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a  b  s  t  r  a  c  t

Prenatal  betamethasone  (BM)  exposure  in  rats  negatively  impacts  sperm  quality  and  male  fertility.  Stud-
ies  have  shown  that  BM can cause  multi-generational  effects  on  the  pituitary-adrenal-axis  of rats.  The
objective  of  this  study  was  to assess  the  reproductive  development  and  fertility  of  male  rats  (F2)  whose
fathers  (F1)  were  exposed  to BM (0.1  mg/kg)  on  gestational  days  12, 13, 18 and  19.  In F2  rats,  there  was
a  significant  reduction  in body  weights  of the BM-treated  group  at PND  1  as  well  as  delayed  onset  of
eywords:
etamethasone intergenerational effects
uberty onset
perm quality
ertility
eminal vesicle contractility

puberty,  and  decreases  in  FSH  levels,  Leydig  cell volume,  sperm  number  and  motility,  seminal  vesicle
contractility  and  ejaculated  volume.  Furthermore,  increased  serum  LH  levels,  sperm  DNA  damage  and
abnormal  morphology  were  observed,  resulting  in  reduced  fertility.  In  conclusion,  prenatal  BM-treatment
leads  to  intergenerational  long-term  reproductive  impairment  in  male  rats,  raising  concern  regarding  the
widespread  use  of BM in  preterm  births.

© 2017  Elsevier  Inc.  All  rights  reserved.
. Introduction

Increased levels of glucocorticoids are necessary in the later
tages of pregnancy to promote the maturation of several organs,
ncluding the lungs [1]. For pregnant women at risk of preterm
irth, prenatal synthetic glucocorticoids, especially betamethasone
BM), is administered to decrease the incidence of neonatal mor-
ality due to respiratory distress syndrome [2,3].

Thus, glucocorticoids play an important role in promoting fetal
ung maturation and reducing neonatal death, and because of this,
ave a fundamental role in determining fetal programming [4,5].
nimal studies have demonstrated that fetal exposure to elevated
oses of synthetic glucocorticoids at the end of the gestational
eriod results in behavioral, endocrine, and metabolic abnormali-

ies [6].

Our laboratory has previously demonstrated that, in utero, BM-
reatment during two critical periods of development (days 12 and

∗ Corresponding author.
E-mail address: cibelesantosborges@gmail.com (C.d.S. Borges).

ttp://dx.doi.org/10.1016/j.reprotox.2017.04.012
890-6238/© 2017 Elsevier Inc. All rights reserved.
13, corresponding to the period of germ cell migration and prolif-
eration, and days 18 and 19, when testosterone levels increase)
resulted in several important alterations to male sexual devel-
opment, sperm quality and fertility. Furthermore, the treatment
altered the normal pattern of Sertoli and germ cell organization
in the testis of the rat, suggesting that reproductive programming
may  be dramatically altered by BM-treatment [7–10].

In the past several years, studies have attempted to demonstrate
the influence of intra-uterine treatment of glucocorticoids using
a multi-generational approach [5,6]. Drake et al. [11,12] observed
changes in body weights, as well as in the expression of growth
factors and hepatic proteins of rat fetuses exposed to dexametha-
sone during intrauterine development in both the first and second
generation. Furthermore, prenatal exposure to BM resulted in
trans-generational changes to the hypothalamic-pituitary-adrenal
axis, resulting in altered ACTH (adrenocorticotropic hormone)
secretion and changes in both glucocorticoid and mineralocorticoid

receptors in the adrenal gland [13]. Thus, knowing the effects on the
male reproductive tract in first generation [7,8], the present study
investigated the possible inter-generational reproductive impact
of BM on sperm quality and fertility of second generation males

dx.doi.org/10.1016/j.reprotox.2017.04.012
http://www.sciencedirect.com/science/journal/08906238
http://www.elsevier.com/locate/reprotox
http://crossmark.crossref.org/dialog/?doi=10.1016/j.reprotox.2017.04.012&domain=pdf
mailto:cibelesantosborges@gmail.com
dx.doi.org/10.1016/j.reprotox.2017.04.012
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hose fathers were exposed at critical stages of in utero sexual
ifferentiation.

. Materials and methods

.1. Animals

Male (90 days old/300–350 g) and female (90 days
ld/225–230 g) Wistar rats were obtained from the Multidis-
iplinary Center for Biological Investigation, State University of
ampinas, and maintained under controlled conditions (25 ◦C,
0% air humidity, 12/12-h light/dark cycle) with food and water
vailable ad libitum.

The experimental procedures used in this study were approved
y the local Ethics Committee for the Use of Experimental Animals
nder protocol number 451-CEEA in accordance with the Guide
or the Care and Use of Laboratory Animals (National Institutes of
ealth).

.2. Experimental design

One nulliparous female rat was mated with a male during the
ark cycle of the photoperiod (Fig. 1). The detection of sperm in
he vaginal smear of the female rat in estrus was  considered as
estational day (GD) 1. Pregnant and lactating rats were maintained
n individual cages.

Pregnant female rats were randomly allocated into two
xperimental groups: control (saline vehicle, n = 11) and BM-
reated (0.1 mg/kg; Betamethasone 21-phosphate disodium;
igma-Aldrich, St Louis, MO,  diluted in vehicle, n = 13). Rats received
n intramuscular injection of vehicle (0.1 ml/kg) or BM on days
2, 13, 18 and 19 of pregnancy. Days 12 and 13 correspond to the
eriod of germ cell migration and proliferation while days 18 and 19
re when gestational testosterone levels increase. After birth, sev-
ral analyses were performed on pups, as described previously by
orges et al. [7,8]. One male per litter was kept until post-natal day
PND) 90 (n = 11/group), and was mated with a non-treated female
o generate the second generation. The detection of sperm in vagi-
al smears was considered as GD 1. Dam gestation body weight
nd body weight gain were monitored. After birth, on PND 1, the
umber of pups per litter (F2) and sex ratio was  calculated and, the
ups were randomly selected in order to have 8 pups (4 male and 4
emale littermates) per lactating female in order to maintain a sim-
lar pattern of food distribution between pups. Rats were weaned
t PND 21 and housed in separate cages (n = 4 males per cage).

.3. Study 1: initial development and sperm quality
.3.1. Anogenital distance and external examination at puberty
Rat pups (F2) were weighed and the anogenital distance was

easured at PND 1 in four male rats per litter (n = 11 per group).

Fig. 1. Experimental design of animals whose fathers were exposed to
xicology 71 (2017) 108–117 109

The onset of puberty was determined by manual retraction of the
prepuce in the same pups (four males/litter) [14].

2.3.2. Organ weights
One male rat per litter on PND 45 (n = 10/group) and PND 110

(n = 10/group) were weighed and euthanized. Blood was then col-
lected (9:00 and 11:30 AM)  and the right testis, seminal vesicle (full
and empty, without the coagulating gland), and ventral prostate
were dissected and weighed. The left testes were fixed for his-
tology and immunohistochemistry. For animals at PND 110, the
parenchyma of right testis was obtained by cutting out the albug-
inea and removing the testicular fluid by centrifugation (3000 rpm)
for 30 min at 4 ◦C and frozen at −20 ◦C for determining sperm
counts. The right cauda epididymidis was used for sperm collection
for intrauterine artificial insemination and sperm quality parame-
ters. The remaining tissue was  frozen and used for measuring sperm
counts, as was  the caput/corpus epididymidis.

2.3.3. Serum hormonal levels
Blood samples from animals described above, on PND 45 and

110 (n = 10/group) were allowed to coagulate and the serum
obtained by centrifugation (2400 rpm) for 20 min  at 4 ◦C. Serum
samples were subsequently stored at −20 ◦C. Serum testosterone,
FSH and LH levels were determined by radioimmunoassay. Testos-
terone levels (serum and intratesticular) were measured using the
Coat-A-Count

®
assay (Diagnostics Products Corporation, Los Ange-

les, USA), while LH and FSH levels were measured using specific
kits supplied by the National Institute of Arthritis, Diabetes and
Kidney Diseases (NIADDK). Intra-assay variabilities were 3.4% for
LH, 2.8% for FSH, and 4% for testosterone. Using the hormone values,
Leydig cell function was  determined by measuring intratesticular
testosterone levels (ITT)/LH levels (IT ratio) as described previously
[15].

2.3.4. Fertility assessment by in utero artificial insemination
Rats (F2) euthanized on PND 110 (n = 10/group) were used

for fertility assessment using in utero artificial insemination as
described by Borges et al. [8]. Briefly, females in proestrus were
paired with sexually experienced vasectomized males for 1 h.
Receptive females were selected for the insemination procedure.
Sperm were released from the right proximal epididymal cauda and
a volume containing 5 × 106 sperm was  injected into each uterine
horn. One female was  inseminated per male.

Twenty days later, the females were euthanized to evaluate
fertility. After collection of the uterus and ovaries, the number
of corpora lutea, implanted fetuses, and reabsorption sites were
recorded.
2.3.5. Sperm motility
Sperm motility was  evaluated in the same sperm sample used

for artificial insemination [7]. An aliquot of 10 �l of sperm sus-
pension was  immediately transferred to a Makler chamber and

 vehicle (controls) or BM during the intrauterine development.
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aintained at 34 ◦C. Using a phase-contrast microscope (400×
agnification), 100 sperm were counted and classified as Type

 (mobile with progressive movement), Type B (mobile without
rogressive movement), and Type C (immobile).

.3.6. Sperm morphology
An aliquot of 100 �l of the sperm suspension from the arti-

cial insemination was added to 900 �l of formol saline (810 �l
aline + 90 �l formol). To analyze sperm morphology, smears were
repared on histological slides that were left to dry for 90 min  and
00 spermatozoa per animal were analyzed under a phase-contrast
icroscope (400× magnification). Morphological abnormalities
ere classified into two general categories: head morphology

without characteristic curvature, pin or isolated head) and tail
orphology (broken or rolled into a spiral) [16]. Sperm were also

lassified as to the presence or absence of the cytoplasmic droplet.

.3.7. Sperm counts and sperm transit time
Homogenization-resistant testicular spermatids (stage 19 of

permiogenesis) were counted as described previously [8]. Briefly,
estes (n = 10/group) were decapsulated, weighed, and homoge-
ized in 5 ml  of NaCl 0.9% containing Triton X 100 0.5%, followed
y sonication for 1 min. After a 10-fold dilution, one sample was
ransferred to Neubauer chambers (4 fields per animal), and mature
permatids were counted. To calculate the daily sperm production
DSP), the number of spermatids at stage 19 was divided by 6.1,
hich is the number of days of the seminiferous cycle during which

hese spermatids are present in the seminiferous epithelium [17].
he relative DSP was also obtained by dividing the daily sperm pro-
uction by testis weight. The caput/corpus and cauda epididymidis
ere cut into small fragments with scissors and homogenized.

perm were counted as described for the testis. The sperm reservoir
n the cauda region of the epididymis was calculated by combining
he number of cells in the sperm suspension and the sperm count
n the homogenized tissue [7]. The sperm transit time through the
pididymis was determined by dividing the number of sperm in
ach region of the epididymis by the DSP [17].

.3.8. Sperm DNA fragmentation (comet assay)
Five F2 rats per experimental group (one per litter) were eutha-

ized at PND 120. Sperm DNA fragmentation was evaluated by the
omet assay as previously described [18] with the following mod-
fications: frozen sperm samples from right cauda epididymides

ere thawed and diluted in low melting point agarose (0.5% at
7 ◦C; LGC Laboratories, Sao Paulo, Brazil), at a concentration of
06 cells/mL. An aliquot (75 �l) of the solution was placed on
re-coated slides with 1% normal melting point agarose (LGC Labo-
atories, Middlesex, UK). The slide was first immersed in lysis buffer
100 mM Na2-EDTA, 10 mM TrisHCl, 2,5 M NaCl, pH 11.0) contain-
ng 40 mM DTT and 2% Triton X-100 for 1 h at 4 ◦C and subsequently
n lysis buffer containing proteinase K (0.1 mg/ml), for 2.5 h at 37 ◦C.
he DNA was fractionated by alkaline electrophoresis (300 mM
aOH, 1 mM  Na2 EDTA, pH 13.0) at 3 V/cm and 270 mAmps  for 45
ins. Finally, the slides were washing with water, fixed in abso-

ute ethanol, air dried and stored in the dark until analysis. For
icroscopy, the slides were stained with SYBR

®
Gold (1:10,000;

nvitrogen, Waltham, MA)  and analyzed using the Comet Assay
V software (Comet Assay IV, Perceptive Instruments, Wiltshire,
K). DNA damage was measured by analyzing the tail intensity

% of migrated DNA). A total of 50 cells were analyzed per slide (2
lides/animal).
.3.9. Histological analyses
Left testes were fixed by immersion in Bouin’s fixative, dehy-

rated, and embedded in Paraplast Plus
®

(P3683, Sigma-Aldrich).
issues (n = 5/group) were sectioned (5 �m),  mounted on glass
xicology 71 (2017) 108–117

slides and stained with hematoxylin and eosin (HE) to evaluate
testicular morphology. Sections destined for immunohistochem-
istry were mounted on silanized glass slides and stored at room
temperature. Histopathology was  analyzed in a blind assay using
a Zeiss microscope (A1-Axio model) mounted with a digital cam-
era and analysis software (ZeissAxio Vision, version 4.7.2). The
histological analyses were performed as described previously [7].
Briefly, three non-serial testicular sections were taken for each
animal in order to evaluate 100 seminiferous tubules. The intersti-
tium, peritubular myoid cells and Leydig cells were also examined
[19].

The diameter of the seminiferous tubules (stage IX of sper-
matogenesis) and thickness of germinal epithelium were evaluated
in 10 sections of seminiferous tubules per animal. In order to
evaluate the degree of maturation of the seminiferous epithe-
lium, 100 cross-sections of seminiferous tubules per animal
were randomly evaluated by assigning values according to the
abundance of mature germ cells in the epithelium [20]. The fol-
lowing scale was used: category 1 (I): young spermatids with
rounded nucleus (stages 1–8 of the cycle of the seminiferous
epithelium); category 2 (II): spermatids in maturation phase,
with ovoid or elongated nucleus (stages 9–14); category 3 (III):
spermatids in maturation phase, with elongated nucleus (stages
15–18); category 4 (IV): mature spermatids (stage 19) in small
numbers; category 5 (V): mature spermatids (stage 19) in aver-
age numbers; category 6 (VI): mature spermatids (stage 19) in
high abundance. Each symbol represents the number of tubules
in the particular category. The “average category” was deter-
mined using the following mathematical formula: Average cate-
gory = [(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 [21].

Furthermore, the number of Sertoli cell nuclei and the volume
of Leydig cells were also determined. Sertoli cell nuclei were deter-
mined in histological sections from 20 seminiferous tubules per rat
testis at 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 obtained
using the formula: V = [D x �}/6 [22].

2.3.10. Immunohistochemistry for cx43 and PCNA in the testis
Histological sections were deparaffinized and hydrated in

graded ethanol and washed in TBST (Tris-Buffered Saline, 0.1%
Tween-20). Sections were then subjected to antigen retrieval in
citrate buffer (0.01 M,  pH 6.0) and heated in a microwave at 70%
power for 10 min. 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 overnight
with primary antisera as follows: anti-Cx43 (0.625 �g/ml, C-6219;
Sigma-Aldrich); or anti-PCNA (4 �g/ml, SC-56/PC-10; Santa Cruz
Biotechnology). Sections were then washed 3 times in TBST and
incubated with the appropriate secondary antibody for 1hr at
37 ◦C (for Cx43: 1 �g/ml goat anti-rabbit HRP, Abcam; for PCNA:
1.6 �g/ml goat anti-mouse HRP; Santa Cruz Biotechnology). Sec-
tions were subsequently washed with TBST and incubated with

diaminobenzidine (DAB) (0.5 mg/ml, Sigma-Aldrich) for 15 min,
rinsed in tap water and counterstained with methylene blue for
5 min. Negative control sections did not receive primary anti-
body.
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.4. Study 2: sexual behavior and natural mating

.4.1. Evaluation of male sexual behavior
At PND 90, one F2 male per litter (n = 11/group) was  placed

n a cage alone for 5 min  prior to the introduction of a sexually
eceptive female (in estrous phase determined by previous vaginal
mears). Two observers watched the paired animals and manu-
lly registered the sexual behavior using a digital timer during
he dark cycle of the photoperiod. Males that did not mount the
emale within the first 10 min  were considered sexually inactive.

ale sexual behavior was evaluated for 40 min  starting from the
rst mount, and included the following parameters: latency to the
rst mount; latency to the first intromission; latency to the first
jaculation; number of intromissions until the first ejaculation;
atency of the first post-ejaculatory intromission; number of post-
jaculatory intromissions; and total number of ejaculations. After
exual behavior, the female rats were kept with the same male for

 h following which the male and female were removed and ejacu-
atory plugs were collected, counted and weighed. The means of the
lug weights were expressed as the total plug weight per number
f collected plugs.

.4.2. Fertility evaluation after natural mating
The female rats used for sexual behavior were allocated in indi-

idual cages 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 parame-
ers observed were the same as those described in Section 2.3.4
8].

ig. 2. Body weights at PND 1 (A) and relative anogenital distance (B) of control (n = 11 li
ge  of complete preputial separation in control and BM-treated litters (D). Data are expr
xicology 71 (2017) 108–117 111

2.5. Study 3–contractility of isolated seminal vesicle

Five F2 rats per experimental group (one per litter) were
weighed and euthanized at PND 120. A lobule of seminal vesi-
cle was prepared for the in vitro tension recording as described
below [23]. Tissues were mounted in 10 ml  organ baths in a modi-
fied Tyrode’s solution at 30 ◦C under 9.8 mN (milliNewtons) resting
tension and allowed to equilibrate for 30 min. After the rest-
ing period, tissues were repeatedly challenged with 80 mM KCl
every 30 mins until two  reproducible contractions were obtained.
Cumulative concentration–response curves to norepinephrine (NE,
10−8 M–10−4 M)  and carbachol (CCh, 10−8 M–3.10−4 M)  were
obtained at 30 min  intervals. The maximal tension developed
(Emax,) and the potency to NE and CCh in developing tension
(pEC50, the −log of agonist concentration inducing 50% of Emax)
were evaluated.

2.6. Statistical analysis

Data are presented as mean ± standard error of mean (SEM)
or median and interquartile range. A Studentı́s t-test was used
for comparison of parametric variables. Non-parametric data were
compared using a Mann-Whitney test. Differences were consid-
ered significant when p ≤ 0.05. Statistical analyses were performed
using the GraphPad InStat software (version 5; La Jolla, CA).

3. Results

3.1. Study 1: initial development and sperm quality
Body weights and weight gain of dams during pregnancy were
similar between groups (data not showed). At PND 1, the num-
ber of pups per group (control: 10.55 ± 0.49 and BM:  11.18 ± 0.42)

tters) and BM-treated rats (n = 11 litters). Body weights on the day of weaning (C).
essed as the mean ± SEM. * indicates p ≤ 0.05 (Student’s t-test).
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ig. 3. Hormone levels in male offspring of BM-treated and control rats at PND 45 an

nd male sex ratio (control: 0.41 ± 0.04 and BM:  0.50 ± 0.05) were
imilar. However, in the F2 male offspring, body weight was sig-
ificantly reduced in the BM-group (Fig. 2A) without any changes

n relative anogenital distance (Fig. 2B). At PND 21, the differences
n body weights between experimental groups were maintained
Fig. 2C).

In the BM-group, there was a significant delay in the onset of
uberty as determined by preputial separation (Fig. 2D). Circulat-

ng levels of FSH were significantly lower while LH levels were
ignificantly higher at both ages (PND 45 and PND 110). Serum
estosterone levels were unaltered (Fig. 3). Interestingly, ITT ratios
ere lower, although these were not statistically significant (Fig. 3).

Testicular weights were significantly higher in the BM-group
hile seminal vesicle weights were significantly lower at PND 45;
owever at PND 110 both organ weights were similar between
roups (Table 1).

There were no alterations in histopathologic and morphometric
nalysis of the testis between the control and BM-treated group
Table 2); however, Leydig cell volume and function, according to
he ITT ratio, were significantly decreased in BM-treated group at
ND 110 (Fig. 4). Immunostaining for Cx43 and PCNA in the testis
as also similar between groups (data not shown).

In the BM-treated group, there was a significant decrease in daily
perm production and the number of sperm in the caput/corpus

nd cauda epididymidis (Table 3). The percentage of both immobile
perm (Fig. 5) and morphologically abnormal sperm were signifi-
antly increased. Most of the abnormalities in the sperm were due
 110. Data are expressed as the mean ± SEM. * indicates p ≤ 0.05 (Student’s t-test).

to alterations in sperm heads (Table 4).The sperm samples from the
BM-treated group showed an increase percentage of DNA damage
(tail intensity), when compared with the control group (Fig. 6).

Fertility potential, after in utero artificial insemination, was
significantly reduced in the BM-group and, consequently, pre-
implantation loss was  significantly increased (Table 5).

3.2. Study 2: sexual behavior and natural mating

Sexual behavior was  altered in the F2 BM-treated group, which
displayed a significant delay prior to the first mount (Table 6). Few
of these animals ejaculated in the females (approximately 9%) dur-
ing sexual intercourse. In contrast, the control animals showed an
ejaculation frequency of almost 55% (Table 6). Furthermore, the
weight of the ejaculatory plugs obtained after the end of the mat-
ing period was reduced by approximately 31% in the BM-treated
group as compared to controls.

After natural mating, the fertility potential was reduced and pre-
implantation loss significantly increased in the BM-treated group
(Table 7). These results are similar to those observed after in utero
artificial insemination (Table 5).

3.3. Study 3: contractility of isolated seminal vesicles
As shown in Fig. 7A, the potency of NE (adrenergic agonist)
in inducing contractions in the isolated seminal vesicle was com-
parable between groups (control group: pEC50 = 5.75 ± 0.07; BM
group: pEC50 = 5.68 ± 0.19). However, the maximal tension devel-
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Table  1
Reproductive organ weights.

Parameters PND 45 PND 110

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

Final body weight (g) 216.20 ± 3.27 214.10 ± 4.20 385.20 ± 7.20 364.50 ± 12.06

Organ weights
Testis (g) 1.13 ± 0.02 1.17 ± 0.02 1.78 ± 0.03 1.71 ± 0.03
Ventral prostate (mg) 99.44 ± 4.42 96.07 ± 5.40 281.50 ± 13.63 253.30 ± 16.52
Seminal vesicle with secretion (mg) 132.70 ± 9.39 108.80 ± 5.85* 710.40 ± 26.61 688.60 ± 34.46
Seminal vesicle without secretion (mg) – – 300.60 ± 11.30 311.60 ± 11.68

Relative organ weights
Testis (mg/100 g) 521.10 ± 8.59 546.60 ± 8.27* 0.46 ± 0.01 0.47 ± 0.01
Ventral prostate (mg/100 g) 45.94 ± 1.74 44.98 ± 2.61 72.92 ± 2.75 69.24 ± 3.82
Seminal  vesicle with secretion (mg/100 g) 62.22 ± 3.69 51.57 ± 3.28* 184.60 ± 6.46 189.10 ± 8.17
Seminal vesicle without secretion (mg/100 g) – – 78.05 ± 2.05 86.46 ± 5.61

Data expressed as the mean ± SEM.
* p < 0.05. (Student’s t-test).

Table 2
Histological and morphometric assays (n = 5/group).

Parameter Control Betamethasone

aNormal tubules at PND45 (%) 89.00 (84.00–94.50) 87.0 (80.00–89.50)
aNormal tubules at PND110 (%) 88.00 (87.00–92.50) 84.0 (77.00–88.50)
bCategory of cell maturation (1–5) 3.30 (3.16–3.39) 3.14 (2.83–3.29)
bSpermatogenesis dynamics

I–VI (%) 28.00 (28.00–98.50) 33.00 (27.50–35.00)
VII–VIII (%) 32.00 (27.00–35.50) 30.00 (24.50–35.50)
IX–XIII (%) 29.00 (28.50–30.50) 30.00 (27.50–31.50)
XIV  (%) 8.00 (5.50–8.00) 8.00 (7.00–11.00)

bTubule diameter PND45 (�m) 257.80 ± 2.78 257.10 ± 4.37
bEpithelial cell height at PND45 (�m) 76.98 ± 1.89 79.57 ± 0.83
bTubule diameter at PND110 (�m) 258.30 ± 3.38 250.00 ± 5.19
bEpithelial cell height at PND110 (�m) 86.96 ± 1.70 82.98 ± 1.77
aSertoli cell number at PND110 18.45 ± 0.82 18.36 ± 0.50

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

Fig. 4. (A) Leydig cell volume and (B) ITT ratio, expressed as the ITT (pg/mL)/LH levels (pg/mL), in male offspring of control and BM-treated rats. Data are expressed as the
mean  ± SEM. * indicates p ≤ 0.05. (Student’s t-test).

Fig. 5. Sperm Motility in male offspring of control and BM-treated groups (A) Type A: mobile with progressive trajectory, (B) Type B: mobile without progressive trajectory
and  (C) Type C: immobile. Data are expressed as median and interquartile intervals. * indicates p ≤ 0.05. (Mann-Whitney test).
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Table  3
Sperm counts and sperm epididymal transit time at PND110.

Parameter Control (n = 10) Betamethasone (n = 10)

Sperm count in the testis
Spermatid Number (×106/testis) 239.00 ± 6.72 210.90 ± 11.65*

Relative Spermatid Number (×106/g/testis) 164.20 ± 4.84 152.20 ± 6.58
Daily  Sperm Production (×106/testis/day) 39.18 ± 1.10 34.58 ± 1.91*

Relative Daily Sperm Production (×106/testis/g/day) 26.76 ± 0.82 24.95 ± 1.08

Epididymal Sperm Count
Sperm number in caput/corpus (×106/organ) 158.10 ± 4.49 130.50 ± 8.29*

Sperm number in cauda (×106/organ) 231.40 ± 5.72 204.30 ± 12.32*

Sperm transit time in caput/corpus (days) 4.02 ± 0.21 3.83 ± 0.26
Sperm  transit time in cauda (days) 5.95 ± 0.21 5.96 ± 0.31

Data are expressed as the mean ± SEM.
* p < 0.05 (Student’s t-test).

Fig. 6. Sperm DNA fragmentation in male offspring of control and BM groups
observed by percentage of tail intensity *** indicates p ≤ 0.001. (Mann-Whitney test).

Table 4
Analysis of sperm morphology at PND110.

Parameters Control (n = 10) Betamethasone (n = 10)

Normal sperm (%) 97.50 (96.25–99.00) 94.00 (90.00–96.25)*

Abnormal sperm (%)
Isolated head 2.00 (0.62–2.50) 3.50 (2.00–6.25)*

Broken tail 0.50 (0.00–1.00) 1.00 (0.50–1.50)
Cytoplasmic droplet (%) 25.00 (20.75–26.25) 26.50 (20.50–30.25)

Data are expressed as the median and interquartile intervals.
* p < 0.05 (Mann-Whitney test).

Table 5
Fertility assays following in utero artificial insemination at PND110.

Parameter Control (n = 10) Betamethasone
(n = 10)

a Pregnancy rate (%) 50.00 90.00
a Fertility potential (%) 75.00 53.33*

a Pre- implantation loss (%) 25.00 46.67*

a Post- implantation loss (%) 40.00 25.00
b Body weight of the dams (g) 298.80 ± 10.82 308.50 ± 6.56
b Uterus weight with fetuses (g) 8.55 ± 1.29 8.42 ± 1.39
b Corpora lutea number 11.80 ± 1.11 13.89 ± 0.54
b Implantation number 9.60 ± 1.89 7.22 ± 1.05
b Reabsorption number 2.60 ± 0.68 1.78 ± 0.49
b Fetus weight (mg) 310.00 ± 16.43 333.80 ± 23.45

o
d
o
g

cells in order to maintain circulating levels of testosterone [15].
Changes in sexual behavior were observed in rats from the

BM-treatment group. These rats displayed a significant decrease
b Placental weight (mg) 270.00 ± 8.37 277.50 ± 31.15

ped (Emax) for NE in the BM-treated group was significantly
ecreased as compared to controls (Fig. 7B). The same pattern was
bserved for CCh (Fig. 6C and D), a cholinergic agonist (control

roup: pEC50 = 4.79 ± 0.09; BM group: pEC50 = 4.80 ± 0.16).
4. Discussion

Betamethasone is one of the most prescribed compounds for
promoting fetal development at critical periods of intrauterine
development, and is known to cause permanent physiological alter-
ations [24,25]. Several studies have demonstrated the impact of
intrauterine BM-treatment during long-term development, with
emphasis on neuronal, endocrine, renal and reproductive problems
[3,7–10,26,27].

Indeed, in recent years, several studies have reported on the
impact of prenatal glucocorticoid treatment not only on the
exposed offspring, but also on subsequent generations, resulting
in altered protein expression, growth factors, and hypothalamic-
pituitary-adrenal axis [6,11–13]. The present study indicates that
prenatal BM exposure during critical periods of male fetal sexual
development can induce alterations in the reproductive system of
the second generation males, and that this impact can be observed
from birth to adulthood.

Birth weight reduction is an important target that may  be cor-
related with fetal programming and can have lasting impacts over
the life of the individual [28]. In the present study, we  observed
a reduction in the birth weight of F2 BM-treated group, which
is similar to previous findings [11,13]. This reinforces the pos-
sible inter-generational impact of BM treatment. We  previously
observed a similar effect, in which male fetuses exposed to BM
during intrauterine development displayed reduced weight [8].
Moreover, these fetuses displayed other alterations such as poor
weight gain during early stages of postnatal development and
delayed puberty onset [9,29–31].

Circulating levels of FSH were decreased in F2 rats at both
ages, while LH levels were increased without alterations to serum
testosterone levels. We  previously observed a similar pattern of
circulating hormone levels in rats treated in utero to BM [7,8].
Interestingly, this effect is maintained in the second generation.
Previous studies by Iqbal et al. [13] reported that BM altered
the hypophyseal-pituitary-adrenal axis over two generations. The
present observations suggest that a similar effect may  be occur-
ring in the hypophyseal-pituitary-testicular axis. This may, in part,
explain the decreased levels of FSH. Lower levels of FSH can, in turn,
be correlated with the decreased sperm production via its actions
on spermatogenesis [8,32].

While testosterone levels were unaltered by BM,  serum LH lev-
els were increased and the ITT ratio of Leydig cells was decreased.
Since the Leydig cell volume was  decreased, and this is generally
correlated with lower testosterone production [33], the higher LH
levels may  reflect the need for a greater stimulation of the Leydig
in sexual interest with respect to the time of first mount and
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Table  6
- Male sexual behavior at PND90.

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

aLatency to the first mount (s) 92.00 (56.00–104.00) (n = 11) 116.00 (87.00–262.00) (n = 11)*

aNumber of mounts until the first ejaculation 14.00 (9.00–20.00) (n = 11) 10.00 (6.00–14.00) (n = 11)
aLatency to the first intromission (s) 172.00 (108.30–215.50) (n = 10) 173.50 (127.00–383.30) (n = 8)
aNumber of intromissions until the first ejaculation 33.50 (17.50–45.00) (n = 10) 27.50 (12.00–50.00) (n = 8)
bFrequency of ejaculations (%) 54.54 9.09*

aEjaculatory plugs (mg) 248.50 (190.00–281.00) (n = 9) 171.90 (79.45–211.10) (n = 6)*

a Values expressed as median and interquartile intervals (Mann-Whitney test).
b Values expressed as percentage (Chi-Square test).
* p < 0.05.

Table 7
Fertility assay after natural mating in animals at PND90.

Parameters Control (n = 9) Betamethasone (n = 9)

Pregnancy rate (%) 81.81 81.81
a Fertility potential (%) 100.00 (91.77–100.00) 87.50 (59.60–100.00)*

a Pre- implantation loss (%) 0.00 (0.00–8.33) 12.50 (0.00–40.00)*

a Post- implantation loss (%) 0.00 (0.00–8.10) 0.00 (0.00–13.95)
b Body weight of dams (g) 355.30 ± 8.10 344.50 ± 10.99
b Uterus weight with fetuses (g) 56.47 ± 1.65 53.03 ± 6.22
b Corpora lutea number 12.56 ± 0.24 13.78 ± 0.78
b Implantation number 12.11 ± 0.35 10.78 ± 1.46
b Reabsorption number 0.44 ± 0.24 0.67 ± 0.29
b Fetus weight (g) 2.87 ± 0.06 2.83 ± 0.06
b Placental weight (g) 0.49 ± 0.01 0.55 ± 0.06

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

Fig. 7. Seminal vesicle contraction stimulated in vitro with either norepinephrine (NE) or carbachol. (A) Concentration-response curves to NE and (B) maximal tension (Emax)
developed in the presence of NE in the control (n = 5) and BM-treated groups (n = 5). (C) Concentration-response curves to carbachol and (D) the maximal tension (Emax)
developed in the presence of carbachol in the control (n = 5) and BM-treated groups (n = 5). Data are expressed as the mean ± SEM. * indicates p ≤ 0.05(Student’s t-test).
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ecreased number of ejaculations, in which only 9% of the ani-
als were able to ejaculate. Disruption of male sexual behavior

as been described after prenatal exposure to stress or to several
ompounds, such as glucocorticoids, that alter fetal programming,
9,34,35]. Male sexual behavior in adult mammals is modulated
y testosterone; however, this hormone is not the only factor that
egulates sexual performance, which also requires normal func-
ion of the hypothalamic–pituitary–testicular axis and neuronal
ontrol [35]. Pereira et al. [34] demonstrated that after testos-
erone replacement, male rats continue to exhibit sexual behavior
ysfunction, suggesting that other factors contribute to the impair-
ent of sexual interest. These may  include hormonal imbalance, as

uggested by the high levels of LH, or changes in neurotransmitter
esponses in the sexual reproductive organs. Interestingly, in our
revious study [8], the BM-treated group did not show alterations

n sexual behavior. Hence, this effect may  only manifest itself as an
nter-generational effect.

During the emission phase of ejaculation, 70–90% of the ejac-
late consists of seminal fluid from seminal vesicle (70- 90% of
jaculated), which is dependent on testosterone levels [36] and
hythmic contractions of smooth muscle induced by the sympa-
hetic and parasympathetic nervous system [37]. Pereira and Arena
34] reported that intrauterine glucocorticoids reduce the contrac-
ion of seminal vesicles in adults, as observed in the present work.
his may  explain the reduced ejaculated plug weights also observed
n BM-treated F2 rats.

Our data also indicates that the weight of the testis was signif-
cantly increased while seminal vesicle weights were decreased,
ut only at PND 45. Previously, in the F1 generation [8], we  found
he same pattern of weight results in both ages (puberty and adult-
ood). These findings could be explained, at least in part, due to a
pecific intergenerational BM effects on the reproductive organs.
t is known that the sympathetic and parasympathetic innerva-
ions are important for the seminal vesicle contractility activity and
uid production, respectively [38,39]. Based on our pharmacolog-

cal observations we hypothesize that the decrease in the seminal
esicle weight observed at puberty did not persist until adulthood
ue to a possible effect of BM on these innervations, leading to a
ossible decrease in gland secretion production and elimination. In
ther words, at adulthood the seminal vesicle of the BM group may
e producing and releasing less secretion than the control group,

eading to comparable organ weights.
Fertility tests performed on the same animals as those used for

exual behavior showed a significant reduction in fertility potential
40]. However, the decreased ability to ejaculate and the reduced
jaculated plug weights observed in the F2 BM-treated animals
ould have interfered with the interpretation of fertility results, and
ave directly resulted in reduction of fertility potential. To circum-
ent this, in utero artificial insemination was performed [40–43].
he results indicated that artificial insemination still resulted in
ecreased fertility potential in the second generation BM-treated
ats, thereby suggesting that the actual quality of the semen, or
ametes, was greatly reduced in these animals.

To further examine the quality of semen samples in BM-treated
2 animals, sperm morphology, motility and sperm DNA dam-
ge were analyzed [40,44–46]. Considering that both motility and
orphology are important for assessing sperm quality and can be

irectly correlated to sperm fertile capacity [47], our data indicate
hat the reduction on sperm fertility in the second generation of
M-treated rats is due to, in part, to a reduction in motility as well
s an increase in sperm morphological defects.

Comet assays indicated an increase in the percentage of DNA

amage in the BM-treated group. Since sperm DNA damage may  be
elated to an increase in premature embryo losses as reflected by
re-implantation and/or initial post-implantation loss [48], these
esults might explain the increased pre-implantation loss observed

[

xicology 71 (2017) 108–117

in the BM-treated group. These data, along with the fertility assays,
support the notion that semen quality was seriously compromised
and maintained over two  generations in BM-treated rats.

In conclusion, prenatal betamethasone exposure leads to inter-
generational long-term reproductive impairment in male rats and
these findings raise concern for humans, considering the use of BM
in pregnant women.
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