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Abstract

The ability of zinc to retard oxidative processes has been recognized for many years. Polychlorinated biphenyls (PCBs) are persistent
and bioaccumulative environmental toxicants. Previous study has indicated that PCBs can have deleterious effects, including oxidative
stress, on various aspects of reproduction in male rats. The aim of this study was to determine the antioxidant role of zinc in PCB-exposed
ventral prostate of albino rats. A group of 20 rats were treated with Aroclor 1254 (2 mg/kg body weight/day, i.p.) for 30 days. After the
PCB treatment, 10 rats were treated as PCB control. The remaining 10 rats were given zinc (Zn SO,) (200 mg/kg body weight/day, p.o.)
for 10 days. Ventral prostatic enzymatic antioxidants such as superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx),
and glutathione-S-transferase (GST) were estimated in all the groups. Hydrogen peroxide (H,O,), lipid peroxidation (LPO) and ventral
prostatic acid phosphatase (ACP) were also estimated. Serum hormonal profiles such as total tri-iodothyronine (T;), thyroxine (T,), thyroid
stimulating hormone (TSH), testosterone, and estradiol were estimated. Ventral prostatic androgen and estrogen receptors, ventral prostatic
zinc content, and serum zinc concentration were also quantified in all the groups. Antioxidant enzymes such as SOD, CAT, GPx, GST, and
ACP were decreased while an increase in H,O, and LPO were observed in PCB-treated animals. Decreased serum total T, T,, testosterone,
estradiol and increased TSH were observed in PCB-exposed rats. Ventral prostatic androgen and estrogen receptors were also decreased
significantly in PCB-exposed rats. Zinc administration restored to previous levels all parameters except ventral prostatic ACP. These results
suggest that PCB induces oxidative stress in rat ventral prostate by decreasing the levels of antioxidant enzymes; the effects could be
reversed by the administration of zinc. The adverse effect of PCBs (Aroclor 1254) and zinc on ventral prostate might be due to indirect action
through hormonal regulation. © 2004 Elsevier Inc. All rights reserved.
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1. Introduction ates to nonradical products. These enzymes include a family of
) ) ) glutathione-dependent enzymes, superoxide dismutase (SOD),
Many environmental contaminants increase the levels of and catalase (CAT) [2]. Polychlorinated biphenyls (PCBs), a

reactive oxygen species (ROS) such as superoxide anions,
hydroxy radicals, hydrogen peroxide, and hypochlorite.
When the balance between ROS and antioxidant system is
lost, oxidative stress results. Oxidative stress is the cyto-
toxic consequence of oxyradical and oxidant formation and
the reaction with cellular constituents. The free radical O, " is
generated by multiple enzymatic and non enzymatic pathways
and is often at the start of the oxidative stress cascade [1].

family of synthetic chlorinated organic compounds, are persis-
tent environmental pollutants. Aroclor 1254 is a commercial
mixture of polychlorinated biphenyls, which is defined as be-
ing 54% chlorine by weight [3]. They are used in transformers,
capacitors, paints, pesticides, gas turbines, hydraulic systems,
television, and air conditioners. They are absorbed through the
skin, lungs, and GI tract [4]. PCBs are distributed throughout
Antioxidant enzymes are involved in the defense system the entire ecosystem including soil, air, and water. Commercial
against free radical-mediated tissue or cellular damage. They PCB mixtures, such as Aroclor 1242 and 1254, as well as

metabolize either free radicals or reactive oxygen intermedi- certain individual congeners cause hypothyroidism in animals
exposed to these substances [5]. PCBs have also been shown to

impair male fertility [6].
* Corresponding author. PCBs are endocrine-disrupting chemicals in that they can
E-mail address: j_arunakaran@hotmail.com (J. Arunakaran). bind to hormone (usually estrogen or androgen) receptors to
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inactivate them. The ability of PCBs to affect the estrogen
receptor is generally related to their degree of chlorination,
with more lightly chlorinated PCBs acting in an estrogenic
manner, and those PCBs with higher (>48%) chlorination
acting as weak estrogens or as estrogen receptor antagonists
[7]. In the neonatal brain, PCBs can affect levels of aro-
matase, the enzyme that is responsible for the conversion of
testosterone to estradiol and that plays a critical role in the
development of gender-appropriate sexual behavior [8]. We
have observed thinning of the epithelial membrane in rat
reproductive organs after PCB exposure [9]. We have also
shown that administration of Aroclor 1254 decreased ven-
tral prostatic acid phosphatase (ACP) and antioxidant en-
zymes [10]. Recent findings indicate that toxic manifesta-
tion induced by PCBs may be associated with the
production of ROS [11].

Zinc is a homeostatically regulated essential mineral. It is
a component of numerous metalloenzymes, and it is impor-
tant for cell growth and replication, osteogenesis, and im-
munity [12]. Zinc has close interrelationships with endo-
crine system and is essential for reproductive and thyroid
function. Zinc deficiency causes delayed sexual maturation,
hypogonadism, and thyroid function [13,14]. Possible in-
volvement of zinc in the oxidative defense system that
protects cells from oxidant-mediated damage has been stud-
ied in different in vitro and in vivo models. Chronic zinc
deficiency is associated with a condition of oxidative stress
characterized by increased oxidation of lipids, proteins, and
DNA, and by alterations in components, enzymes and sub-
stances of the oxidative defense system [15]. Zinc content
serves as one of the biochemical markers for the function of
prostate gland. Costello and Franklin [16] have proposed
that zinc inhibits mitochondrial aconitase activity and citrate
oxidation in prostate epithelial cells.

Thus, the present study was designed to determine
whether zinc could reverse the PCB-mediated effects in the
ventral prostatic antioxidant system.

2. Methods and materials
2.1. Animal experimentation

Healthy adult male albino rats of the Wistar strain Rattus
norvegicus, 90 days of age and weighing 150-180 g, were
used in the present study. The animals were housed in clean
polypropylene cages and maintained in an air-conditioned
animal house with a constant 12-hour light, 12-hour dark
schedule. Animals were maintained according to the guide-
lines of our institutional ethical committee (Ref. no. IAEC
no. 03/005/02). All animals underwent deworming with
albendazole (10 mg/kg body weight, p.o.) before initiation
of the experiments. A group of 20 rats were treated with
Aroclor 1254 (2 mg/kg body weight/day/i.p.) for 30 days.
After PCB treatment, 10 rats were treated as PCB control.
The remaining 10 rats were given zinc in the form of ZnSO,

(200 mg/kg body weight/day/p.o.) for 10 days. Separate
controls were also maintained. The dose levels and dosing
period of PCB were selected according to our previous
studies [10]. The dose of ZnSO4 was selected according to
Salgueiro et al. [17]. Aroclor 1254 and chloramine-T were
purchased from Sigma Chemical (St. Louis, MO). ZnSO4
was purchased from SISCO Research Laboratories (Mum-
bai, India) and RIA Kits were obtained from Diagnostics
Products Corp. (Los Angeles, CA, 90045 USA). 3H-testos-
terone and *H estradiol were purchased from Amersham
Pharmacia Biotech Ltd. (London, UK).

2.2. Collection of blood and tissue

At 24 hours after the last treatment, rats were killed.
Blood from the trunk was collected in clean, dry test tubes,
allowed to clot at room temperature, and then centrifuged at
1500 X g for 10 minutes. The clear serum was removed and
used for zinc and hormone assay.

Ventral prostate was removed from the adhering connec-
tive tissue, washed in ice-cold physiological saline repeat-
edly, and accurately weighed. After thorough washing, ven-
tral prostate at the known weight was blotted, wrapped in
aluminum foil, and stored at —80°C for biochemical assays.

2.3. Preparation of tissue homogenate for biochemical
assay

The ventral prostatic tissue was homogenized in 0.1
mol/L. Tris—HCI buffer, pH 7.4, and used for determining
the biochemical parameters described below.

Protein was estimated by the method of Lowry et al.
[18]. Estimation of SOD [19], CAT [20], GPx [21], GST
[22], ACP [23], LPO [24], and H,O, generation assay [25]
were performed.

2.4. Radioimmunoassay of hormones

2.3.1. Serum total tri-iodothyronine and thyroxine

Serum total tri-iodothyronine (T;) and thyroxine (T,)
were assayed by solid phase technology by making use of a
commercial kit obtained from DiaSorin (Italy). The results
were expressed as pg/mL. Sensitivity of the assays was 30
pg/mL for total T, and 700 pg/mL for total T5. Interassay
coefficients of variation were as follows: Total T,: 4.5—
14.5%; total T: 5.7-10%; intra-assay coefficients of vari-
ation were as follows: total T,: 2.7-3.8%, total T;: 3.1-
8.9%, respectively.

2.3.2. Serum TSH assay

For assay of serum TSH, NIDDK-rTSH was iodinated
using the chloramine-T method with carrier free '*°I and
used for radioimmunoassay (RIA) of serum TSH with spe-
cific rat antibody (NIDDK-anti-rTSH—s—s) and reference
preparation (NIDDK-rTSH RP,). Antirabbit gammaglobu-
lin (ARGG) was used as the second antibody to precipitate
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Fig. 1. Effect of zinc on ventral prostatic antioxidant enzyme activities
in albino rats exposed to polychlorinated biphenyls (PCBs). Each bar
represents the mean and vertical lines above denote the SEM of 10 animals.
Letters a and b denote the statistical significance of the data at the level of
P < 0.05: letter a, control animals vs. those treated with PCB; letter b, PCB
control animals vs. PCB + zinc treated animals. Open bars represent
control group; bars with large cross-hatching, PCB-exposed group; bars
with small cross-hatching, PCB+Zinc group. CDNB:1 chloro 2,4 dinitro-
benzene.

the antibody bound TSH. Radioactivity was counted on the
Pharmacia liquid scintillation system, and the results were
expressed as ng/mL. The sensitivity of the TSH assay was
0.01 ng/mL, and the intra- and interassays coefficients of
variation were 5-8.2% and 4—-6%, respectively. 1251 was
purchased from the Board of Radiation and Isotope Tech-
nology (Mumbai, India). TSH antigen, antibodies, and ref-
erences for rat TSH were obtained from the NIDDK, Pitu-
itary Distribution Programme (Baltimore, MD).

2.3.3. Serum estradiol and testosterone

Serum estradiol and testosterone were assayed by solid
phase radioimmunoassay, Coat-A-Count procedure, by us-
ing a commercial kit obtained from Diagnostic Products
Corp. (USA). The results were expressed as pg/dL and
ng/mL, respectively. The sensitivity of the estradiol assay
was 0.08 pg/dL and the cross-reactivity of the antiserum
was 0.1% with estrone, 0.32% with estriol, 0.017% with
17B-estradiol, 0.004% with DHT, and 0.001% with testos-
terone. The inter- and intra-assay variations were 6 —8% and
4-6%, respectively. Sensitivity of the testosterone assay
was 0.3 pg/mL, and cross-reactivity of the antiserum was
14% with 5o androstenediol and 0.001% with cortisol.

2.4. Androgen and estrogen receptor assay

The estrogen receptor and antrogen receptor binding
assays were performed as described by Re et al. [26] and

Lipid peroxidation

2 50
g |
] g |
g a0 SRR |
= |
<5 30 - |
s 1
=520 T b
- X
8 10- S5 DA
S oy \'\, \“ -
S SRR
SR S I -5\ B,
£
240
S5
T 230 -
5 RIR%
5 é ’:‘0 A
9 = 20 A
o 3
E g
<310 -
c
[e}
(]
0
5520
5%
-g- 8 15 { -
o
oo ‘ a a
£ £ 1
ce . | |
a-£10 3
a E SHAERRR]
g 3 "i:?‘i&&::t:
2 8 anatserets!
2% g SRR
c O ‘ SRS
£E8 | ey
=0l SSSSSSANNNNNNY .

| OControl PCB PCB+Zinc

Fig. 2. Effect of zinc on ventral prostatic lipid peroxidation (LPO), hy-
drogen peroxide (H,0,), and acid phosphatase (ACP) activity in albino rats
exposed to polychlorinated biphenyls (PCBs). Open bars represent control
group; bars with large cross-hatching, PCB-exposed group; bars with small
cross-hatching, PCB+Zinc group. MDA: malondialdehyde.

Leake and Habib [27], respectively, with minor modifica-
tions. Briefly, aliquots of cytosol (200 L) were incubated
overnight in triplicate at 4°C with 50 pL of increasing
concentrations of (*H) estradiol (0.1-2.8 nmol/L) or (°*H)
testosterone (0.13-2.6 nmol/L). To estimate nonspecific
binding, two parallel sets of tubes containing a 250-fold
molar excess of nonlabeled diethylstilbesterol as an estro-
gen competitor and a 500-fold molar excess of nonlabeled
testosterone as an androgen competitor were prepared. In
the androgen receptor assay, to avoid possible binding of
testosterone to glucocorticoid receptors, 100 nmol/L triam-
cinolone acetonide was added to each incubation tube. The
cross binding of testosterone and estradiol with cortisol and
progesterone receptors was blocked by the addition of tri-
amcinolone acetonide to the assay vial. After absorption of
free hormones on dextran-coated charcoal and precipitation,
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Table 1
Effect of zinc on PCB-exposed rat serum hormonal profiles and ventral prostatic androgen and estrogen receptor concentrations
Parameter Control PCB PCB+Zinc
Body weight (g) 171.00 = 6.5 138.00 = 5.2% 168.00 + 6.37
Ventral prostatic weight (g) 0.118 = 0.008 0.089 = 0.005* 0.135 = 0.004"
Serum Total T (pg/mL) 6.99 = 0.32 4.00 £ 0.12* 5.88 = 0.56"
Serum Total T, (ug/mL) 710.00 £ 25 590.00 = 11* 690.00 = 147
Serum TSH (ng/ml) 11.00 = 0.80 13.95 + 0.60* 10.99 = 0.517
Serum testosterone (ng/mL) 490 = 0.22 3.35 = 0.16* 4.87 = 0.247
Serum Estradiol (pg/dL) 10.21 = 0.38 8.05 £ 0.27* 11.31 = 0.507
Ventral prostatic androgen receptor (fmol/mg protein) 38.82 £2.02 29.11 = 1.21* 41.90 * 3.187
Ventral prostatic estrogen receptor (fmol/mg protein) 20.03 = 0.89 1491 = 0.81* 21.86 + 1.987

Values are mean = SEM of 10 animals.
* Control vs PCB.
"PCB vs PCB+Zinc.

200 pL of the supernatant were added to 4 mL of scintil-
lation liquid. Radioactivity in the bound fraction was
counted on an LKB Wallac microprocessor—based liquid
scintillation counter for a minute. Results were expressed as
fmol/mg protein.

2.5. Estimation of zinc

Ventral prostatic zinc content and serum zinc concentra-
tion were estimated by atomic absorption spectroscopy [28].
The results were expressed as pg/g tissue for ventral pros-
tatic zinc and wmol/L for serum zinc.

2.6. Statistical analysis

Data were statistically analyzed using analysis of vari-
ance. When the F ratio was statistically significant, the data
were subjected to Student-Newman-Keuls test according to
the method of Zar [29]. Values were considered significant
at P < 0.05.

3. Results

The body weight and ventral prostatic weight were sig-
nificantly decreased in PCB-exposed rats. Zinc supplemen-
tation recovered the PCB-mediated effect. The specific ac-
tivities of SOD, CAT, GST, GPx, and ACP were decreased,
whereas lipid peroxidation and H,O, were increased in the
ventral prostate of PCB-treated rats when compared to con-
trols. Administration of zinc restored the antioxidant en-
zymes only and decreased LPO and H,O, generation (Figs.
I and 2). Increased TSH and decreased serum total T, T,
testosterone and estradiol, and ventral prostatic androgen
and estrogen receptor concentrations were observed after
PCB exposure. Zinc treatment restored the effects to control
levels (Table 1). Decreased ventral prostatic zinc content
and serum zinc concentration were observed in PCB expo-
sure; these concentrations increased after the administration
of zinc (Fig. 3).

4. Discussion

PCBs are environmental contaminants that have been
classified by the World Health Organization as moderately
hazardous [30]. There is much concern that exposure to
PCB causes reproductive toxicity in humans and animals
[6]. The dose selected in the present study (2 mg/kg body
weight) has been shown to cause dysfunction in the rat
ventral prostate [10]. In the present study, ventral prostate
weight and body weight were decreased significantly,
which might be due to decreased bioavailability and pro-
duction of androgens in the present experiment. Increased
level of androgen after zinc supplementation could have
enhanced the body and ventral prostatic weight. Vijaybabu
etal. [31] reported that PCBs (Aroclor 1254) increased ROS
in rat ventral prostate. Recent findings also suggest that
PCBs causes decrease activity of antioxidant enzymes such
as SOD, CAT, GPx, and GST and increases H,O, genera-
tion and LPO levels [10]. Decreased CAT activity could be
associated with the oxidative stress in seminal plasma [32].
CAT is the main scavenger of H,O, at high concentrations
[33]. CAT activity is also linked SOD activity. The decrease
in SOD activity in animals exposed to high dose of metals
may result in more accumulation of O, , which has been
shown to inhibit CAT [34]. Along with CAT, GPx is also
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Fig. 3. Effect of zinc on ventral prostatic zinc content and serum zinc
concentration in albino rats exposed to polychlorinated biphenyls (PCBs).
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involved in the scavenging of H,0,. ROS induce tissue
damage by initiating self-propagating LPO [35]. Therefore,
the increase in prostatic LPO observed in the present study
could be due to the concominant increase in the generation
of free radicals such as H,O, and OH’ in the prostate of
PCB-treated rats. This may upset the pro-oxidant/antioxi-
dant balance within the prostate, which could be one of the
reasons for decreased ACP concentration.

In the present study, zinc supplementation effectively
reversed the PCB induced toxicity in antioxidant system of
ventral prostate. Zinc is an essential trace mineral that acts
as an antioxidant by neutralizing free radical generation
[36]. Zinc could exert a direct antioxidant action by occu-
pying iron or copper binding sites of lipids, proteins, and
DNA [37]. Zinc deficient male rats had higher levels of
LPO (33% higher thibarbituric acid reactive substance
[TBARS] content), protein oxidation, and decreased SOD
activity leading to reduced testicular growth and oxidative
stress in cadmium exposed rats [38]. Zinc administration
has been shown to increase antioxidant metallothionein
[36], which protected retinal LPO. Similar changes could
have occurred in the ventral prostate of zinc treated animals.

PCBs are endocrine-disrupting chemicals that bind to
androgen and estrogen receptors to inactivate them [7]. In
the present study, decreased levels of androgen and estrogen
receptor concentrations in animals exposed to Aroclor 1254
may also be due to the decreased levels of testosterone and
estradiol. Previous studies in our laboratory have shown that
Aroclor 1254 exposure decreases serum testosterone, estra-
diol, and thyroid hormones level [10]. Khan and Thomas
[40] also suggest that PCBs significantly reduce the con-
centration of 5-hydroxy tryptophan by inhibiting hypotha-
lamic tryptophan hydroxylase and GnRH content in the
preoptic anterior hypothalamic area of rats. Administration
of zinc restored serum testosterone and estradiol levels. Zinc
is essential for testosterone secretion and spermatogenesis
[12]. Zinc also induces the activity of 33-OH steroid dehy-
drogenase, which is the key enzyme used for testosterone
biosynthesis [41]. Hafiez et al. [42] also showed that zinc
deficiency causes decreased levels of serum testosterone. In
the present study an increase in testosterone and estradiol
was observed after zinc supplementation. Increased levels
of both hormones stimulate receptor concentrations after
zinc supplementation by mechanisms of up-regulation and
down-regulation. ACP is an excellent marker for androgen-
dependent functions in the prostate. Thus its decrease in the
PCB-exposed rats may suggest androgen deprivation in the
ventral prostate [23]. The activity of ACP in Aroclor 1254 —
exposed rats is not restored after the zinc supplementation.
Rosenkrantz [43] suggested that estradiol decreases the se-
cretion of ACP in the prostate. In the present experiment,
increased levels of estradiol in animals treated with zinc
could not retrieve the ACP level.

The PCB-induced decrease in thyroid hormones may be
due to multiple mechanisms, such as induction of uridine
diphosphate glucuronyl transferases and binding to thyroid

transport protein transthyretin [44]. Kodavanti et al. [45]
also suggested that polychlorinated biphenyls and related
chemicals have been associated with decreasing circulating
thyroid hormones in adult animals. The decreased level of T,
and T; increase TSH levels in the pituitary by feedback
mechanism in PCB-exposed rats. Zinc supplementation re-
stored levels of T;, T,, and TSH in PCB-exposed rats. Zinc
deficiency was shown to impair the metabolism of thyroid
hormones. Kralik et al. [14] reported that male Sprague-
Dawley rats fed a low-zinc diet for 40 days showed de-
creased serum concentrations of T; and T, by approxi-
mately 30% compared with those fed diets adequate in zinc.

Srivastava et al. [46] proposed that androgens stimulate
prostatic zinc content and serum zinc concentration in rhe-
sus monkey. Thus, decreased levels the serum testosterone
in PCB-exposed rats yields decreased level of prostatic zinc
content and serum zinc concentration. Sridhar et al. [10]
shows ventral prostatic weight was decreased in hypothy-
roid rats. In the present study also, PCB exposure induced
hypothyroidism, which leads to decreased ventral prostatic
zinc content along with serum testosterone and estradiol.
Decreased levels of testosterone and thyroid hormones were
reversed after the administration of zinc and they stimulate
the ventral prostatic zinc content and serum zinc concentra-
tion.

In conclusion, Aroclor 1254 (PCBs) alters ventral pros-
tatic function by inducing oxidative stress, which could be
reversed by administration of zinc.
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