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Cadmium (Cd) is a testicular toxicant and endocrine disruptor. In the present study, we investigated the
effects of maternal Cd exposure during the late pregnant period on testicular development and steroido-
genesis in male offspring. Pregnant mice were injected intraperitoneally with CdCl, (0.5 mg/kg) daily
from gestational day (gd) 13 to gd 17. As expected, fetal weight and crown length were significantly
decreased in pups whose mothers were exposed to Cd. Importantly, absolute and relative weights of
testes were significantly decreased in male fetuses. In addition, maternal Cd exposure during pregnancy
markedly reduced serum T level and downregulated the expression of steroidogenic acute regulatory
(StAR) protein, P450scc, P45017« and 173-HSD in testes of male fetuses. Interestingly, the level of serum
and testicular T at adulthood remained decreased in male offspring of Cd-exposed mice. Correspond-
ingly, the expression of testicular P450scc was downregulated in male adult offspring whose mothers
were exposed to Cd during pregnancy. Fertility analysis found that the number of live fetuses per litter
in F2 generation was significantly decreased in Cd-treated group. Additional experiment showed that
placental Cd level was increased about 750 folds in dams injected with Cd. However, only traces of blood
Cd was measured in fetuses whose mothers were exposed to Cd during the late pregnant period. Taken
together, these results suggest that placenta could deter most of Cd from passing from dams to fetuses.
The impairments on testicular steroidogenesis in male offspring could not be attributed to a direct action

of Cd on fetal testes.

© 2011 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Cadmium (Cd) is one of major occupational and environmental
toxicants. Cd is frequently used in electroplating, pigments, paints,
welding, and Ni-Cd batteries. Workers in these occupations are
exposed to Cd at significantly higher levels than the general pub-
lic (Beveridge et al., 2010). The general population is exposed to
Cd via drinking water, food and cigarette smoking (Honda et al.,
2010). Cd is a well-known carcinogen. It has been suggested that
Cd is involved in carcinogenesis in multiple organs including lung,
kidney, prostate, liver, pancreas, and testes (Waalkes, 2000; Joseph,
2009). Cd is a reproductive toxicant in human. Increasing evidence
demonstrated that environmental exposure to Cd is associated with
male infertility and the poor semen quality in humans (Pant et al.,
2003). According to several earlier studies, there was a signifi-
cant inverse correlation between blood Cd level and semen quality
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(Xu et al., 1993; Telisman et al., 2000). In addition, oxidative DNA
damage in human spermatozoa is associated with Cd concentra-
tion in seminal plasma (Xu et al., 2003). A recent study indicated
that a low level of Cd accumulation in semen might contribute to
male infertility by reducing sperm quality (Wu et al., 2008). Cd
is a testicular toxicant in experimental animals (Siu et al., 2009).
Several studies have demonstrated that Cd induces apoptosis in
testicular germ cells (Ozawa et al., 2002; Kim and Soh, 2009). As a
well-known endocrine disrupting chemical, Cd is not only a regu-
lator of hypothalamus and pituitary hormone secretion (Lafuente
etal.,, 2003, 2004), but also disrupts testicular testosterone (T) pro-
duction (Laskey and Phelps, 1991; Ji et al., 2010). Several studies
showed that Cd inhibited the expression of testicular steroido-
genic acute regulatory (StAR) protein, which is responsible for the
rate-limiting step in steroidogenesis (Gunnarsson et al., 2004; Sen
Gupta et al., 2004; Ji et al., 2010). In addition, pubertal Cd exposure
downregulates the level of cytochrome P450 cholesterol side-chain
cleavage (P450scc) enzyme, cytochrome P450 17a-hydroxysteroid
dehydrogenase (P450174 ) and 173-hydroxysteroid dehydrogenase
(17B-HSD), several key enzymes for T biosynthesis in testes (Sen
Gupta et al., 2004; Ji et al,, 2010).
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On the other hand, Cd, at a high dose, is also a potent teratogen
in rodent (Barr, 1973). When administered to mice during ges-
tation, Cd induced malformations of the neural tube, craniofacial
region, limbs, trunk, viscera, and axial skeleton in fetuses (Hovland
etal., 1999; Scott et al., 2005; Paniagua-Castro et al.,2007; Robinson
et al,, 2009). A recent in vivo study found that maternal Cd expo-
sure during gestation perturbed the vascular system of the adult rat
offspring (Ronco et al., 2011). An in vitro study showed that Cd, at
low concentrations, altered the survival of male and female germ
cells in humans (Angenard et al., 2010). The purpose of the present
study was to investigate whether maternally administered Cd can
pass through placental barrier and to explore whether maternal
exposure to a low dose of Cd during the late pregnant period on
testicular development and steroidogenesis in male offspring.

2. Materials and methods
2.1. Chemicals

Cadmium chloride (CdCl,) was purchased from Sigma Chemical Co. (St. Louis,
MO). All other reagents were from Sigma or as indicated in the specified methods.

2.2. Animals and treatments

CD-1 mice (8-10 week-old; male mice: 28-30g; female mice: 24-26g) were
purchased from Beijing Vital River whose foundation colonies were all introduced
from Charles River Laboratories, Inc. The animals were allowed free access to food
and water at all times and were maintained on a 12-h light/dark cycle in a con-
trolled temperature (20-25°C) and humidity (50 & 5%) environment for a period
of 1 week before use. For mating purposes, four females were housed overnight
with two males starting at 9:00 p.m. Females were checked by 7:00 a.m. The next
morning, and the presence of a vaginal plug was designated as gestational day (gd)
0. Thirty-six pregnant mice were divided into two groups. Eighteen pregnant mice
were injected intraperitoneally (i.p.) with CdCl, (0.5 mg/kg) daily during late preg-
nant period (from gd 13 to gd 17). Our preliminary results showed that preterm
labour occurred in some dams when pregnant mice were daily injected with more
than 1.0 mg/kg Cd during the late pregnant period. In order to investigate the effects
of low dose Cd exposure during the late pregnant period on testicular development
and steroidogenesis in more detail, 0.5 mg/kg CdCl, was administered daily from
gd 13 to gd 17 in the present study. Eighteen normal saline (NS)-treated pregnant
mice served as controls. Twelve dams each group were sacrificed by decapitation
on gd 18, and whole blood was collected in a tube with heparin (250U) for sub-
sequent determination of total Cd in maternal blood. Placenta were collected for
the measurement of Cd. Fetuses were dissected under a binocular microscope. Sex
was determined by the morphology of the gonalds. All male fetuses were sacrificed
by decapitation. Whole blood was collected in a tube with heparin (250U) from
half male fetuses for the measurement of Cd in fetal blood. Fetal sera were col-
lected from half male fetuses and kept at —20°C for subsequent determination of
T in fetal serum. Fetal testes were aseptically removed from half male fetuses for
RT-PCR and immunoblotting. Fetal testes were removed from half male fetuses and
immersed in modified Davidson’s fluid (mDF) for 6 h for terminal dUTP nick-end
labeling (TUNEL) staining and histology. For remaining pregnant mice (six for each
group), natural birth occurred between gd 18 at 16:00 and gd 19 at 18:00. Within
24h after birth, excess pups were removed, so that only eight pups (four males
and four females) were kept per dam. At postnatal day (PND) 70, half male pups
(two each litter and 12 each group) were slaughtered under thiopental anesthesia,
always in the morning. The cauda epididymides were removed for sperm analysis.
Testes were excised, dissected, weighted, and then divided in two parts: left one
was kept at —80°C for subsequent measurement of T, RT-PCR and immunoblotting.
All the right testes were immersed in mDF for 12-24h for histology, TUNEL and
immunohistochemistry. To investigate the effects of maternal Cd exposure during
the late pregnant period on the fertility of adult male offspring, 12 males (two each
litter) whose mothers were exposed to Cd during the late pregnant period were
housed with untreated females. All procedures on animals followed the guidelines
for humane treatment set by the Association of Laboratory Animal Sciences and the
Center for Laboratory Animal Sciences at Anhui Medical University.

2.3. Testicular histology

Two cross-sections from each testis were embedded in paraffin using stan-
dard procedures. Paraffin-embedded tissues were serially sectioned. At least two
nonserial sections were stained with hematoxylin and eosin (H&E) using standard
procedures for morphological analyses. Leydig cells in fetal testes were identi-
fied by immunostaining for 33-hydroxysteroid dehydrogenase (33-HSD). Sections
were mounted onto coated slides, dewaxed, and rehydrated. Antigen retrieval was
performed by pressure cooking slides for 5min in 0.01 M citrate buffer (pH 6.0).
Slides were incubated for 30 min in 3% (v/v) hydrogen peroxide in methanol to

block endogenous peroxidase activity and then washed in Tris-buffered saline [TBS;
0.05 M Tris, 0.85% (w/v) NaCl (pH 7.4)]. Nonspecific binding sites were blocked with
an appropriate normal serum diluted 1:5 in TBS containing 5% (w/v) BSA before
the addition of rabbit polyclonal antibody against mouse 33-HSD (Santa Cruz, USA)
and overnight incubation at 4 °C. After washing in TBS, slides were incubated for
30min with the appropriate secondary antibody conjugated to biotin goat anti-
rabbit (Santa Cruz, USA), diluted 1:500 in the blocking mixture. This was followed
by 30 min incubation with horseradish peroxidase-labeled avidin-biotin complex
(Dako). Immunostaining was developed by application of diaminobenzidine (liquid
DAB*; Dako), and slides were counterstained with hematoxylin, dehydrated, and
mounted using Pertex mounting medium (Cell Path, Hemel Hempstead, UK). For
fetal testes, the number of 33-HSD-positive cells was counted in three randomly
selected fields from each slide at a magnification of 400x. For adult testes, the num-
ber of 33-HSD-positive cells was counted in 12 randomly selected fields from each
slide at a magnification of 400x.

2.4. Radioimmunoassay (RIA)

Fetal sera were separated by centrifugation and stored at —80°C until assay for
T. serum T was measured using 2°I-based RIA kits from Beijing north institute of
biological technology (Beijing, China).

2.5. Semiquantitative RT-PCR

Total cellular RNA was extracted using TRI reagent (Molecular Research Cen-
ter, Cincinnati, OH) according to the manufacturer’s instructions. RNase-free DNase
(Promega, Madison, WI) was used to remove genomic DNA. The integrity and con-
centration of RNA was determined by measuring absorbance at 260 nm followed
by electrophoresis on agarose gels. For the synthesis of cDNA, 4.0 p.g of total RNA
from each sample was reversely transcribed in a 40 .l reaction volume contain-
ing 0.5 ng oligo(dT)15 (Promega, Madison, WI), 1 mM of each dNTP, 15 units AMV
RT (Promega), and 1 U/pl recombinant RNasin RNase inhibitor (Promega) in 5 mM
MgCl2, 10mM Tris-HCI, (pH 8.0), 50 mM KCl, and 0.1% Triton X-100. The mixture
was heated to 70 °C for 10 min, maintained at 42 °C for 60 min, and then heated to
95°C for 5min to terminate the reaction. Reaction mixtures (25 pl) for PCR were
assembled using 2 .l cDNA template, 0.625 units Hot Start Polymerase (Promega),
200 wM of each dNTP, 1.5 mM MgCl,, and 1.0 wM of each primer in 1x Flexi buffer.
The primers were synthesized by Sangon Biological Technology (Shanghai, China),
according to sequence designs previously described. The primer pairs are shown
in Table 1. The amplified PCR products were subjected to electrophoresis at 75V
through 1.5% agarose gels (Sigma, St. Louis, MO) for 45min. The pBR322 DNA
digested with Alu I was used for molecular markers (MBI Fermentas). Agarose gels
were stained with 0.5 mg/ml ethidium bromide (Sigma, St. Louis, MO) TBE buffer.

2.6. Immunoblotting

Samples from fetal testes were homogenized in lysis buffer containing 50 mM
Tris-HCI (pH 7.4), 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 1% sodium deoxy-
cholate, 0.1% sodium dodecylsulfate (SDS), and 1 mM phenylmethylsulfonyl fluoride
(PMSF). Samples were then centrifuged at 15,000 x g for 15 min. Supernatants
from each sample were added to a gel loading buffer (100 mM Tris, pH 6.8, 20%
glycerol, 200 mM DTT, 4% SDS, 0.03% bromophenol blue) and boiled for 5 min. Pro-
teins (50 pg/sample) in loading buffer were subjected to electrophoresis in 10%
SDS-polyacrylamide gel for 3 h. The gel was transferred electrophoretically onto
a polyvinylidene fluoride membrane (Immobilon-P; Millipore Corp., Bedford, MA,
USA) and blocked in 5% nonfat powdered milk in Dulbecco’s PBS (DPBS) overnight
at 4°C. The membranes were then incubated for 2 h with rabbit polyclonal antibody
against mouse StAR, P450174, 173-HSD and P450scc (Santa Cruz Biotechnology, USA)
or 3-actin (Beijing Biosynthesis Biotechnology, Beijing, China) at room temperature.
After washes in DPBS containing 0.05% Tween-20 four times for 10 min each, the
membranes were incubated with goat anti-rabbit IgG antibody for 2 h. The mem-
branes were then washed for four times in DPBS containing 0.05% Tween-20 for
10 min each, followed by signal development using an enhanced chemilumines-
cence (ECL) detection kit from Pierce (Pierce Biotechnology, Rockford, IL).

2.7. Terminal dUTP nick-end labeling (TUNEL) staining

For the detection of apoptosis, paraffin-embedded sections were stained with
the TUNEL technique using an in situ apoptosis detection kit (Promega) according
to the manufacturer’s protocols. For fetal testes, the number of TUNEL-positive cells
was counted from each slide at a magnification of 400 x. For adult testes, the number
of TUNEL-positive cells in testes was counted in 12 randomly selected fields from
each slide at a magnification of 400 x.

2.8. Measurement of Cd

The determination of Cd in biological samples was performed by graphite
furnace atomic absorption spectrometry (GFAAS) using the stabilized-temperature-
platform-furnace coupled with a D,-lamp background correction system. The
external quality-control program did not show any time trend in the accuracy of
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Table 1
Primers, the number of cycles and annealing temperature for RT-PCR.
Name Sequence Denaturation (°C) Annealing (°C) Extension (°C) Number of cycles (n) Size (bp)
CAPDH Forward: 5'-GAGGGGCCATCCACAGTCTTC-3’ 94 56°C 72 39 340
Reverse: 5'-CATCACCATCTTCCAGGAGCG-3’
StAR Forward: 5'-TGTCAAGGAGATCAAGGTCCTG-3’ 94 57°C 72 36 310
t Reverse: 5'-CGATAGGACCTGGTTGATGAT-3'
P450 Forward: 5'-AGGTGTAGCTCAGGACTTCA-3' 94 56°C 72 38 370
sce Reverse: 5'-AGGAGGCTATAAAGGACACC-3'
P450 17 Forward: 5'-CCAGGACCCAAGTGTGTTCT-3’ 94 56°C 72 37 250
@ Reverse: 5'-CCTGATACGAAGCACTTCTCG-3'
17B-HSD Forward: 5'-ATTTTACCAGAGAAGACATCT-3' 94 52°C 72 39 367
Reverse: 5'-GGGGTCAGCACCTGAATAATG-3'
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Fig. 1. Effects of maternal Cd exposure during late pregnant period on Cd concentration of maternal blood, placenta and fetal blood. Pregnant mice were injected with CdCl,
(0.5 mg/kg) daily from gd 13 to gd 17. NS-treated pregnant mice served as controls. Maternal blood, placenta and fetal blood were collected at gd 18. Cd concentration was
measured using GFAAS. (A) Cd concentration in maternal blood; (B) Cd concentration in placenta; (C) Cd concentration in fetal blood. Data were expressed as mean + SEM

of 12 samples from 12 different litters. **P<0.01 significantly different as compared with NS group.

the Cd measurements. Detection limits were based on three times the relative stan-
dard deviation of 20 consecutive measurements of the blank solution (1% HNO3)
according to IUPAC, being 0.10 pg/L Cd. Precision of the method was measured by
coefficients of variation (CV). Mean CV for measurement of Cd in biological samples
was 3.5% for within-day determinations and 3.9% for day-to-day determinations.
For blood samples, initially studied a 1+4 (v/v) dilution with 5% HNOs. For other
biological samples (testis, kidney, placenta and liver), samples were decomposed
in duplicate according to the following procedure: 200 mg of samples were accu-
rately weighed in a digestion tube, a 3 ml freshly prepared mixture of concentrated
HNO;-H,0, was added to each tube, and the solutions were kept at room temper-
ature for 12 h, the clear transparent digests were obtained. After this period, the
mixture was boiled nearly to dryness, and the residue quantitatively transferred to
a 10 ml volumetric flask with 1.0% HNOs. The resulting solution was analyzed by
GFAAS by taking 10 w1 of the digest under the aforementioned condition.

2.9. Statistical analysis

For RT-PCR, StAR, P450scc, P45017, and 173-HSD mRNA level was normalized
to GAPDH mRNA level in the same samples. StAR, P450scc, P45017, and 17(3-HSD
mRNA level of the control was assigned as 100%. For immunoblotting, StAR, P450scc,
P45047, and 17B3-HSD were normalized to (3-actin level in the same samples. The
densitometry unite of the control was assigned as 1. For fetal weight, crown-rump
lengths, testis weight, kidney weight, Cd in fetal blood, T in fetal sera, Cd and T
analyses in adult offspring, the means were calculated per litter and then averaged
per group. All quantified data were expressed as means + SEM. Student t test were
used to determine differences between the treated-mice and controls.

3. Results

3.1. Effects of maternal Cd exposure during late pregnant period
on Cd concentration of maternal blood, placenta and fetal blood

To investigate the effects of maternal Cd exposure during the
late pregnant period on testicular development of male fetuses,
pregnant mice were injected with CdCl, (0.5 mg/kg) daily from gd
13 togd 17. As shown in Fig. 1A, Cd concentration in maternal blood
was significantly increased in Cd-treated mice. Interestingly, pla-
cental Cd level was increased about 750 folds in Cd-treated mice
as compared with controls (Fig. 1B). The effects of maternal Cd
exposure during the late pregnant period on Cd concentration of
fetal blood were analyzed. As shown in Fig. 1C, no significant dif-

ference on Cd concentration of fetal blood was observed between
Cd-treated mice and controls.

3.2. Effects of maternal Cd exposure during late pregnant period
on fetal development

No signs of maternal toxicity were observed in dams treated
with 0.5 mg/kg CdCl,. No significant difference on body weight gain
of dams was observed between Cd-treated pregnant mice and con-
trols (data not shown). Although no significant difference on the
number of male live fetuses was observed between Cd-treated mice
and controls, the number of female live fetuses was significantly
decreased in Cd-treated mice (Table 2). The effects of maternal Cd
exposure during the late pregnant period on fetal weight and crown
length were analyzed. Both male and female fetal weights were
significantly decreased in mice whose mother were exposed to Cd

Table 2
Fetal outcomes, fetal weight, crown length, testis and kidney weights.
NS Cd
No. of litters 12 12
Resoptions per litter 0.6+0.27 0.6+0.44
Dead fetuses per litter 0.14+0.10 0.8 +0.43°
Live fetuses per litter 12.2+0.49 9.8+1.20°
Males 5.9+0.60 5.6+0.84
Females 6.3+0.54 424057
Fetal weight (g) 1.324+0.024 1.23+0.027"
Males 1.34+0.022 1.264+0.032"
Females 1.30+0.026 1.19+0.028"
Fetal crown length (mm) 23.5+0.14 22.5+0.18"
Males 23.5+0.22 22.5+0.30"
Females 23.5+0.18 22.6+0.22"
Absolute testis weight (mg) 0.38+0.022 0.26+0.022"
Relative testis weight (%) 0.028 +0.005 0.021+0.002"
Absolute kidney weight (mg) 4.40+0.198 3.49+0.135"
Relative kidney weight (%) 0.328+0.015 0.277 +0.011"

" P<0.05 as compared with NS group.
™ P<0.01 as compared with NS group.



72 Y.-L. Ji et al. / Toxicology Letters 205 (2011) 69-78

during the late pregnant period. In addition, maternal Cd exposure
during the late pregnant period significantly reduced fetal crown
length (Table 2). The effects of maternal Cd exposure during the
late pregnant period on kidney development of fetuses are pre-
sented in Table 2. As expected, maternal Cd exposure during the
late pregnant period significantly reduced the mean kidney weight
of fetuses.

3.3. Effects of maternal Cd exposure during late pregnant period
on testicular histology and apoptosis

The effects of maternal Cd exposure during the late pregnant
period on testicular development of male fetuses were analyzed. As
showninTable 2, the mean testis weight of fetuses was significantly
decreased in Cd-treated mice. The effects of maternal Cd expo-
sure during the late pregnant period on histology for fetal testes
are presented in Fig. 2B. No abnormal morphology was observed
in fetal testes of Cd-treated mice. In addition, no abnormal Leydig
cell aggregation was observed in testis of fetuses whose mothers
were exposed to Cd during the late pregnant period (Fig. 2D). The
effects of maternal Cd exposure during the late pregnant period on
apoptosis in fetal testes were determined using TUNEL assay. No
TUNEL+ cell was observed in testes of fetuses whose mothers were
exposed to Cd during the late pregnant period (Fig. 2F).

3.4. Effects of maternal Cd exposure during late pregnant period
on serum T in male fetuses

The effects of maternal Cd exposure during the late preg-
nant period on serum T in male fetuses were analyzed. As
shown in Fig. 2G, maternal Cd exposure during the late pregnant
period significantly reduced the level of serum T in male fetuses
(1.37+£0.22 ng/ml vs. 0.69 £0.09 ng/ml, P<0.05).

3.5. Effects of maternal Cd exposure during late pregnant period
on the expression of testicular StAR and T biosynthetic enzymes in
male fetuses

The effects of maternal Cd exposure during the late pregnant
period on mRNA level of StAR and T biosynthetic enzymes in fetal
testes were then measured. As expected, mRNA levels of testicular
StAR, P450scc, P45047, and 173-HSD were significantly decreased
in fetuses whose mothers were exposed to Cd during the late preg-
nant period (Fig. 3A, C, E and G). The effects of maternal Cd exposure
during the late pregnant period on protein expression of testicular
StAR, P450scc, P45017, and 173-HSD were analyzed. As shown in
Fig. 3B, D, F and H, maternal Cd exposure during the late preg-
nant period reduced protein expression of testicular StAR, P450scc,
P45017, and 173-HSD in fetuses.

3.6. Effects of maternal Cd exposure during late pregnant period
on Cd concentration of blood, liver, kidney and testis of adult male

offspring

As shown in Fig. 4A-C, no significant increase on Cd concen-
tration of blood, liver and kidney of adult male offspring whose
mothers were exposed to Cd during the late pregnant period. In
addition, maternal Cd exposure during the late pregnant period did
not increased testicular Cd level of adult male offspring (Fig. 4D).

3.7. Effects of maternal Cd exposure during late pregnant period
on weights of male reproductive organs and sperm quality at
adulthood

As shown in Table 3, no significant difference on the weight of
testes and epididymides at adulthood was observed between Cd-

Table 3
Body weight, reproductive organs weights and sperm count in adult male offspring.
NS cd

Body weight (g) 35.5 + 043 35.5 + 0.66
Absolute testis weight (mg) 245.8 + 5.96 257.7 £ 6.32
Relative testis weight (%) 0.70 £ 0.017 0.72 £ 0.019
Absolute epididymides weight (mg) 91.2 +£ 248 86.7 + 4.46
Relative epididymides weight (%) 0.26 + 0.007 0.25 + 0.013
Sperm count (x10°) 174 £0.74 17.6 £ 1.05

exposed mice and controls. The effects of maternal Cd exposure
during the late pregnant period on sperm quality of adult male
offspring were analyzed. As shown in Table 3, no significant differ-
ence on the number of spermatozoa in cauda epididymides was
observed between control mice and mice whose mothers were
exposed to Cd during the late pregnant period.

3.8. Effects of maternal Cd exposure during late pregnant period
on histology and apoptotic cells in testes of adult male offspring

The effects of maternal Cd exposure during the late pregnant
period on histology in testes of adult offspring were analyzed. As
showninFig. 5B, no abnormal morphology was observed in testes of
adult offspring whose mothers were exposed to Cd during the late
pregnant period. However, maternal Cd exposure slightly reduced
the number of Leydig cells in testes of adult male offspring. The
effects of maternal Cd exposure during the late pregnant period
on testicular apoptosis were analyzed in adult male offspring. As
shown in Fig. 5F and H, maternal Cd exposure during the late preg-
nant period did not increase the number of apoptotic cells in testes
of adult male offspring.

3.9. Effects of maternal Cd exposure during late pregnant period
on serum and testicular T in adult male offspring

The effects of maternal Cd exposure during the late pregnant
period on serum and testicular T in adult male offspring were ana-
lyzed. As shown in Fig. 51, maternal Cd exposure during the late
pregnant period significantly reduced the level of serum T in adult
male offspring. In addition, maternal Cd exposure during the late
pregnant period significantly reduced the level of testicular T in
adult male offspring (Fig. 5]).

3.10. Effects of maternal Cd exposure during late pregnant period
on the expression of testicular StAR and T biosynthetic enzymes in
adult offspring

The effects of maternal Cd exposure during the late pregnant
period on mRNA level of testicular StAR and T biosynthetic enzymes
were then measured in adult offspring. As shown in Fig. 6A and
C, mRNA levels of testicular StAR and P450scc were significantly
decreased in Cd-exposed mice. However, maternal Cd exposure
during the late pregnant period had little effect on mRNA level
of testicular P450,7, and 173-HSD in adult offspring (Fig. 6E and
G). The effects of maternal Cd exposure during the late pregnant
period on protein expression of testicular StAR, P450scc, P450174
and 173-HSD were analyzed in adult offspring. As shown in Fig. 6D,
protein level of testicular P450scc was significantly decreased in
Cd-exposed mice. However, maternal Cd exposure during the late
pregnant period had little effect on protein expression of testicular
StAR, P45017, and 173-HSD in adult offspring (Fig. 6B, F and H).
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Fig. 2. Effects of maternal Cd exposure during late pregnant period on testicular histology and serum T in male fetuses. Pregnant mice were injected with CdCl, (0.5 mg/kg)
daily from gd 13 to gd 17. NS-treated pregnant mice served as controls. Fetal sera and testes were collected at gd 18. Testicular cross-sections from control (A) and Cd-treated
(B) mice were stained with H&E. Original magnification: 640 x. Leydig cells in fetal testes from control (C) and Cd-treated (D) mice were immunolocalized in the interstitium
by staining with a polyclonal antibody specific for mouse 3(3-HSD. Original magnification: 400x. Apoptosis was measured with TUNEL staining of testicular sections from
control (E) and Cd-treated (F) mice. Original magnification: 640x. (G) Serum T was measured using RIA. Data were expressed as mean + SEM of 12 samples from 12 different

litters. *P<0.05 significantly different as compared with NS group.

3.11. Effects of maternal Cd exposure during late pregnant period
on the fertility of adult male offspring

Fertility analysis showed that all 12 males bred with control
females mated and vaginal plugs were found in all females. All
females bred with males whose mothers were exposed to Cd during
the late pregnant period were found to be fertilized and com-
plete the pregnancy. Surprisingly, the number of live fetuses per
litter in F2 generation was significantly decreased in Cd-treated
group, whereas there was no significant difference on the num-

bers of implantation sites per litter and dead fetuses between
Cd-treated mice and controls (Table 4). No significant difference
on male/female sex ratios and body weight and crown length in
F2 generation was observed between Cd-treated mice and controls
(Table 4).

4. Discussion

In the present study, we first investigated the effects of maternal
Cd exposure during the late pregnant period on fetal development.
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Fig. 3. Effects of maternal Cd exposure during late pregnant period on the expression of StAR and T biosynthetic enzymes in fetal testes. Pregnant mice were injected with
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We found that both male and female fetal weights were signifi-
cantly decreased in mice whose mothers were exposed to Cd during
the late pregnant period. In addition, maternal Cd exposure during
the late pregnant period significantly reduced fetal crown length.
Importantly, absolute and relative weights of testes were signif-
icantly decreased in male fetuses whose mothers were exposed
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to a low dose of Cd during the late pregnant period. In addition,
the level of serum T was significantly decreased in male fetuses
whose mothers were exposed to Cd during the late pregnant period.
These results suggest that maternal Cd exposure during the late
pregnant period could reduce testis weight and impair testicular
steroidogenesis in fetal period.
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StAR is an essential and limiting factor in testicular T synthe-
sis, responsible for the transport of cholesterol into mitochondria
(Miller, 2007). A recent study demonstrated that adult Cd expo-
sure obviously reduced protein level of StAR in Leydig cells of rats
(Gunnarsson et al., 2004). Our recent study showed that puber-
tal Cd exposure (1.0 mg/kg) inhibited StAR expression in testes (Ji
etal, 2010). In the present study, we found that mRNA level of StAR
in fetal testes was significantly decreased in mice whose mothers
were exposed to a low dose Cd (0.5 mg/kg) during the late pregnant
period. In addition, maternal Cd exposure during the late preg-
nant period markedly reduced protein expression of StAR in fetal
testes. Interestingly, the present study showed that the expression
of P450scc, P450,7, and 173-HSD, three key enzymes for T synthe-
sis (Payne and Youngblood, 1995), were obviously down-regulated
in testes of fetuses whose mothers were exposed to Cd during the
late pregnant period. These results suggest that the decreased T
syntheses might, at least partially, be attributed to the decreased
expression of testicular StAR and T synthetic enzymes.

How Cd impairs testicular steroidogenesis in fetuses remains
obscure. The present study showed that only traces of blood Cd
was measured in fetuses whose mothers were exposed to Cd dur-

Table 4
Fetal outcomes, fetal weight and crown length in F2 generation.
NS cd

No. of litter 12 12
Resoptions per litter 0.15+0.15 1.00+0.42"
Dead fetuses per litter 0.0+0.00 0.4+0.26
Implantation sites per litter 13.7+£0.87 12.6 £0.65
Live fetuses per litter 13.4+0.81 11.3+£031
Males 6.4+0.61 4.9+0.61
Females 7.0+£1.00 6.4+0.68
Fetal weight (g) 1.36+0.029 1.41+0.036
Males 1.39+0.026 1.33+0.035
Females 1.43+0.042 1.41+0.033
Fetal crown length (mm) 25.24+0.04 24.8+0.04
Males 25.0+£0.36 25.1+0.05
Females 25.4+0.08 24.5+0.04

Data were expressed as means + SEM.
" P<0.05 as compared with NS group.

ing the late pregnant period. Importantly, no significant elevation
of blood Cd concentration was observed in fetuses whose mothers
were exposed to Cd during the late pregnant period. These results
are in agreement with others (Whelton et al., 1993; Brako et al.,
2003), in which only less than 0.1% of Cd was passed from dams to
fetuses when pregnant mice were chronically exposed to tracer lev-
els of 199Cd in drinking water. These results suggest that placenta
could deter most of Cd from passing from dams to fetuses. Thus,
the impairments on testicular steroidogenesis in fetuses, caused by
maternal Cd exposure during the late pregnant period, can not be
completely attribute to Cd-induced direct toxic effect on fetuses.
Indeed, Cd could accumulate in placenta (Boadi et al., 1991). The
present study showed that placental Cd level was increased about
750 folds in pregnant mice injected with Cd. Increasing evidence
demonstrated that the accumulation of Cd in placenta impaired the
transport of micronutrients, such as zinc, to the fetuses (Kuriwaki
et al., 2005; Kippler et al.,, 2010). Several earlier studies found
that maternal Cd exposure during pregnancy resulted in a signif-
icant reduction of zinc concentration in fetal and neonatal liver
(Hazelhoff Roelfzema et al., 1988, 1989). Zinc is an important trace
element for fetal development. Several studies showed that zinc
deficiency delayed fetal growth (Shahbazi et al., 2009). An earlier
study showed that zinc deficiency impairs testicular development
and steroidogenesis (Hamdi et al., 1997). Interestingly, zinc supple-
ment abolished not only Cd-induced reduction of T production but
also the downregulation of StAR in testes of adult rats (Gunnarsson
et al., 2004). Thus, we speculate that Cd-induced impediment in
the transport of micronutrients mainly zinc from dams to fetuses
might contribute, at least partially, to the impairment on testic-
ular steroidogenesis in fetuses. Additional study is required to
determine whether zinc supplement could alleviate Cd-induced
impairment on testicular steroidogenesis in fetuses.

Several studies showed that administration to adult rodents
with high doses of CdCl, (5-20 wmol/kg) resulted in germ cell apo-
ptosis in testes (Xu et al., 1996; Zhou et al., 1999; Ozawa et al.,
2002). Recently, we found that pubertal exposure to 1.0 mg/kg Cd
daily for five weeks markedly increased the number of apoptotic
cells in testes of adult mice (Ji et al.,, 2010). In the present study,
we investigated the effects of maternal Cd exposure during the late
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pregnant period on germ cell apoptosis in fetal testes. Interestingly,
no TUNEL+ germ cell was observed in testes of fetuses whose moth-
ers were exposed to low dose Cd (0.5 mg/kg) daily during the late
pregnant period. Moreover, maternal Cd exposure during the late
pregnant period did not result in abnormal Leydig cell aggregation
in testes of male fetuses. In addition, no abnormal morphology was
observed in fetal testes of Cd-treated mice. These results suggest
that maternal exposure to low dose Cd during the late pregnant
period does not cause an obvious pathological impairment on fetal
testes.

In the present study, we investigated the effects of maternal Cd
exposure during the late pregnant period on steroidogenesis and
spermatogenesis of adult male offspring. We found that maternal
Cd exposure during the late pregnant period had no effect on the
weight of testes and epididymides and sperm count of adult male
offspring. Moreover, no obvious pathological injury was observed
in testes of adult male pups whose mothers were exposed to Cd
during the late pregnant period. In addition, maternal Cd expo-
sure during the late pregnant period did not increase the number
of apoptotic cells in testes of adult male offspring. These results
provide further evidences that the reduction of testicular weight
in fetal period, caused by maternal Cd exposure during the late
pregnant period, is reversible. However, the present study found
that maternal Cd exposure during the late pregnant period signif-
icantly reduced the level of serum and testicular T in adult male
offspring. In addition, the expression of testicular P450scc was sig-
nificantly decreased in adult male offspring of Cd-exposed mice.
Thus, the impairment of maternal Cd exposure during the late preg-
nant period on testicular steroidogenesis was irreversible.

In summary, the present study indicates that maternal Cd expo-
sure during the late pregnant period reduces testis weight in fetal
period. In addition, maternal Cd exposure during the late preg-
nant period down-regulates the expression of StAR and several key
enzymes for T syntheses and inhibited testicular T production in
male offspring. Importantly, placenta could deter most of Cd from
passing from dams to fetuses. Thus, the impairments on testicular
steroidogenesis in fetuses, caused by maternal Cd exposure during
the late pregnant period, could not be attributed to a direct action
of Cd on fetal testes.
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