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1Department of Pharmacology and Toxicology, Fırat University, Elazığ, Turkey, 2Department of Reproduction and Artificial Insemination,
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Abstract: The present study was conducted to investigate the possible protective effects of lycopene (LP) and ellagic acid
(EA) on aroclor (AR) 1254-induced testicular and spermatozoal toxicity associated with the oxidative stress and apoptosis in
male rats. The control group was treated with placebo. LP (10 mg ⁄ kg ⁄ every other day), EA (2 mg ⁄ kg ⁄ every other day) and
AR (2 mg ⁄ kg ⁄ day) groups were given alone LP, EA and AR respectively. One of the last two groups received AR + LP, and
the other treated with AR + EA. Body and reproductive organ weights, epididymal sperm characteristics, testicular tissue
lipid peroxidation levels, antioxidant enzyme activities, histopathological changes and apoptosis via Bax and Bcl-2 genes were
investigated. AR administration caused statistically significant decreases in body-weight, epididymal sperm concentration, tes-
ticular superoxide dismutase activity, diameters of seminiferous tubules, germinal cell layer thickness and Johnsen’s testicular
score, and increases in relative weights of testis, epidydimis and seminal vesicles, rates of abnormal sperm and apoptotic cell
expression along with degeneration, desquamation and disorganization in spermatogenic cells, and interstitial oedema and
congestion in testicular tissue. LP and EA treatments to AR-treated rats markedly decreased abnormal sperm rates, testicular
thiobarbituric acid reactive substances level, and increased the glutathione (GSH) level, GSH-peroxidase, catalase activities
and epidiymal sperm concentration as compared with the alone AR group. Additionally, the AR-induced histopathological
damages were totally or partially recovered by LP or EA administrations respectively. AR damages the testicular tissue and
spermatozoa by impairing the oxidant ⁄ antioxidant balance and by increasing the apoptotic spermatogenic cell rates. However,
both LP and EA have modulator effects on AR-induced reproductive dysfunction in male rats.

With the rapid development of industry and agriculture,
environmental pollutants have drawn more and more con-
cerns because of their potential health impacts on human
beings and animals [1]. Among those, polychlorinated biphe-
nyls are a group of widely dispersed environmental pollu-
tants that disrupt normal endocrine functions in human
beings and animals. Polychlorinated biphenyls are distributed
throughout the entire ecosystem including soil, air and water.
They are used in transformers and capacitors, in pesticides
and additive in paints, copying paper, adhesives, sealants and
plastics. Polychlorinated biphenyls are lipophilic and poorly
metabolized and are absorbed through the skin, lungs and
gastrointestinal tract, and are transported by blood to liver,
muscles, adipose tissue, testes and other organs as well as to
plasma membranes [2]. Main exposure in human beings is
through consumption of meat, fish and dairy products.
Infants are exposed through breastfeeding [3]. Indeed, poly-
chlorinated biphenyls are still regarded as a major global

environmental problem, although most industrialized coun-
tries have strictly prohibited their use [1].

Aroclor (AR) 1254, a commercial mixture of polychlori-
nated biphenyls, has many adverse effects on male reproduc-
tion in human beings and animals. It has been reported that
exposure to AR or other polychlorinated biphenyl congeners
may result in decreased gonadotropin [follicle stimulating
hormone and luteinizing hormone (LH)] and steroid (testos-
terone and oestradiol) hormone levels [4], disrupted Sertoli
cell metabolic function [5], diminished Leydig cell LH recep-
tor density and steroidogenic enzyme activity [6], reduced
body, testis, epididymis [7] and accessory glands weights [8],
reduced sperm count, sperm motility, increased abnormal
sperm rate [7,9], degeneration in testicular histology [10],
increased per cent of sperm DNA damage [11,12], altered
testicular apoptosis-related Fas, Bax, Bcl-2 and p53 genes
expression [13], increased proportion of Y-chromosome-
bearing sperm [14], damaged spermatogenesis and spermato-
genic cells [15].

The critical underlying mechanism of AR-mediated repro-
ductive dysfunction in males is fully unknown; however,
numerous studies have shown that AR can bind to hormone
(usually oestrogen or androgen) receptors to inactivate them
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[4,6], and activate aryl hidrocarbon receptor [16], and also
disrupt the redox balance of tissues, suggesting that
biochemical and physiological disturbances may result from
oxidative stress [1,4,9]. Free radicals are normally generated
in subcellular compartments of testis, particularly mitochon-
dria, which are subsequently scavenged by antioxidant
defence systems of the corresponding cellular compartments
[17]. However, this balance can be easily broken by chemi-
cals, which disrupt the pro-oxidant–antioxidant balance,
leading to cellular dysfunction [18]. Additionally, the mito-
chondrial membrane of spermatozoa is more susceptible to
lipid peroxidation, as this compartment is rich in polyunsatu-
rated fatty acids and has been shown to contain low
amounts of antioxidants [19,20].

Recently, there is growing interest in understanding the
role and mechanism of the carotenoids and phytochemicals
as inhibitors of oxidative stress. Lycopene (LP) is the most
abundant carotenoids in tomatoes with concentrations rang-
ing from 0.9 to 4.2 mg ⁄ 100 g depending on the variety. As a
result of its extended system of conjugated double bonds, LP
can quench singlet oxygen (1O2) and other free radicals and
has been reported to be the most effective 1O2 quencher
among approximately 600 naturally occurring carotenoids.
LP can function as an antioxidant against lipid peroxidation
by several mechanisms, and one of the best documented
mechanisms is through the quenching 1O2 [21]. Phenolic phy-
tochemicals such as ellagic acid (EA) are important compo-
nents of fruits and vegetables and are partly responsible for
their beneficial health effects against oxidation-linked
chronic diseases such as cancer and cardiovascular diseases.
It is believed that EA functions either by countering the neg-
ative effects of oxidative stress by directly acting as an anti-
oxidant or by activating ⁄ inducing cellular antioxidant
enzyme systems [22]. It contains four hydroxyl groups and
two lactone groups in which the hydroxyl group is known to
increase antioxidant activity in lipid peroxidation and protect
cells from oxidative damage [23]. In the light of the above
information, the present study was designed to investigate
whether LP or EA has a possible protective effect against
AR-induced negative changes in epididymal sperm charac-
teristics and testicular tissue associated with the oxidative
stress and apoptosis in rats.

Materials and Methods

Chemicals. Aroclor was purchased from AccuStandard� (New
Haven, CT, USA). LP 10% FS (Redivivo TM, Code 7803) was pur-
chased from DSM Nutritional Products (_Istanbul, Turkey). EA was
purchased from Fluka (Steinheim, Germany) and the other chemi-
cals were purchased from Sigma-Aldrich Chemical Co. (St. Louis,
MO, USA).

Animals and experimental design. Forty-eight healthy adult male
Sprague-Dawley rats (8 weeks old) were used in this study. The ani-
mals were received from Fırat University, Experimental Research
Centre (Elazığ, Turkey) and were housed under standard laboratory
conditions (temperature 24 € 3�C, humidity 40–60%, a 12-hr light:
dark cycle). A commercial pellet diet (Elazığ Food Company, Elazığ,
Turkey) and fresh drinking water were given ad libitum. The protocol

for the animal use was approved by the Institutional Review Board
of the National Institute of Health and Local Committee on Animal
Research.

Aroclor was intraperitoneally given to the animals at the dose of
2 mg ⁄ kg ⁄ day. LP was suspended in corn oil and administered to the
animals by gavage at the dose of 10 mg ⁄ kg ⁄ every other day. EA is
hardly dissolved under natural condition. Therefore, it was dissolved
in alkaline solution (0.01 N NaOH; approximately pH 12). The final
solution (pH = 8) after addition of EA was administered to the ani-
mals by gavage at the dose of 2 mg ⁄ kg ⁄ every other day. The doses
of AR [9], LP [24] and EA [25] used in this study were selected on
the basis of the previous studies. All treatments were maintained for
8 weeks. As a result of the rats need a period of 48–52 days for the
exact spermatogenic cycle including spermatocytogenesis, meiosis
and spermiogenesis [26], the administration period was selected as
8 weeks. The animals were randomly divided into six experimental
groups of 8 rats in each. These groups were arranged as follows:

Group 1 – Control: treated with placebo – received 0.5 ml ⁄ rat
slightly alkaline solution + 0.5 ml ⁄ rat corn oil every other day.

Group 2 – LP: treated with 0.5 ml ⁄ rat slightly alkaline solu-
tion + 0.5 ml ⁄ rat LP.

Group 3 – EA: received 0.5 ml ⁄ rat corn oil + 0.5 ml ⁄ rat EA.

Group 4 – AR: received 0.5 ml ⁄ rat AR + a mixture of slightly
alkaline solution and corn oil (0.5 ml ⁄ rat).

Group 5 – AR + LP: treated with 0.5 ml ⁄ rat AR + 0.5 ml ⁄ rat
LP.

Group 6 – AR + EA: treated with 0.5 ml ⁄ rat aroclor +
0.5 ml ⁄ rat EA.

Sample collection and homogenate preparation. The rats were killed
under slight ether anaesthesia at the end of 8 weeks. Testes, epididy-
mides, seminal vesicles and ventral prostate were removed, cleared of
adhering connective tissue and weighed. Blood samples were col-
lected from V. cava via sterile injector containing heparin and centri-
fuged at 3000 · g for 10 min. to obtain plasma. One of the testes
was fixed in 10% neutral-formalin solution for histopathological and
immunohistochemical examinations. The other testis and plasma
samples were also stored at )20�C until biochemical analyses. Testis
tissues were taken from deep-freezer and weighed and thereafter they
were immediately transferred to the cold glass tubes. Then, the tis-
sues were diluted with a nine times volume of phosphate buffer (pH
7.4). For the enzymatic analyses, testicular tissues were minced in a
glass and homogenized by a teflon–glass homogenizator for 3 min.
in cold physiological saline on ice.

Sperm analyses. Epididymal sperm concentration. The epididymal
sperm concentration was determined with a haemocytometer using a
modified method [24,25]. The right epididymis was finely minced by
anatomical scissors within 1 ml of isotonic saline in a Petri dish. It
was completely squashed by a tweezers for 2 min., and then allowed
to incubate at room temperature for 4 hr to provide the migration of
all spermatozoa from epididymal tissue to fluid. After incubation,
the epididymal tissue–fluid mixture was filtered via strainer to sepa-
rate the supernatant from tissue particles. The supernatant fluid con-
taining all epididymal spermatozoa was drawn into the capillary
tube up to 0.5 lines of the pipette designed for counting red blood
cells. The solution containing 0.595 M sodium bicarbonate, 1% for-
malin and 0.025% eosin was pulled into the bulb up to 101 lines of
the pipette. This provided a dilution rate of 1:200 in this solution.
Approximately 10 ll of the diluted sperm suspension was transferred
to both counting chamber of Improved Neubauer (Deep 1 ⁄ 10 mm;
LABART, Darmstadt, Germany) and allowed to stand for 5 min.
The spermatozoa in both chambers were counted with the help of
light microscope at 200· magnification.

Sperm motility. Freshly isolated left epididymal tissue was used for
the analysis of sperm motility. The per cent of sperm motility was
evaluated using a light microscope with heated stage [27]. For this
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process, a slide was placed on a light microscope with a heated stage
warmed up to 37�C, and then several droplets of Tris buffer solution
[0.3 M Tris (hydroxymethyl) aminomethane, 0.027 M glucose and
0.1 M citric acid] were dropped on the slide and a very small droplet
of fluid collected from left cauda epididymis with a pipette was
added to the Tris buffer solution and mixed by a cover-slip. The per
cent of sperm motility was evaluated visually at 400· magnification.
Motility estimates were performed from three different fields in each
sample. The mean of the three successive estimations was used as the
final motility score.

Sperm morphology. To determine the per cent of morphologically
abnormal spermatozoa, the slides stained with eosin–nigrosin (1.67%
eosin, 10% nigrosin and 0.1 M sodium citrate) were prepared. The
slides were then viewed under a light microscope at 400· magnifica-
tion. A total of 300 spermatozoa were examined on each slide (2400
cells in each group), and the head, tail and total abnormality rates of
spermatozoa were expressed as per cent [24,25].

Biochemical analyses. Lipid peroxidation. The testicular tissue lipid
peroxidation levels were measured according to the concentration of
thiobarbituric acid reactive substances (TBARS) [28]. Briefly, one
volume of the test sample and two volumes of stock reagent (15%,
w ⁄ v trichloroacetic acid in 0.25 N HCl and 0.375%, w ⁄ v thiobarbi-
turic acid in 0.25 N HCl) were mixed in a centrifuge tube. The solu-
tion was heated in boiling water for 15 min. After cooling, the
precipitate was removed by centrifugation at 1500 · g for 10 min.,
and then absorbance of the supernatant was read at 532 nm against
a blank containing all reagents except test sample on a spectropho-
tometer (Shimadzu 2R ⁄UV-visible, Tokyo, Japan). The TBARS level
was expressed as nmol ⁄ ml.

Glutathione. The samples were precipitated with 50% trichloracetic
acid, and then centrifuged at 1000 · g for 5 min. The reaction mix-
ture contained 0.5 ml of supernatant, 2.0 ml of Tris–EDTA buffer
(0.2 M; pH 8.9) and 0.1 ml of 0.01 M 5,5¢-dithio-bis-2-nitrobenzoic
acid. The solution was kept at room temperature for 5 min., and
then read at 412 nm on the spectrophotometer. The level of glutathi-
one (GSH) was expressed as nmol ⁄ ml [29].

Glutathione peroxidase and protein concentration. The reaction mix-
ture consisted of 50 mM potassium phosphate buffer (pH 7.0),
1 mM EDTA, 1 mM sodium azide (NaN3), 0.2 mM reduced nico-
tinamide adenine dinucleotide phosphate (NADPH), 1 IU ⁄ ml oxi-
dized GSH (GSSG)-reductase, 1 mM GSH and 0.25 mM H2O2.
Enzyme source (0.1 ml) was added to 0.8 ml of the above mixture
and incubated at 25�C for 5 min. before initiation of the reaction
with the addition of 0.1 ml of peroxide solution. The absorbance at
340 nm was recorded for 5 min. on a spectrophotometer. The activ-
ity was calculated from the slope of the lines as micromoles of
NADPH oxidized per minute. The blank value (the enzyme was
replaced with distilled water) was subtracted from each value [30].
The protein concentration was also measured [31]. The GSH-peroxi-
dase activity was expressed as IU ⁄ g protein.

Catalase. The testicular tissue catalase (CAT) activity was deter-
mined by measuring the decomposition of hydrogen peroxide (H2O2)
at 240 nm and was expressed as kU ⁄ g protein, where k is the first-
order rate constant [32].

Superoxide dismutase. The testicular tissue superoxide dismutase
(SOD) activity was measured using xanthine and xanthine oxidases
to generate superoxide radicals which react with nitroblue tetra-
zolium [33]. Briefly, each sample was diluted 1:10 with phosphate
buffer (50 mM, pH 7.5). The assay solution containing sodium-
carbonate buffer (50 mM, pH 10), 0.1 mM xanthine, 0.025 mM
nitroblue tetrazolium, 0.1 mM EDTA, xanthine oxidase (0.1 U ⁄ ml
in ammonium sulphate 2 M) and sample were mixed in a cuvette.
One unit of SOD activity was defined as the amount of enzyme

required to cause inhibition of nitroblue tetrazolium. SOD activity
was then read at 560 nm by the degree of inhibition of this reaction
on a spectrophotometer and expressed as U ⁄ ml.

Testosterone. The plasma testosterone level was measured by
ELISA method using DRG Elisa testosterone kit (ELISA EIA-1559,
96 Wells kit; DRG Instruments, GmbH, Marburg, Germany)
according to the kit manufacturer’s instructions and expressed as
ng ⁄ dl.

Histopathology and immunohistochemistry. Blind evaluator assessed
the histopathological and immunohistochemical evaluations. The tes-
ticular tissues were fixed in 10% neutral-formalin, embedded in par-
affin, sectioned at 5 lm and were stained with haematoxylin and
eosin [34]. Light microscopy was used to measure diameters of semi-
niferous tubules and germinal cell layer thicknesses and to evaluate
the damages in testicular tissue. Johnsen’s testicular score [35] was
performed for control and treatment groups. All cross-sectioned
tubules were evaluated systematically, and a score between 1 (very
poor) and 10 (excellent) was given to each tubule according to John-
sen’s criteria. Twenty-five tubules were evaluated for each animal.

Avidin–Biotin-Peroxidase method was used for the immunohisto-
chemical analyses [36]. Testis tissues, which were embedded in paraf-
fin and sectioned at 4 lm, were deparaffinized with xylene and
dehydrated with alcohol series. Testicular sections were incubated in
0.01 M Na-citrate for 20 min. to bring into the open the antigenic
receptors. They were washed with phosphate buffer solution and
were then incubated in 3% H2O2, which was prepared with phos-
phate buffer solution for 10 min. to inactivate endogenous peroxi-
dase activity. Non-specific bindings were blocked by incubation with
1% untreated goat serum for 1 hr. After that, testicular tissues were
incubated with primary rabbit polyclonal antibodies directed against
Bax (proapototic protein) and Bcl-2 (antiapoptotic protein) at dilu-
tions 1:200 and 1:400, respectively, in phosphate buffer solution con-
taining 0.1% goat serum at 37�C for 1 hr. Testicular sections were
washed again in phosphate buffer solution and were incubated with
biotinylated secondary antibodies, which were diluted at the rate of
1:1000 in phosphate buffer solution containing 0.1% goat serum (sec-
ondary biotinylated goat anti-rabbit IgG), for 30 min. and thereafter
tissues were washed with phosphate buffer solution and were incu-
bated with avidin-conjugated horseradish peroxidase for 1 hr.
3-Amino-9-etilcarbazole was used as colour-determining substrate.
The reaction was stopped when colour change occurred after addi-
tion of this solution to the testicular tissues. At the last stage, testicu-
lar tissues were washed with tap water for 2 min. after they were
stained with Mayer’s haematoxylin for 15 sec. Stained tissues were
covered with immune-mount and then Bax- and Bcl-2 positive sper-
matogenic cells (from spermatogonia to elongated spermatid) were
evaluated under light microscope and scored as follows [37]:

Score 0: negative stained cells.

Score 1: <25% positive stained cells.

Score 2: 26–50% positive stained cells.

Score 3: 51–75% positive stained cells.

Score 4: >75% positive stained cells.

Statistical analysis. All values were presented as mean € S.E.M. Dif-
ferences were considered to be significant at p < 0.05. One-way ANOVA

and post hoc Tukey-high significant differrence (HSD) test were used
to determine differences between groups. The SPSS ⁄ PC Program
(Version 10.0; SPSS, Chicago, IL, USA) was used for the statistical
analysis.

Results

Body and reproductive organ weights.
The mean values of body, absolute and relative reproductive
organ weights at the end of the administration period are
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shown in table 1. Alone LP or EA treatments had no signifi-
cant effects on body-weight in comparison with the control
group. While alone AR administration caused a statistically
significant (p < 0.001) decrease in body-weight as compared
with the control group, LP or EA administrations to
AR-treated rats could not increase the decreased body-
weight when compared with the alone AR group. There were
no statistically significant differences among any of the
groups in terms of absolute organ weights. However, the rela-
tive weights of testis, epididymis and seminal vesicles
increased significantly (p < 0.001) after AR administration.
Both LP and EA administration to AR-treated animals had
no significant effects on relative organ weights in comparison
with the alone AR group.

Epididymal sperm characteristics.
Epididymal sperm characteristics are shown in table 2. While
alone LP and EA treatments did not affect all sperm param-
eters, only AR administration caused statistically significant
decreases in sperm concentration (p < 0.01), and increases in
tail and total abnormality of sperm (p < 0.01) as compared
with the control group. A marked increase in AR + EA
group was observed in sperm concentration (p < 0.01), and
decrease in tail abnormality of sperm (p < 0.01) compared

with the alone AR group. Increments in sperm concentration
and reductions in tail abnormality of sperm in AR + LP
group were not significant when compared with the alone
AR group. Similarly, although the values of total abnormal-
ity were brought near values to control by LP or EA admin-
istrations to AR-treated rats, these administrations could not
increase significantly this sperm parameter when compared
with the alone AR group. Simultaneous or alone administra-
tions of AR, LP and EA had no significant effect on sperm
motility and head abnormality parameters in comparison
with the control group.

Biochemical parameters.
Testicular tissue lipid peroxidation levels, antioxidant enzyme
activities and plasma testosterone levels are shown in table 3.
While alone AR administration caused numerical but not
statistical increase in TBARS levels when compared with the
control group, both LP and EA administrations to AR-trea-
ted rats significantly (p < 0.05) reduced the increased
TBARS levels in comparison with the only AR group.
Although alone AR treatment did not affect the GSH level
when compared with the control group, EA administration
along with AR provided a statistically significant (p < 0.05)
increase in GSH level as compared with the AR and the

Table 1.
Mean ± S.E.M. values of body, absolute and relative reproductive organ weights (LC, lycopene; EA, ellagic acid; AR, aroclor).

Groups
Body-weight

(g)

Reproductive organs

Absolute weight (mg) Relative weight (mg ⁄ g body-weight)

Testis Epididymis
Seminal
vesicles

Ventral
prostate Testis Epididymis

Seminal
vesicles

Ventral
prostate

Control 275.6 € 17.2a 1345.0 € 25.7 454.2 € 9.5 901.7 € 32.2 455.0 € 26.1 4.99 € 0.33a 1.66 € 0.12a 3.42 € 0.27a 1.72 € 0.14
LC 263.3 € 8.4a 1353.3 € 119.8 473.7 € 7.2 918.3 € 64.7 463.3 € 11.2 5.10 € 0.11a 1.80 € 0.07ab 3.75 € 0.42ab 1.74 € 0.06
EA 263.5 € 4.8a 1348.3 € 93.3 456.0 € 6.1 985.0 € 47.5 483.3 € 10.2 5.12 € 0.08a 1.73 € 0.02ab 3.76 € 0.23ab 1.84 € 0.03
AR 200.8 € 4.3bc 1290.0 € 24.1 440.0 € 14.1 1050.0 € 78.3 414.0 € 33.1 6.44 € 0.20b 2.19 € 0.07cd 5.24 € 0.40bc 2.07 € 0.19
AR + LC 179.4 € 4.6b 1292.0 € 45.4 446.0 € 10.8 996.0 € 121.8 410.0 € 27.2 7.20 € 0.20b 2.49 € 0.09d 5.53 € 0.61c 2.29 € 0.17
AR + EA 220.3 € 6.9c 1371.7 € 36.5 458.3 € 14.0 1028.3 € 59.5 428.3 € 38.2 6.26 € 0.30b 2.09 € 0.10bc 4.70 € 0.34abc 1.95 € 0.19

The mean differences between the values bearing different superscript letters within the same column are statistically significant (a, b, c and d:
p < 0.001).

Table 2.
Mean ± S.E.M. values of sperm parameters (LC, lycopene; EA, ellagic acid; AR, aroclor).

Groups

Parameters

Sperm motility (%)

Epididymal sperm
concentration

(million ⁄ g tissue)

Abnormal sperm rate (%)

Head Tail Total

Control 77.77 € 2.94 347.5 € 11.5ab 2.28 € 0.31 3.78 € 0.78ac 6.06 € 2.01a

LC 85.53 € 1.86 344.6 € 9.7ab 2.16 € 0.39 1.83 € 0.37a 3.99 € 1.67a

EA 82.76 € 3.15 351.3 € 11.5b 1.89 € 0.41 2.55 € 0.31ac 4.44 € 0.72a

AR 73.33 € 3.80 237.1 € 8.8c 3.24 € 1.15 7.08 € 1.82b 10.32 € 2.95b

AR + LC 78.64 € 3.75 281.6 € 5.6cd 3.33 € 0.56 5.20 € 0.25bc 8.53 € 0.65ab

AR + EA 79.97 € 3.34 295.6 € 14.9ad 3.59 € 0.80 3.93 € 0.36ac 7.52 € 0.66ab

The mean differences between the values bearing different superscript letters within the same column are statistically significant (a, b, c and d:
p < 0.01).
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other groups. Although alone AR treatment decreased the
GSH-peroxidase (GSH-Px) and CAT activities at the rate of
22.9% and 19.2%, respectively, compared with the control
group, these reductions were statistically insignificant. How-
ever, both LP and EA administrations to AR-treated animals
provided statistically significant (p < 0.05) increments in
GSH-Px and CAT activities in comparison with the alone
AR group. Alone AR treatment caused decreases in SOD
activity (significant, p < 0.05) and plasma testosterone level
(insignificant) as compared with the control group. However,
both LP and EA administrations to AR-treated rats pro-
vided numerical but not statistical increases in these two bio-
chemical parameters as compared with the alone AR group.

Testicular histopathology and immunohistochemistry.
When the structure of testes was histopathologically exam-
ined; it was observed that histological appearances of testicu-
lar tissues of control (fig. 1D), LP (fig. 1E) and EA (fig. 1F)
groups were normal. The histopathological changes such as
degeneration, desquamation, disorganization and reduction
in germinal cells, interstitial oedema and congestion were
observed in alone AR group (table 4; fig. 1A). Although LP
administration to AR-treated rats caused a pivotal ameliora-
tion in testicular histological view (table 4; fig. 1B), simulta-
neous administration of EA and AR improved markedly a
great many of damages induced by AR except germinal dis-
organization, interstitial oedema and congestion (table 4;
fig. 1C). In other words, EA administration to AR-treated
rats provided a moderate improvement. Significant
(p < 0.05) decreases in diameters of seminiferous tubules,
germinal cell layer thickness and Johnsen’s testicular score
were observed in alone AR group compared with the control
group. However, both LP and EA administrations to
AR-treated animals significantly (p < 0.05) prevented the
AR-induced decreases in these parameters (table 5).

There were no immunohistochemically significant differ-
ences among control (fig. 2D), LP (fig. 2E) and EA (fig. 2F)
groups in terms of Bax positive staining. However, Bax
positive cells were observed more frequently in the alone
AR-treated (fig. 2A) rat testis sections than in the control
group rat testis sections. The intense staining was observed

in almost all the spermatogenic cell types (from spermatogo-
nia to elongated spermatid) in alone AR-treated rat testis
sections. The decrease in intense staining was observed in
both AR + LP (fig. 2B) and AR + EA (fig. 2C) groups
when compared with the alone AR group. When the Bax
positive apoptotic cell scores were examined in table 5; AR
administration significantly (p < 0.05) increased the Bax
positive cells compared with the control group. The mean
values of Bax positive apoptotic cell scores of AR + LP and
AR + EA groups were not statistically different from control
and AR groups. In other words, improvements in Bax posi-
tive apoptotic cell scores provided by LP or EA administra-
tions to AR-treated rats were in moderate style.

With respect to Bcl-2 positive staining, there were no
immunohistochemically significant differences among control
(fig. 3D), LP (fig. 3E) and EA (fig. 3F) groups. Similarly,
alone AR administration caused no significant differences in
terms of staining in comparison with the control group
(fig. 3A). LP administration to AR-treated animals did not
affect the immunohistochemical staining of testicular cells in
comparison with the alone AR group (fig. 3B). A slight
increase in staining of almost all spermatogenic cells was
observed in AR + EA (fig. 3C) group when compared with
the alone AR group. When the Bcl-2 positive antiapoptotic
cell scores were examined in table 5, no significant differences
were found with respect to Bcl-2 antiapoptotic cell scores
between the groups.

Discussion

Polychlorinated biphenyls lead to partial or total reproduc-
tive dysfunction in human beings [3] and different species of
animals such as chicken [1], fish [38], rat [4,9], mouse [10],
bear [39], goat [11] and monkey [8]. It is known that moni-
toring body-weight provides information on the general
health level of animals, which can be important to interpre-
tation of reproductive effects [40]. While some authors have
reported that exposure of AR or other polychlorinated
biphenyls result in reduced body [7,41] and reproductive
organ weights [7], other authors [13,42] have alleged that
polychlorinated biphenyls have no effect on these parameters

Table 3.
Mean ± S.E.M. values of testicular tissue thiobarbituric acid reactive substances (TBARS), glutathione (GSH) levels and GSH-peroxidase

(GSH-Px), catalase (CAT), superoxide dismutase (SOD) activities and plasma testosterone levels (LC, lycopene; EA, ellagic acid; AR,

aroclor).

Groups

Biochemical parameters

TBARS
(nmol ⁄ ml)

GSH
(nmol ⁄ ml)

GSH-Px
(IU ⁄ g protein)

CAT
(kU ⁄ g protein)

SOD
(U ⁄ ml)

Testosterone
(ng ⁄ dl)

Control 93.4 € 12.0a 6.54 € 1.15a 10.24 € 1.04a 6.20 € 0.35ab 1.72 € 0.28a 392 € 65.1
LC 106.6 € 8.9a 10.4 € 0.64b 8.45 € 1.10a 13.35 € 0.89d 1.79 € 0.26a 289 € 65.9
EA 105.8 € 15.4a 8.74 € 0.67ab 10.24 € 2.44a 6.50 € 0.32b 1.60 € 0.29a 354 € 73.7
AR 112.4 € 4.9a 7.60 € 1.53ab 7.89 € 1.16a 5.01 € 0.24a 0.38 € 0.05b 279 € 57.2
AR + LC 56.7 € 6.6b 9.98 € 1.18ab 21.37 € 2.80b 8.59 € 0.68c 0.48 € 0.04b 324 € 109.0
AR + EA 60.5 € 10.4b 17.59 € 1.78c 21.44 € 3.42b 7.12 € 0.37b 0.56 € 0.07b 420 € 94.7

The mean differences between the values bearing different superscript letters within the same column are statistically significant (a, b, c and d:
p < 0.05).
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in rats. Androgens stimulate the growth by inducing the pro-
tein synthesis. Reactive oxygen species, one of the major
types of free radicals, can attack and inactivate or alter the
biological activity of molecules such as lipids and proteins
that are essential for cell function [17]. Previous studies have
shown that decreased level of testosterone and increased level
of reactive oxygen species leads to reduced body-weight in
AR-exposed animals [4,41]. In the present study, AR treat-
ment caused significant decreases in body-weight and signifi-
cant increases in relative weights of testes, epididymides and
seminal vesicles. Additionally, numerical but not statistically

significant decreases in testosterone levels and increases in
reactive oxygen species-induced lipid peroxidation by-prod-
ucts were observed after AR exposure. AR-induced reduced
body-weight might be as a result of decreased bioavailability
and production of androgens and increased lipid peroxida-
tion found in this study. Although AR treatment decreased
very significantly the body-weight, it had no effect on abso-
lute organ weights. The relative reproductive organ weights
were calculated by dividing the absolute reproductive organ
weights to body-weight in this study. The significant incre-
ment in relative organ weights observed in this study may be
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D

E

F

Fig. 1. (A) Disorganization, degeneration and reduction in germinal cells along with interstitial oedema and capillary congestion in alone AR
group. (B) Pivotal amelioration in testicular view and normal spermatogenesis in AR + LC (aroclor + lycopene) group. (C) Normal spermato-
genesis along with slightly disorganization and interstitial oedema AR + EA (ellagic acid) group [haemotoxylin and eosin stain (H&E), 100·].
(D) Normal histological appearance of seminiferous tubules in control group. (E) Normal histological appearance of seminiferous tubules in
alone LC group. (F) Normal histological appearance of seminiferous tubules in alone EA group (H&E, 100·).

Table 4.
The existence of some pathological lesions in testicular tissues of different treatment groups (LC, lycopene; EA, ellagic acid; AR, aroclor).

Parameters

Groups

Control LC EA AR AR + LC AR + EA

Degeneration in germinal cells ) ) ) + ) )
Desquamation in germinal cells ) ) ) + ) )
Reduction in germinal cell counts ) ) ) + ) )
Disorganization in germinal cells ) ) ) + ) +
Interstitial oedema and capillary congestion ) ) ) + ) +
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explained by the significant decrease in body-weight and
unchanging of absolute reproductive organ weights after AR
exposure.

The structure of mature sperm plasma membrane is con-
sistent throughout, in that it is composed of three layers or
zones: lipid bilayer, phospholipid–water interface and glyco-
calyx. A major part of plasma membrane consists of lipid
bilayer and phospholipid–water interface layers. Because

sperm plasma membranes contain large quantities of lipids
(polyunsaturated fatty acids) and their cytoplasm contains
low concentrations of scavenging enzymes, they are particu-
larly susceptible to the damage induced by excessive reactive
oxygen species [19,20]. Reactive oxygen species can attack
the unsaturated bonds of the membrane lipids in an autocat-
alytic process, with the genesis of peroxides, alcohol and lipi-
dic aldehydes as by-product of the reaction. Thus, the
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D
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F

Fig. 2. (A) Bax positiveness in seminiferous tubules in AR group. (B) Bax positiveness in seminiferous tubules in AR + LC (aroclor + lycopene)
group. (C) Bax positiveness in seminiferous tubules in AR + EA (ellagic acid) group. (D) Bax positiveness in seminiferous tubules in control
group. (E) Bax positiveness in seminiferous tubules in alone LC group. (F) Bax positiveness in seminiferous tubules in alone EA group.

Table 5.
Mean ± S.E.M. values of DST, GCLT Johnsen’s testicular and immunohistochemical scores (DST, diameter of seminiferous tubules; GCLT,

germinal cell layer thickness; LC, lycopene; EA, ellagic acid; AR, aroclor).

Groups

Parameters

DST (lm) GCLT (lm)
Johnsen’s testicular

score
Bax positive cell

score
Bcl-2 positive cell

score

Control 223.6 € 2.20a 76.40 € 0.98a 9.67 € 0.21ac 0.33 € 0.21ab 0.33 € 0.21
LC 225.1 € 2.00a 75.67 € 1.19a 10.00 € 0.00a 0.17 € 0.17b 0.50 € 0.22
EA 224.5 € 1.90a 74.73 € 0.99a 10.00 € 0.00a 0.67 € 0.21ab 0.50 € 0.22
AR 208.4 € 2.26b 50.33 € 0.59b 8.33 € 0.21b 1.50 € 0.22c 0.50 € 0.22
AR + LC 230.4 € 2.51a 63.20 € 0.82c 8.83 € 0.31bc 1.17 € 0.17ac 0.50 € 0.22
AR + EA 230.3 € 3.13a 68.33 € 0.73d 9.39 € 0.13ac 1.00 € 0.00ac 0.66 € 0.33

The mean differences between the values bearing different superscript letters within the same column are statistically significant (a, b, c and d:
p < 0.05).
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increase of free radicals in cells can induce the lipid peroxida-
tion by oxidative breakdown of polyunsaturated fatty acids
in membranes of cells. Obviously, peroxidation of sperm lip-
ids destroys the structure of lipid matrix in the membranes
of spermatozoa, and it is associated with rapid loss of intra-
cellular ATP leading to axonemal damage, decreased sperm
viability and increased mid-piece morphological defects, and
even it completely inhibits spermatogenesis in extreme cases
[24,25]. Many authors [7,9,13,42] have reported that AR or
other polychlorinated biphenyl congeners cause decreased
daily sperm production, epididymal sperm count and motil-
ity in rats [12]. It has been reported that human dietary poly-
chlorinated biphenyl esposure might have a negative impact
on sperm chromatin integrity. Similarly, in a study by Hsu
et al. [43], it was demonstrated that polychlorinated biphe-
nyl-exposed men had a higher oligospermia, abnormal sperm
morphology and reduced sperm capability of binding and
penetration to oocytes. In this study, AR-exposed animals
had lower sperm motility (insignificant) and count (signifi-
cant), and higher abnormal sperm rate than the correspond-
ing control group. Our findings are in agreement with the
above reports. It has been reported that AR inhibits basal
and LH-stimulated testosterone concentration and increases
lipid peroxidation [4]. The negative changes observed in

sperm quality after AR exposure in the present study may be
attributed to the peroxidation of polyunsaturated fatty acids
in plasma membranes of spermatozoa, loss of ATP and
damaged flagellum which is important machinery for the
sperm motility, decreased daily sperm production because of
the reduced testosterone concentration, impaired spermato-
genesis and DNA.

Aroclor and some polychlorinated biphenyls cause various
histopathological damages in testes such as disorganization
of lobules and spermatogenic elements, inhibition of sper-
matogenesis, fibrosis of lobule walls, fatty necrosis [44],
degenerative seminiferous tubules, fewer layers of seminifer-
ous epithelium, increase in intercellular spaces, impaired
spermiogenesis, appearance of pyknotic nuclei [10] and accel-
erated spermatogenic senescence [15]. However, some
authors have alleged that polychlorinated biphenyl 132 [13],
polychlorinated biphenyl 126 and polychlorinated biphenyl
153 [11] have no effects on testicular histology. Reduced
diameters of seminiferous tubules, germinal cell layer thick-
ness and Johnsen’s testicular score along with degeneration,
desquamation, disorganization and reduction in germinal
cells, interstitial oedema and congestion were observed in the
histological structure of AR-treated rats in the present study.
The damages observed in the histological structure of testis

A

B

C

D

E

F

Fig. 3. (A) Bcl-2 positiveness in seminiferous tubules in AR group. (B) Bcl-2 positiveness in seminiferous tubules in AR + LC (aroclor + lyco-
pene) group. (C) Bcl-2 positiveness in seminiferous tubules in AR + EA (ellagic acid) group (200·). (D) Bcl-2 positiveness in seminiferous
tubules in control group. (E) Bcl-2 positiveness in seminiferous tubules in alone LC group. (F) Bcl-2 positiveness in seminiferous tubules in alone
EA group (200·).
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in this study may be elucidated with the decreased testoster-
one which stimulates spermatogenesis especially spermiogen-
esis or increased oxidative stress and lipid peroxidation
which is a chemical mechanism capable of disrupting the
structure and function of testis.

Testicular germ cell apoptosis (programmed cell death)
occurs normally and continuously throughout life. Bax and
Bcl-2 are members of a growing family of genes that are
involved in promoting either cell survival or cell death via
apoptosis. Proapoptotic (Bax) and antiapoptotic (Bcl-2) pro-
teins exist in culmination of apoptosis after the onset of cel-
lular stress. The ratio of these molecules has been implicated
to be a critical determinant of cell fate, such that elevated
Bcl-2 favours extended survival of cells and increasing levels
of Bax expression accelerates cell death [45]. Oskam et al.
[11] have reported that male offsprings of pregnant goats fed
with polychlorinated biphenyls during pregnancy and goats
not fed with polychlorinated biphenyls have similar apoptotic
cell rate in their testicular tissue. However, Hsu et al. [13]
found that expression of testicular Fas, Bax, Bcl-2 and p53
genes that are indicators of apoptosis in cells decreased after
polychlorinated biphenyl 132 exposure. In this study, Bax
positive cells were observed more frequently in the alone
AR-treated rat testis sections than in the control group.
Additionally, AR administration significantly elevated the
Bax positive apoptotic cell scores compared with the control
group. With respect to Bcl-2 positive staining and Bcl-2 posi-
tive cell scores, there were no immunohistochemically signifi-
cant differences between control and AR groups. H2O2, is
one of reactive oxygen species, induces testicular germ cell
apoptosis by extrinsic and intrinsic mechanisms as well other
regulatory pathways [46]. Elevated apoptotic cell rates after
exposure to AR observed in this study may be explained by
increased reactive oxygen species and lipid peroxidation lev-
els in testicular tissue or direct DNA and chromatin damages
of germ cells.

Reactive oxygen species include superoxide anion (O2
)Æ),

hydroxyl (ÆOH), peroxyl (ROOÆ) and alkoxyl (ROÆ) radicals,
as well as non-radical species such as 1O2, ozone (O3) and
hydrogen peroxide (H2O2), which act either as oxidizing
agents or can be easily converted to radicals. The O2

)Æ can
be generated from oxygen during mitochondrial respiration
by single electron transfer and is a major source of ÆOH radi-
cals [21,47]. In addition, O2

)Æ is converted either spontane-
ously or by the enzyme SOD to H2O2 which can be
transported across the nuclear membrane where it can react
with metal ions to produce ÆOH radicals. In the presence of
O2

)Æ transition metals can be reduced and then catalyse the
formation of ÆOH from H2O2 by a Fenton-type reaction.
Iron and copper are the most likely promoters of ÆOH
in vivo. Finally, 1O2 is another highly reactive oxygen species
which can be formed by photooxidation, enzymatically or in
the process of lipid peroxidation of biomembranes [21,48].
Cells have mechanisms to combat partially or totally reactive
oxygen species production through antioxidant mechanisms.
In general, antioxidant defence can be through enzymatic
and non-enzymatic systems. Enzymes such as SOD and

CAT react with radicals O2
)Æ and H2O2 respectively. GSH-

Px scavenges alkyl (RÆ), ROÆ and ROOÆ radicals that may be
formed from oxidized membrane components. Inhibition of
oxidation pathways can equally be achieved via molecules
such as vitamin C, vitamin E, GSH and co-enzyme Q. This
antioxidant consortium is a network of different elements
that do work in a cooperative manner, very efficient in
removing (most) radicals and preventing most somatic and
germinative cells from massive oxidative damage [49]. It is
generally accepted that the increased lipid peroxidation is
one of the toxic manifestations of AR administration in tes-
tis. It has been reported that AR treatment results in elevated
lipid peroxidation levels because of the excessive generation
of free radicals, and reduced enzymatic (SOD, CAT and
GSH-Px) and non-enzymatic (GSH) antioxidants [6,9]. It
was observed that alone AR treatment leads to alterations in
oxidant ⁄ antioxidant balance in this study. The reason for
these alterations is because of the AR-induced excessive pro-
duction of free radicals and consequently elevated lipid per-
oxidation, and as well as excessive utilization of enzymatic
antioxidants to scavenge the free radicals.

Testosterone is essential for spermatogenesis and is
produced by Leydig cells. The synthesis of testosterone in
Leydig cells is dependent on the expression of highly regulated
genes such as StAR protein, cytochrome P450 scc, 3b- and
17b-HSD. Elumalai et al. [41] have reported that the cul-
tured Leydig cells from adult rats exposed to AR resulted in
lowered synthesis of testosterone. In addition, it has been
reported [6] that the AR-exposed rats had decreased Leydig
cellular antioxidant enzyme activities, and increased levels of
reactive oxygen species and lipid peroxides. However, Anbal-
agan et al. [50] have alleged that AR treatment had no signif-
icant effect on testosterone level. In the present study, AR
administration caused a decrease at the rate of 28.8% in
plasma testosterone level as compared with control, but the
effect was not statistically significant. The insignificant
decrease in plasma testosterone level in AR-exposed rats
may be attributed to the inhibition of testicular steroidogene-
sis and increased level of lipid peroxides.

Lycopene, the most effective antioxidant among the carot-
enoids, is known as highly efficient scavengers of 1O2 and
other excited species. During 1O2 quenching, energy is trans-
ferred from 1O2 to the LP molecule, converting it to the
energy-rich triplet state. Trapping of other reactive oxygen
species, like ÆOH, NO2 or peroxynitrite, in contrast, leads to
oxidative breakdown of the LP molecule. Thus, LP may pro-
tect in vivo against oxidation of lipids, proteins and DNA
[21]. Being a strong antioxidant, EA attenuates the damaging
effect of H2O2, scavenge O2

)Æ and ÆOH by its metal-chelating
property, thus providing protection against lipid peroxidation
[22]. Many exogenous antioxidants such as vitamins E and C
[9], quercetin [1] and zinc [51] have potential improvement
effects on AR-induced increased lipid peroxidation and
decreased SOD, GSH, GSH-Px and CAT activities. Addi-
tionally, it has been reported that LP [41], vitamins E and C
[4], as well as zinc [51] have a potential protective role on the
damaged steroidogenesis in Leydig cells and testosterone
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synthesis induced by AR. In our earlier studies, we found
that LP- and EA-protected lipid peroxidation-induced testic-
ular and spermatozoal toxicity [26,52,53]. Yu et al. [54] have
reported that EA reduces oxidative stress and apoptosis in
hiperlipidaemic rabbits.

In the present study, co-administrations of LP and EA
with AR caused significant decrease in TBARS levels, and
significant increase in GSH contents, GSH-Px and CAT
activities, diameters of seminiferous tubules, germinal cell
layer thickness and Johnsen’s testicular score, and insignifi-
cant increase in SOD activity and testosterone levels when
compared with the alone AR group. Simultaneous adminis-
tration of EA with AR but not LP provided significant
increase in sperm concentration and decrease in tail abnor-
mality in comparison with the alone AR group. Improve-
ments in Bax and Bcl-2 positive staining and proapoptotic
and antiapoptotic cell scores provided by LP or EA adminis-
trations to AR-treated rats were in moderate style. These
improvements in testicular tissue, sperm quality and
oxidant ⁄ antioxidant balance after LP or EA administrations
may be explained with their free radical scavenging and anti-
oxidant capacity, and increased Leydig cell steroidogenesis
activity.

In conclusion, this study apparently suggests that LP and
EA have modulatory effects against testicular and spermato-
zoal toxicity induced by AR. These modulatory effects of LP
and EA seem to be closely involved with the suppressing of
lipid peroxidation and enhancing of antioxidant enzyme
activities. Therefore, antioxidants from food consumed by
human beings and animals, such as LP and EA, can attenu-
ate the negative effects of environmental pollutants.
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Improvement of cisplatin-induced injuries to sperm quality, the

488 AHMET ATEŞŞAHIN ET AL.
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