to maintain the same organization as
the normal tubule, and the cellular organization of Sertoli and germ
cells appears to be maintained in the displaced, or invaginated,
Sertoli cells.

In the seminiferous tubules of control animals, Sertoli cells were
identified at the basal region of the seminiferous tubule, and the
blood-testis barrier appeared morphologically intact. Cx43 was
localized to the base of the tubules between adjacent Sertoli cell
nuclei in the area of the blood-testis barrier. In the betametha-
sone group, Cx43 immunostaining was  less intense; however, in
the tubules in which Sertoli cell nuclei migration was altered,
Cx43 immunostaining remained localized between displaced Ser-
toli cells (Fig. 4). In the seminiferous tubules from control rats, PCNA
was localized to nuclei of spermatogonia located near the base of
the seminiferous tubule. Likewise, PCNA remained localized to the
nuclei of spermatogonia in betamethasone-treated rats in which
Sertoli cells and spermatogonia had migrated towards the lumen
of the tubule (Fig. 5). This indicated that not only were the Ser-
toli cells mis-localized, but that the germ cells remained associated
with the displaced Sertoli cells.

There was a significant reduction in the fertility potential, as
well as an increase in pre-implantation loss (Table 3). Interest-
ingly, body weights of fetuses from treated males were significantly
lower as compared to control animals, suggesting a potential trans-
generational effect (Table 3).

4. Discussion

At the end of pregnancy, an increase in plasma cortisol levels
is essential for the final development and differentiation of fetal
organs, especially the lungs [29]. These final stages of maturation
can be induced with the use of synthetic glucocorticoids, as in
the case of preterm delivery, thereby reducing neonatal mortality
[30]. Betamethasone, a potent synthetic glucocorticoid, is generally
the drug of choice for this antenatal therapy [4]. However, animal
studies have shown that fetal exposure to synthetic glucocorti-
coids promotes an increased incidence of behavioral, metabolic and
endocrine issues in the long-term [8,12,29]. Previous studies in rats
have shown that betamethasone treatment can result in decreased
testosterone levels and altered sperm parameters of male offspring
[9,10]. Our results demonstrated that betamethasone treatment
during the sensitive window of development caused a delay in
the onset of puberty in male rat offspring, possibly resulting from

testicular alterations, which persisted into adulthood and which
negatively impacted male fertility.

Preputial separation was  delayed in rats exposed to betametha-
sone, suggesting a delay in the onset of puberty [31]. In these
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Fig. 1. Pregnant weight evolution and Preputial separation. (A) Food intake of females during the treatment with betamethasone or vehicle. (B) Changes in body weight of
pregnant females in the betamethasone treated group and control group. (C) Body weight of the control and betamethasone-treated group on PND 01. (D) Complete preputial
separation day of control and betamethasone treated group litters. Values are expressed as mean ± SEM. * p < 0.05 (Student t-test, A and C). Values are expressed as median
and  interquartile ranges (first and third) * p < 0.05 (Mann-Whitney test, B).
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ig. 2. Hormonal levels. Hormonal levels in the male offspring of treated and cont
Student’s t-test).
nimals, a delay in the maturation degree of germ cells in PND45
nd a significant decrease in serum testosterone levels were also
bserved. Glucocorticoid exposure during intrauterine develop-
ent at gestational days 12–19 interferes directly with circulating
up in (A) PND45 and (B) PND110. Values are expressed as mean ± SEM. * p < 0.05
testosterone levels and this change may  extend throughout devel-
opment [9,10,15–18]. Thus, our present data confirm the impact of
betamethasone on testosterone levels until puberty and its impact
on spermatogenesis. However, testosterone levels in the treated
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Table  1
Reproductive parameters.

Parameters Experimental groups

PND45 PND110

Control (n = 10) Betamethasone (n = 10) Control (n = 05) Betamethasone (n = 05)

Final body (g) 224.30 ± 2.76 225.20 ± 3.33 450.20 ± 11.37 432.30 ± 14.15
Testis  (g) 1.13 ± 0.023 1.19 ± 0.017* 1.75 ± 0.05 1.87 ± 0.01*

Epididymis (mg) 120.70 ± 3.36 130.70 ± 5.69 539.10 ± 22.79 564.60 ± 14.06
Ventral  prostate (mg) 89.02 ± 3.90 97.36 ± 6.07 359.20 ± 15.00 426.30 ± 12.13**

Seminal vesicle (mg) 83.36 ± 4.048 69.78 ± 3.93* 1289.00 ± 48.52 1117.00 ± 102.70
Testis  (g/100 g) 0.51 ± 0.01 0.53 ± 0.02* 0.39 ± 0.01 0.43 ± 0.01*

Epididymis (mg/100 g) 54.11 ± 1.58 57.94 ± 2.13 120.10 ± 6.17 131.30 ± 5.84
Ventral  prostate (mg/100 g) 40.03 ± 2.09 43.30 ± 2.76 79.85 ± 3.29 99.15 ± 4.96**

Seminal vesicle (mg/100 g) 37.48 ± 2.06 31.24 ± 1.69* 287.30 ± 13.68 260.40 ± 27.09

Values expressed as mean ± SEM. T-Student test.
* p ≤ 0.05.

** p ≤ 0.01.

Table 2
Histology and morphometric assay (n = 05/group).

Parameters Control Betamethasone

aNormal tubules PND45 (%) 95.00 (90.00–96.00) 83.00 (81.50–88.00)*

bClosed tubules PND45 (%) 0.0 6.0***

aNormal tubules PND110 (%) 95.00 (94.50–98.50) 80.00 (77.50–91.00)**

bClosed tubules PND110 (%) 0.8 14.0***

cDegree of maturation cells (1–5) 3.16 (2.95–3.23) 2.70 (2.64–2.86)**

cDynamics of spermatogenesis
I–VI (%) 32.00 (28.00–36.00) 37.00 (35.00–39.00)
VII–VIII (%) 29.00 (27.00–32.50) 19.00 (12.00–22.50)**

IX–XIII (%) 33.00 (29.50–35.50) 36.00 (34.00–41.00)
XIV  (%) 6.00 (4.50–8.00) 8.00 (7.00–10.00)

cTubular diameter PND45 (�m) 265.10 ± 8.34 241.10 ± 5.72*

cEpithelium high PND45 (�m) 80.93 ± 2.56 75.10 ± 1.11
cTubular diameter PND110 (�m) 279.40 ± 12.18 253.70 ± 3.54*

cEpithelium high DP110 (�m) 90.12 ± 5.76 83.41 ± 1.14
aSertoli cell nuclei number PND110 (n) 16.46 ± 0.84 16.82 ± 1.41
aLeydig cells volume PND110 (�m3) 122.20 ± 16.40 98.91 ± 6.92

a Values expressed as median and interquartile intervals (Mann-Whitney test).
b Values are expressed as a percentage (Chi-Square test).
c Values expressed as mean ± SEM (T-Student test).
* p ≤ 0.05.

** p ≤ 0.01.
*** p ≤ 0.001.

Table 3
Fertility after natural mating.

Parameters Control (n = 11) Betamethasone (n = 11)

Pregnancy rate (%) 90.90 76.92
aFertility potential (%) 92.58 (85.00–100.00) 78.57 (72.50–81.53)*

aPre- implantation loss (%) 0.00 (7.42–15.00) 21.43 (8.17–27.50)*

aPost- implantation loss (%) 8.33 (7.69–17.50) 8.39 (0.00–11.36)
bBody weight of dams (g) 336.90 ± 8.55 338.00 ± 10.78
bUterus weight with fetuses (g) 52.72 ± 3.85 48.05 ± 2.38
bCorpora lutea number 12.70 ± 0.72 14.80 ± 1.03
bImplantation number 11.60 ± 0.82 11.50 ± 0.43
bResorption number 1.20 ± 0.25 1.00 ± 0.30
bFetus weight (g) 3.12 ± 0.08 2.62 ± 0.19*

bPlacental weight (g) 0.50 ± 0.02 0.47 ± 0.01

r
a
a
i
a
i
r

a Values expressed as median and interquartile intervals (Mann-Whitney test).
b Values expressed as mean ± SEM. (Student’s t-test).
* p< 0.05.

ats recovered to control levels by adulthood. These results par-
llel Leydig cell volumes, which are similar to controls at this
ge. In contrast, Piffer et al. [9] reported that testosterone levels
n betamethasone-treated rats were significantly lower through

dulthood. The reason for these differences is unknown, but the
ncrease in LH levels in the present data may  have promoted a
ecovery in testosterone levels.
The significant reduction in litter weights observed in the
betamethasone group may  have contributed to the delayed onset
of puberty, since lower birth weight, one of the first signs of altered
fetal programming [32], also observed after betamethasone treat-

ment, is correlated to the initiation of puberty [9,10,33]. However,
anogenital distance, often used as an indicator of feminization [34],
was not significantly different between control and treated rats.
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Fig. 3. Testis histology at PND45 and PND110. Histological aspect of the testis from animals on PDN45 (n = 5/group) and PDN110 (n = 5/group): (a, c) control group from
P  and 
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ND45, (b, d) betamethasone group from PND45, (e, g) control group from PND110
issue.  Observe the presence of 19 stage spermatids (arrow) and spermatocytes and 

a,  b) 200× and (c, d,g,h) 400×.

In addition to the decreased offspring weight, there was also
 decrease in the body weight of mothers during betamethasone-
reatment. This reduction appears to be, at least in part, associated
ith decreased food intake. Franko et al. [35] and Woods [36]

bserved similar results in rats treated with glucocorticoids. The
eminal vesicles and ventral prostate are androgen-dependent
rgans, and their weight generally reflect changes in bioavail-
ble androgens [24,37–39]. While the weights of seminal vesicles
ppear to be correlated with circulating levels of androgens,
etamethasone appears to exert a specific effect on the ventral
rostate that is independent of circulating androgen levels. This

s reflected by the significantly higher ventral prostate weight
bserved in treated adults when androgen levels are similar to
hose in control rats. While androgens regulate prostate weights,
oxicants such as tributyltin have been reported to alter prostate
eights independent of circulating androgens [40]. Indeed, Zhao

t al. [41] demonstrated androgen-independent growth of prostate

ells mediated by glucocorticoids. Thus, our data would suggest
hat in utero betamethasone can exert an effect on the develop-

ent of the prostate resulting in increased ventral prostate weight
(f, h) betamethasone group from PND110. GC: germ cells; L: lumen; In: interstitial
atogonial cells in the middle of the tubule (asterisk) Final magnification: (e, f) 100×

in adults. Additional studies will be necessary to understand the
mechanisms responsible for this.

Betamethasone-treatment also resulted in an increase in testis
weight at both PND45 and 110. Testicular histology in the
betamethasone group showed a different pattern of Sertoli and
germ cell distribution. Our data indicate that 14% of the semi-
niferous tubules displayed disrupted germ cell organization and
distribution with abnormal migration of Sertoli and germ cells
toward the lumen of the seminiferous tubule in adult animals as
well as in 6% of the tubules of pubertal animals. Sasso-Cerri and
Cerri [42] reported that the antihistamine cimetidine, which exerts
anti-androgenic effects, altered the organization of seminiferous
tubules, and it is possible to observe the Sertoli cell nuclei and germ
cells localizing toward the lumen of the tubule. In the present study,
a similar pattern was observed in which betamethasone resulted
in mis-localized Sertoli cells.

In order to determine whether or not the Sertoli cells that appear

to migrate towards the lumen of the seminiferous tubules main-
tained their interaction with adjacent cells, immunolocalization of
the gap junction protein Cx43 was  performed. Cx43 has been shown
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Fig. 4. Immunostaining for Cx43 in testis at PND45 and PND110. Immunostaining for Cx43 in testis from animals on PND45 and PND110: (a, c) control group from PND45,
(e)  control group from PND110, (b, d) betamethasone group from PND45 and (f, g, h) betamethasone group from PND110. GC: germ cells; L: lumen; In: interstitial tissue.
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uclei  and marginal germ cells was faint or absent (b). Final magnification: (a, b, e, 

o be expressed between adjacent Sertoli cell nuclei in the testis and
s necessary for Sertoli cell nuclei and germ cell migration during
evelopment and spermatogenesis in the adult [43–47]. Cx43 has
lso been implicated in the organization of the blood-testis barrier
nd intercellular communication between Sertoli cell nuclei and
etween Sertoli and germ cells [44,45,48]. In the present study,
x43 immunostaining appeared to be less intense in betametha-
one group. Alterations in the expression of Cx43 in the testis
ave been shown to result in alteration in spermatogenesis and

ncreased germ cell apoptosis [47,49]. In tubules in which the Ser-
oli cell nuclei appear to show invagination towards the lumen,
here is less intense Cx43 staining, and this appeared to remain
ocalized to gap junctions between adjacent Sertoli cell nuclei.
hese results would suggest that, at least in part, the treatment
ith betamethasone impacts normal expression of Cx43, which
ay  lead to problems in spermatogenesis.

PCNA immunolocalization was done to determine the prolif-

rative capacity of the cells [50,51]. In the testis, the staining
as primarily associated with spermatogonia with no detectable

mmunostaining in spermatids [52]. PCNA-positive spermatogo-
ar disruption (b, d, g, h) atypical Cx43 staining was observed around the germ cells
e margin of the tubules. In addition, the normal Cx43 staining between Sertoli cell
0× and (c, d, h) 640×.

nia were distributed around the tubules in both controls and
betamethasone-treated animals. PCNA immunostaining was  also
observed in cells present at the base of the displaced Sertoli cell
nuclei, suggesting that these remained associated with Sertoli cell
nuclei. This would support the notion that the Sertoli cells main-
tained many of their normal function, including the interaction
with developing germ cells, despite the loss of interaction with the
basement membrane. However, in these tubules, the spermatoge-
nesis seems to be compromised, since there is no lumen in these
seminiferous tubules.

Morphometric analysis of testes revealed that the tubular diam-
eters of the seminiferous tubules at both ages were significantly
reduced in the betamethasone-group. Tubular diameter is a sen-
sitive indicator of spermatogenic capacity of several species of
animals [53,54]. It is possible that the betamethasone treatment
reduced sperm production. Piffer et al. [9] demonstrated a similar

reduction in tubule diameter in rats treated with betametha-
sone. Furthermore, the reduction in the frequency of stage VII–VIII
tubules at PND110, may  be correlated to the diameter of the
tubules, since these are in the final stages of the spermatogene-
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Fig. 5. Immunostaining for PCNA in testis at PND45 and PND110. Immunostaining for PCNA in testis from animals on PND45 (n = 5/group) and PND110 (n = 5/group): (a,
b ne gr
l d in tu
g × and
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h
b
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p
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)  control group from PND45, (e, f) control group from PND110, (c, d) betamethaso
umen; In: interstitial tissue. Observe typical immunostaining in normal tubules an
erm  cells in the displaced layer of cells (arrow). Final magnification: (a, c, e, g) 160

is [54]. Thus, the histological alterations observed appears to be
romoted by a restriction in the size of the tubule which forces the

nvagination of the cells, as there appears to be no changes in the
umber of Sertoli cells in stage VII of spermatogenesis.

In order to determine whether or not the changes observed in
his study altered fertility of the male rats, animals were mated.
ur results indicated that the fertility potential of betamethasone-

reated rats was significantly reduced and that this could result
rom fewer sperm being ejaculated or from a reduction in sperm
uality, as previously observed by Borges et al. [22]. Piffer
t al., [9] also reported that betamethasone-treatment resulted in
ncreased post-implantation loss. These observations indicate that
etamethasone-induced alterations in the testis alter sperm pro-
uction and quality, leading to decreased fertility and decreased
roduction of viable offspring. Considering that rodents have a
igher fertility potential than humans [55], our results suggest that
etamethasone may  have a greater impact on human reproduction.
In conclusion, the administration of betamethasone during a
ritical period of pregnancy in rats promotes reproductive re-
rogramming, leading to impairment of sexual development and
ertility due to, at least in part, an unusual testicular disorder. These
oup from PND45 and (g, h) betamethasone group from PND110. GC: germ cells; L:
bules with a peculiar disruption (c, d, g, h) atypical PCNA staining was observed in

 (b, d, f, h) 640×.

results raise concern for children exposed to betamethasone ante-
natally.
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