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Abstract

Purpose Polychlorinated biphenyls (PCBs) are persis-
tent and bioaccumulative environmental toxicants acting
as endocrine disruptors. Many researches evidenced that
PCBs affect the male reproductive system in adult rats
and it can transfer from mother to offspring through milk.
We investigated whether the lactational exposure to PCBs
affects the Sertoli cell function in F, offspring.

Methods Dams were orally treated with different doses
of PCB—Aroclor 1254 (1, 2 and 5 mg/kg bw/day, respec-
tively) from postpartum day 1-20. Male offspring rats were
killed on PND 21 and PND 60. Testes were used both for
histological study and to isolate Sertoli cell. Serum and
testicular interstitial fluid (TIF) levels of testosterone, ABP
and estradiol were analyzed by ELISA method. The mRNA
and protein expressions of follicle-stimulating hormone
(FSHR), androgen-binding protein (ABP), Inhibinf, andro-
gen receptor (AR) and estrogen receptor (ERP) were stud-
ied using real-time PCR and immunoblotting, respectively.

Results The testicular architecture was altered in PCB-
treated groups of both prepuberal and puberal rats. Testos-
terone, estradiol and androgen-binding protein levels were
altered in both serum and TIF in PCB treated groups. The
gene expression level of FSHR, ABP, ERP and AR was
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decreased in a dose-dependent manner, whereas Inhibinf
gene expression level was increased in PCB-treated groups.
Conclusion Lactational exposure to PCB affects both the
histoarchitecture of testis, Sertoli cell maker and functional
regulators in both prepuberal and puberal F; male progeny.

Keywords Polychlorinated biphenyl - Sertoli cells - F,
progeny - Rats - Lactation

Introduction

Polychlorinated biphenyls (PCBs) are a class of legacy
chemicals with high environment persistency, and it
remains to be a global environmental problem [1]. Expo-
sure to PCBs was associated with increased risk of myo-
cardial infarction in men [2], defects in the learning and
motor coordination in the rat [3], and it alters pubertal
timing in animal studies [4]. Testicular cancer risk was
increased in occupational and environmental exposure to
PCB in humans [5]. A series of studies from our labora-
tory reported that exposure to PCB alters testicular function
by affecting Sertoli, Leydig cells and male accessory sex
organs such as prostate, epididymis and thus leads to infer-
tility in adult rats [6—13]. We also found that PCB induces
oxidative stress-mediated neurodegeneration and neuronal
damage in adult rats [14, 15].

Sertoli cell (SCs) is the only somatic cells, present within
seminiferous tubules. SCs provide a physical and nutritional
support for germ cells [16]. Dysfunction in Sertoli cells
may have adverse effects on spermatogenesis [17]. Accord-
ingly, any chemical compounds that impair the viability and
function of Sertoli cells may have a negative impact on the
normal growth of germ cell. The testicular toxicity of poly-
chlorinated biphenyls (PCBs) in adult male rats has been
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extensively studied. However, the PCB transfer could occur
from mother to offspring and information concerning the
effects of neonatal PCB exposure via milk on the reproduc-
tive function of F; male offspring is still obscure. Hence, the
present study was conducted to investigate the effect of lac-
tational exposure to PCB (Aroclor 1254) on Sertoli cells in
both prepuberal and puberal F; male offspring.

Materials and methods
Chemicals

PCBs Sandy loam (Aroclor 1254, No. CRM 913-50G,
Lot No. DG913), total RNA isolation reagent (TRIR) and
primers were purchased from Sigma-Aldrich Private Lim-
ited (USA). iScriptcDNA synthesis kit was purchased
from Bio-Rad (USA), and RT-PCR Ready Mix was pur-
chased from Takara Bio Inc (Japan). Primary antibodies for
FSHR, ABP, Inhibinf, AR and ERP were purchased from
Santa Cruz biotechnology, USA. The secondary antibod-
ies, horse radish peroxidase (HRP)-conjugated rabbit-anti-
mouse IgG, donkey-antigoat IgG and goat-antirabbit IgG,
were obtained from Genei, Bangalore, India. Testosterone
and estradiol ELISA Kkits were purchased from Wuhan Fine
Biological Technology Co., Ltd, China, and Androgen-
binding protein ELISA kit was purchased from Elabscience
Biotechnology Co., Ltd, China. All other chemicals of ana-
lytical grade were purchased from Sisco Research Labora-
tories Pvt. Ltd. (SRL), Mumbai.

Animal care and maintenance

Healthy adult female Wistar albino rats (Rattus norvegicus)
(89 weeks old, 180-200 g bw) were used for this study
and were supplied by our institution animal house. Breed-
ing was done in specific pathogen-free atmosphere with
controlled temperature 27-30.5 °C and regulated humid-
ity (70-90 %) conditions. Animals were housed in clean
polypropylene cages and maintained in air-conditioned
animal house with constant photoperiod of 12-h light/dark
cycle. Animals were fed with standard rat pellet diet (Lip-
ton India, Mumbai, India) and water (purified by UV and
reverse osmosis) ad libitum throughout the study.

Experimental design

The healthy adult female Wistar albino rats were mated
with normal healthy males. The day when the sperm was
detected in the vaginal smear was considered day 0, and the
dams were separated from male and maintained in individ-
ual cages in all cases. Dams were divided into four groups;
each group consists of six animals. Group I: control (corn
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oil alone—uvehicle), Group II: 1 mg Aroclor 1254/kg bw/
day, Group III: 2 mg Aroclor 1254/kg bw/day and Group
IV: 5 mg Aroclor 1254/kg bw/day. Both Aroclor 1254 and
corn oil (as a vehicle) were administered daily through oral
gavage to the lactating female rats from postnatal day PND
1 to PND 20. The male offspring from all the four groups
were Sacrificed on PND 21 and PND 60. Blood was col-
lected, and serum was separated and stored at —80 °C for
the estimation of testosterone, androgen-binding protein and
estradiol.

Analysis of hormones

Testosterone, androgen-binding protein and estradiol con-
centrations were measured in serum and testicular inter-
stitial fluid using enzyme-linked immunosorbent assay
(ELISA) kits (Wuhan Fine Biological Technology Co., Ltd,
China and Elabscience Biotechnology Co., Ltd, China)
according to the manufacturer’s instructions. The ELISA
plates were read in Bio-Rad plate reader (California, USA).
Samples and standards were analyzed in duplicate. The intra
and interassay coefficients of variation were <8 and <10 %,
respectively, for testosterone, <9.3 and <10.1 %, respec-
tively, for ABP, and <8 and <10 %, respectively, for estra-
diol. Testosterone level was expressed as ng/ml, whereas
level of ABP and estradiol was expressed as pg/ml.

Collection of testicular interstitial fluid (TIF)

Testicular interstitial fluid of F, puberal rats was collected
from individual testes as described by Sharpe and Cooper
[18]. Immediately after the removal of the testis, the caudal
end of the testicular capsule was incised carefully and the
testis was placed upright in a test tube such that the testis was
suspended 1-2 cm above the test tube bottom. Fluid was then
allowed to percolate from the testis into the test tube bottom
over the next 16-20 h at 4 °C. The testis was then removed,
the tubes were centrifuged for 5 min at 1000 g to precipitate
any contaminating erythrocytes, and the interstitial fluid vol-
ume was measured. The fluid was then diluted with 10 vol-
umes of 0.01 M phosphate-buffered saline (pH 7.5) contain-
ing 0.2 % BSA and stored at —20 °C. TIF testosterone, ABP,
estradiol levels were measured by ELISA method.

Histology

The testis was separated and fixed by 4 % paraformalde-
hyde for 24 h. Then, testis was cut transversally to the long
axis into two slices, which were placed again into the fixa-
tive for additional 24 h. Testes samples were dehydrated in
an ethanol series and embedded in paraffin wax. Sections
(5 um) of testes were stained with hematoxylin and eosin
for histological examination.
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Isolation and purification of Sertoli cells

The testes from prepubertal and puberal F, rats were col-
lected. The SCs were isolated based on the procedure
described by Majumdar et al. [19] with some modification.
The testicular tissues were chopped and sequentially digested
with collagenase IV, collagenase I and pancreatin with inter-
mittent agitation. After washing with DMEM medium by
centrifugation at 800 rpm for 5 min, the final cell suspension
was filtered through nylon mesh cell strainers (80 pm pore
size). Purity of SCs was checked using positive staining for
Oil Red O [20]. The isolated Sertoli cells are used to deter-
mine the gene expression and protein expression level.

Total RNA isolation

The total RNA was isolated from SCs (1 x 10 using TRI
reagent (Sigma) by following the method of Chomczynski
and Sacchi [21]. The concentration and purity of total RNA
were determined spectrophotometrically at A,q55, Nm, the
ratio of which was in the range of 1.8-2.0. Complemen-
tary DNA was synthesized from 2 pg of total RNA using a
cDNA synthesis kit (iScript, Bio-Rad, USA).

Real-time reverse transcriptase polymerase chain
reaction (QRT-PCR)

gRT-PCR was performed in a Cf x 96 real-time detection
system, Bio-Rad, using SYBR Green dye. Gene-specific
primers were used to determine the relative expression level
of follicle-stimulating hormone receptor (FSHR), androgen-
binding protein (ABP), inhibinf}, androgen receptor (AR) and
estrogen receptor B (ERP). Amplification reactions were set up
of 25 ul by Takara SYBR Green kit method, and the reaction
consisted of initial denaturation for 3 min at 95 °C, followed
by 40 cycles of 95 °C for 10 s, primer annealing at 58 °C for
30 s (temperature varies gene to gene) and extension at 72 °C
for 1 min. Melt curve analysis was performed for specificity.
Forward and reverse primer sequences and amplicon size are
listed in Table S1. The reactions were repeated in triplicate,
and a non-template control was also included. Beta-actin was
used as a housekeeping gene for data analysis. The Ct val-
ues were obtained from the amplification, and relative gene
expression was calculated by the 2722 method [22].

Immunoblotting

The protein expressions were detected by western blot. The
SCs were homogenized with radioimmuneprecipitation
assay buffer (RIPA) and protease inhibitor cocktails. Pro-
teins were quantified, and then equal amounts of proteins
were subjected to 10-12 % SDS—polyacrylamide gels. Fol-
lowing electrophoresis, separated proteins on SDS-PAGE

gels were transferred to PVDF membrane (Millipore USA).
To block the nonspecific binding, the membranes were
incubated with 5 % skimmed milk for 3 h. Membranes
were immunoblotted with primary antibodies FSHR, ABP,
Inhibinf, AR and ERP (1:500-1:1000). The membranes
were washed with TBS and incubated with horseradish per-
oxidase-labeled antimouse rabbit IgG or antigoat IgG and
antirabbit mouse IgG antibody at a dilution of 1:10,000. The
bands were developed by using ECL kit (Thermo Scientific,
USA) in Chemidoc image scanner from Bio-Rad. The band
intensity was quantified by Quantity One software (Bio-
Rad, California, USA). The membranes were striped and
reprobed for f-actin (1:5000) as an internal control.

Statistical analysis

All data are presented as mean =+ standard error of the
mean (SEM) and were analyzed by one-way analysis of
variance (ANOVA) followed by Student-Newman—Keul’s
test. Statistical analysis was performed by using the Graph
Pad Prism software (GraphPad Software, San Diego, CA,
USA). Differences were considered statistically significant
when the P level was less than 0.05.

Results

Effect of lactational exposure to PCB on body weight,
relative testis and accessory sex organs weight
of prepuberal and puberal offspring rats

There is no significant difference observed between control
and PCB-treated dam’s body weight (Fig S1). The body
weight of both prepuberal and puberal F; male offspring
was significantly decreased in all PCB-treated groups when
compared to control (Fig. 1a). 50 % mortality rate was
observed in 5 mg PCB treated group. Relative testis weight
of both the prepuberal and puberal F, progeny exposed
to PCBs was drastically decreased (Fig. 1b). Specifically
50 % of testis weight reduction was observed in a high dose
of PCBs (5 mg PCB)-treated group. The decreased testicu-
lar weight in PCBs-exposed rats may be due to reduced
tubular size, alteration of FSH and testicular androgenesis.
The male accessory sex organs such as seminal vesicle,
ventral prostate and epididymis weight also decreased in a
dose-dependent manner (Fig. 2a, b).

Effect of lactational exposure to PCB on hormone levels
in serum and testicular interstitial fluid (TIF) of F,

offsprings

The testosterone levels in the serum and TIF showed a
dose-dependent decrease in offspring rats exposed to
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Fig. 1 Effect of lactational exposure to PCB on body weight (a) and
relative testis weight (b) of F; male prepuberal (PND 21) and puberal
(PND 60) Wistar albino rats. Each bar represents the mean + SEM
of six animals. a represents control versus 1 mg, 2 mg, 5 mg PCB

(a)

treated groups and b represents 1 mg PCB versus 2 mg & 5 mg PCB
treated groups, c represents 2 mg PCB versus 5 mg PCB group at
p <0.05 level
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Fig. 2 Effect of lactational exposure to PCB on relative accessory
sex organs weight of F1 male prepuberal (a) and puberal (b) Wistar
albino rats. Each bar represents the mean + SEM of six animals. a
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represents control versus 1 mg, 2 mg, 5 mg PCB treated groups and b
represents 1 mg PCB versus 2 mg & 5 mg PCB treated groups, ¢ rep-
resents 2 mg PCB versus 5 mg PCB group at p < 0.05 level

Fig. 3 Effect of lactational (a) Testosterone - serum (b) Testosterone - TIF
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PCB during lactational period when compared to con-
trol group (Fig. 3a, b). The testicular volume per testis is
also decreased in 2- and 5-mg-PCB-treated groups (Fig
S2). Androgen-binding protein levels were significantly

@ Springer

decreased in PCB-treated groups compared with control in
both serum and TIF (Fig. 4a, b). The estradiol level also
significantly decreased in both serum and TIF of the PCB-
treated groups when compared to control group (Fig. 5a, b).
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Fig. 4 Effect of lactational
exposure to PCB on ABP level
in serum (4a) and TIF (4b) of a
F, male prepuberal and puberal
Wistar albino rats. Each bar
represents the mean + SEM of
six animals. a represents control
versus 1 mg, 2 mg, 5 mg PCB
treated groups and b represents
1 mg PCB versus 2 mg & 5 mg
PCB treated groups, ¢ repre- N
sents 2 mg PCB versus 5 mg
PCB group at p < 0.05 level
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Fig. 5 Effect of lactational
exposure to PCB on estradiol
level in serum (5a) and TIF

(5b) of F; male prepuberal and
puberal Wistar albino rats. Each
bar represents the mean &= SEM
of six animals. a represents
control versus 1 mg, 2 mg, 5 mg
PCB treated groups and b repre-
sents 1 mg PCB versus 2 mg &
5 mg PCB treated groups, c rep-
resents 2 mg PCB versus 5 mg
PCB group at p < 0.05 level
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Effect of lactational exposure to PCB
on histoarchitecture of the testis of prepuberal
and puberal offspring rats

Disorganized tubules, poor tubular content and tubules
were hyalinized. Foci containing malformed tubules were
observed. Disorganized epithelial lining, wide lumen and
interstitial spaces, and reduced interstitial cell popula-
tions were also observed in PCB-treated groups of prepu-
beral rats (Fig. 6a—d). In puberal rats, sections of the testes
from control rats (Fig. 6e) showed the normal structure of
the testis. Seminiferous tubules had rounded or oval con-
tour with regular basement membrane and were lined with
stratified germinal epithelium showing two types of cells,
germ and Sertoli cell. Sperms were seen in the lumen of
the tubules. Examination of sections obtained from testes
of 1 mg and 2 mg PCB treated rats revealed the seminif-
erous tubules with multiple distortions and loss of germ
cells (Fig. 6f, g). Seminiferous tubular lumens were wide
with no sperm and some immature tubules also observed in
5 mg PCB treated group of puberal rats (Fig. 6h).

Effect of lactational exposure to PCB on FSHR, AR,
ERB in Sertoli cells of prepuberal and puberal F,
offspring rats

The mRNA and protein expression of FSHR was decreased
in a dose-dependent manner on both prepuberal and
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puberal offspring rats (Fig. 7a, b). In prepuberal rats, AR
mRNA and protein expression was decreased gradually
in PCB-treated groups, but in the case of puberal rats, AR
gene expression was significantly decreased in 2 mg and
5 mg PCB treated groups (Fig. 8a, b). The ERf mRNA
expression level was drastically decreased in 5 mg PCB
treated groups of both prepuberal and puberal offspring rats
(Fig. 9a). The protein expression of ERf was decreased in
all the PCB-treated groups of prepuberal, but the protein
expression of ERB was increased in 2 mg PCB than in the
1 mg PCB treated groups of puberal rats (Fig. 9b).

Effect of lactational exposure to PCB on ABP
and inhibing in Sertoli cells of prepuberal and puberal
F, offspring rats

The gene expression of ABP was significantly decreased in
a dose-dependent manner on Sertoli cell of both prepuberal
and puberal (Fig. 10a, b) F; offspring rats. The mRNA and
protein expression of inhibinf was significantly increased
in all the PCB-treated groups of prepuberal and puberal F;
offspring (Fig. 11a, b).

Discussion

The “fetal origins of adult disease” hypothesis proposes
that the maternal nutritional status during pregnancy and
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Control
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PND60

Fig. 6 Effect of lactational exposure to PCB on testicular architec-
ture of both F,; prepuberal (PND 21) and puberal (PND 60) Wistar
albino rats. Photomicrograph of testicular sections of rat offspring
of dams exposed to 1 mg PCB (b, f), 2 mg PCB (c, g), 5 mg PCB
(d, h). a, e Seminiferous epithelium presenting normal morphology.
b Seminiferous tubules are not intact, ¢ some of the foci containing
malformed tubules (asterisk) were seen, d small tubules, poor tubu-
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lar content were observed, and most of the seminiferous tubules
were malformed, f sloughing of germ cell layer (arrow) in seminifer-
ous tubules, g sloughing of germ cell layers (arrow) in seminiferous
tubules and sperm depleted (asterisk) in the lumen, h immature semi-
niferous tubules (x) (hematoxylin and eosin staining, x40 magnifica-
tion)
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Fig. 7 Effect of lactational exposure to PCB on FSHR mRNA (a)
and protein (b) expression in Sertoli cells of F, prepuberal (PND 21)
and puberal (PND 60) Wistar albino rats. Each bar represents the
mean + SEM of three observations from pooled samples of six ani-

lactation plays a critical role in the postnatal growth and
development of the offspring, often leading to permanent
changes with lifelong health consequences [23]. PCB
is able to pass into breast milk, and therefore, exposure
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mals. a represents control versus 1 mg, 2 mg, 5 mg PCB treated and b
represents 1 mg PCB treated versus 2 mg, 5 mg PCB-treated, ¢ repre-
sents 2 mg versus 5 mg PCB-treated at p < 0.05 level

during lactational period is of particular concern. So, the
present study deals with the lactation exposure effect of
PCB on SCs of F; male offspring. The body weight and
relative testis weight were decreased in a dose-dependent
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Fig. 8 Effect of lactational exposure to PCB on AR mRNA (a) and
protein (b) expression in Sertoli cells of F, prepuberal (PND 21)
and puberal (PND 60) Wistar albino rats. Each bar represents the
mean + SEM of three observations from pooled samples of six ani-

mals. a represents control versus 1 mg, 2 mg, 5 mg PCB-treated; b
represents 1 mg PCB-treated versus 2 mg, 5 mg PCB-treated and ¢
represents 2 mg PCB-treated versus 5 mg PCB-treated at p < 0.05
level
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Fig. 9 Effect of lactational exposure to PCB on ERf mRNA (a) and
protein (b) expression in Sertoli cells of F, prepuberal (PND 21)
and puberal (PND 60) Wistar albino rats. Each bar represents the
mean + SEM of three observations from pooled samples of six ani-

mals. a represents Control versus 1 mg, 2 mg, 5 mg PCB-treated and
b represents 1 mg PCB-treated versus 2 mg, 5 mg PCB-treated, ¢ rep-
resents 2 mg versus 5 mg PCB-treated at p < 0.05 level
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Fig. 10 Effect of lactational exposure to PCB on ABP mRNA (a)
and protein (b) expression in Sertoli cells of F; prepuberal (PND
21) and puberal (PND 60) Wistar albino rats. Each bar represents
the mean + SEM of three observations from pooled samples of six

animals. a represents Control versus 1 mg, 2 mg, 5 mg PCB-treated;
b represents 1 mg PCB-treated versus 2 mg, 5 mg PCB-treated and
c represents 2 mg PCB-treated versus 5 mg PCB-treated at p < 0.05
level
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Fig. 11 Effect of lactational exposure to PCB on inhibinf mRNA
(a) and protein (b) expression in Sertoli cells of F, prepuberal (PND
21) and puberal (PND 60) Wistar albino rats. Each bar represents the
mean + SEM of three observations from pooled samples of six ani-
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manner in PCB-exposed F, progeny. Hany et al. [24] also
observed that the exposure to PCB during lactation period
significantly reduced the growth in offspring and 5-10 %
reduction in body weight of adult animals.

The histopathological study has veraciously depicted
the adverse, dose-dependent changes in testicular archi-
tecture (Fig. 2). Germ cell and interstitial cell population
was decreased in PCB-treated groups, suggesting that PCB
affects the spermatogenesis in F; progeny. Seminiferous
tubules size was also reduced in PCB-exposed rats, and
this may be the reason for the testicular weight reduction.
Our recent study also stated that lactational exposure to
DEHP causes dose-dependent changes in testicular archi-
tecture and perturbation of the tight junctional proteins in
F, rats [25]. PCB affects the testicular histoarchitecture,
and this may be due to the alteration of testosterone, ABP
and estradiol levels in both serum and TIF, which is very
much important for the germ cell development. The testicu-
lar interstitial fluid volume was also decreased in the PCB-
treated groups; this is evident that the PCB could affect the
germ cell development.

SCs normally stop proliferation at early puberty in
rodents and numbers remain static thereafter, but in mice
lacking FSHR there is a postpubertal decline in SCs
numbers [26]. In this study, FSHR expression level was
decreased in PCB-treated group, suggesting that this may
reduce the SC number in PCB-treated group. Inhibinf con-
trols FSH secretion via a negative feedback mechanism
[27]. The overexpression of inhibinf in the present study
may inhibit the FSH secretion, and therefore it inhibits the
SCs proliferation and it may lead to subfertility. Krishna-
moorthy et al. [8] found that PCB disrupts Sertoli cellular
metabolic functions such as decreased ABP, lactate secre-
tions and activity of antioxidant enzymes in adult rats. In
the present study also, the gene expression level of ABP
was significantly decreased in the PCB-treated group of
both prepuberal and puberal F, offspring, suggesting that
this may be the reason for the reduction of testosterone
level in both serum and TIF in PCB-treated groups.

The decreased expressions of androgen receptor in PCB-
treated group of both the prepuberal and puberal F, offspring
suggest that the lactational exposure to PCB may adversely
affect the progression of spermatocytes, survival of round
spermatids and release of elongated spermatids into the
lumen of seminiferous tubules. The ERB gene expression
level was decreased in Sertoli cell of all the PCB-treated
groups in both prepuberal and puberal F, rats. The serum
and TIF estradiol level also decreased in PCB-treated groups
of F, offspring. Delbes et al. [28] also found that estrogen
receptors are the pivotal player which is required for sper-
matogenesis. The decreased expression of estrogen receptor
may affect the testicular development and spermatogenesis.

Conclusion

To conclude, lactational exposure to PCB (Aroclor 1254)
affects the SC function in both prepuberal and puberal F,
rats. It may lead to infertility in F; male offspring by dete-
riorating SCs function. Further studies are needed to prove
the relentlessness of PCB toxicity in F; progeny.
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