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ABSTRACT: Di(ethylhexyl)phthalate (DEHP), the most widely used plasticizer, was investigated to determine
whether an oxidative stress process was one of the underlying mechanisms for its testicular toxicity poten-
tial. To evaluate the effects of selenium (Se), status on the toxicity of DEHP was further objective of this study,
as Se is known to play a critical role in testis and in the modulation of intracellular redox equilibrium. Se defi-
ciency was produced in 3-weeks-old Sprague–Dawley rats feeding them �0.05 mg Se /kg diet for 5 weeks,
and Se-supplementation group was on 1 mg Se/kg diet. DEHP-treated groups received 1000 mg/kg dose
by gavage during the last 10 days of the feeding period. Activities of antioxidant selenoenzymes [glutathione
peroxidase 1 (GPx1), glutathione peroxidase 4 (GPx4), thioredoxin reductase (TrxR)], catalase (CAT), super-
oxide dismutase (SOD), and glutathione S-transferase (GST); concentrations of reduced glutathione (GSH),
oxidized glutathione (GSSG), and thus the GSH/GSSG redox ratio; and thiobarbituric acid reactive sub-
stance (TBARS) levels were measured. DEHP was found to induce oxidative stress in rat testis, as evidenced
by significant decrease in GSH/GSSG redox ratio ([10-fold) and marked increase in TBARS levels, and its
effects were more pronounced in Se-deficient rats with �18.5-fold decrease in GSH/GSSG redox ratio and
a significant decrease in GPx4 activity, whereas Se supplementation was protective by providing substantial
elevation of redox ratio and reducing the lipid peroxidation. These findings emphasized the critical role of Se
as an effective redox regulator and the importance of Se status in protecting testicular tissue from the oxi-
dant stressor activity of DEHP. # 2011 Wiley Periodicals, Inc. Environ Toxicol 29: 98–107, 2014.
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INTRODUCTION

There is a growing concern over the increasing incidence of

male reproductive health problems and their possible asso-

ciation with exposure to endocrine disrupting chemicals

(EDCs). Among the EDCs, phthalates are of high interest,

because exposure to phthalates is ubiquitous and many

phthalate derivatives are present in the environment ranging

from food containers to toys and baby bottles, from intrave-

nous tubings and blood storage bags to polyvinyl chloride

(PVC) floorings and household dust (Graham, 1973; Rock

et al., 1986; Bornehag et al., 2004).

Di(2-ethylhexyl)phthalate (DEHP) is the most widely

used phthalate derivative and extensively present in flexible

plastics such as PVC medical devices. It is found in
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amniotic fluid, placenta, and fetal tissues of rats following

ingestion, suggesting that DEHP might have an effect on

the development of embryonic tissues (Singh et al., 1975;

Calafat et al., 2006). The no-observed-adverse-effect level

(NOAEL) and lowest observed adverse effect level

(LOAEL) were reported as 3.6 and 37.6 mg/kg bw/day,

respectively (Poon et al., 1997). Based on available animal

studies, NOAEL of DEHP for humans was reported to be

3.7–14 mg/kg/day for reproductive/developmental effects

(Kavlock et al., 2006). A tolerable daily intake of 0.05 mg/

kg bw, based on a NOAEL of 4.8 mg/kg bw/day (Wolfe and

Layton, 2003), was proposed by EFSA (2005). The typical

human exposure to DEHP ranges from 3 to 30 lg/kg/day

(Doull et al., 1999) but can be exceeded in specific medical

conditions. In fact, for hemodialysis patients 1.5 mg/kg/day

exposure, and for neonatal transfusion or parenteral nutrition

between 10 and 20 mg/kg/day of DEHP exposures have

been reported (Loff et al., 2000; Kavlock et al., 2006).

Because phthalates (low-molecular weight) are also used to

make coatings for oral medications, even two orders of mag-

nitude higher than general population exposure level were

reported in patients using phthalate containing drugs (Hauser

et al., 2004; Hernández-Dı́az et al., 2009).

DEHP and its main metabolite, mono(2-ethylhexyl)ph-

thalate (MEHP) have been deleterious on the male repro-

ductive system of the neonatal, prepubertal, and adult

animals (Oishi, 1990; Li et al., 2000; Lyche et al., 2009;

Noriega et al., 2009) and induced dramatic changes in germ

cells (Richburg and Boekelheide, 1996; Kasahara et al.,

2002). Researches over the three decades indicate that both

Sertoli cells and Leydig cells are the primary testicular tar-

gets for phthalate derivatives (Dostal et al, 1988; Aking-

bemi et al., 2001). However, the mechanisms by which

phthalates and particularly DEHP exert toxic effects in

reproductive system are not yet fully elucidated. Some of

the effects are related to their antiandrogenic potential (Ge

et al., 2007). A peroxisome proliferator-activated receptor

a-mediated pathway based on their peroxisome proliferat-

ing (PP) activity (Gazouli et al., 2002), and activation of

metabolizing enzymes has also been suggested (O’Brien

et al., 2005). Although the induction of an oxidative stress

may represent a common mechanism in endocrine disrup-

tor-mediated dysfunction, especially on testicular cells

(Latchoumycandane et al., 2002), recent studies are also

providing supporting evidences for such an effect with

phthalates. Our recent studies conducted on LNCaP human

prostate cells and MA-10 Leydig cells have shown the

induction of an oxidative stress by DEHP exposure (Erke-

koglu et al., 2010a,b, 2011a). This was evidenced by the

changes in the enzymatic and nonenzymatic cellular antiox-

idants, increases in reactive oxygen species (ROS) produc-

tion and induction of DNA damage.

Selenium (Se), the constituent of 25 selenoproteins in

the body, is primarily involved in the modulation of intra-

cellular redox equilibrium, thereby has a critical importance

for the cellular antioxidant defense (Steinbrenner and Sies,

2009). Se-dependent glutathione peroxidases (GPxs) and

thioredoxin reductases (TrxRs) protect the body from the

endogenous products of cellular metabolism that have been

implicated in DNA damage, mutagenesis, and carcinogene-

sis (Ganther, 1999; Jablonska et al., 2009). Moreover, Se is

essential for the production of normal spermatozoa, thus,

plays a critical role in testis, sperm, and reproduction

(Flohé, 2007). Severe and prolonged deficiency in rodents

results in sterility as spermatogenesis is arrested, whereas

less severe Se deprivation reduces sperm motility leading

to impaired fertilization capacity and abnormal sperm mor-

phology (Maiorino et al., 1998).

Based on this background and taking into account the

frequency of inadequate Se intakes, essentiality of Se in

antioxidant system, and its potential for protection against

testicular toxicity of DEHP exposure, this study was

designed to investigate the effects of DEHP on oxidant/

antioxidant parameters in the rat testis and to evaluate the

possible changes by different Se status.

MATERIALS AND METHODS

Chemicals and Reagents

All chemicals were purchased from Sigma-Aldrich (St.

Louis, MO). Colorimetric assay kit for TrxR was also from

Sigma-Aldrich. Sep-Pak C18 cartridge was obtained from

Waters (Milford, MA). All animal feed (A03/R03 base)

were supplied by Scientific Animal Food and Engineering

(SAFE) Laboratories (Augy, France).

Animals and Treatment

Male Sprague–Dawley rats, 3-weeks-old, supplied from

Hacettepe University Experimental Animals Laboratory,

were used in the experiments. Animals were divided ran-

domly in six groups of six of each, and each group was

housed in plastic cages with stainless-steel grid tops. The

cages were placed in a room with controlled temperature

(238C), humidity (50%), and a 12-h light–dark cycle. Body

weights were monitored weekly, including before the first

dose of DEHP treatment. Feeding period was 5 weeks. The

animals were treated humanely and with regard for allevia-

tion of suffering, and the study was approved by Hacettepe

University Ethical Committee.

Experimental Groups

(1) Control Group was fed regular diet (0.15 mg/kg Se); (2)

Selenium-Supplemented Group (SeS) was fed Se-supple-

mented diet (1 mg/kg Se); (3) Selenium-Deficient Group

(SeD) was fed Se-deficient diet (�0.05 mg/kg Se); (4)

DEHP-Treated Group (DEHP) was fed regular diet (0.15
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mg/kg Se) and received 1000 mg/kg DEHP during the last

10 days by intragastric gavage (i.g.); (5) Selenium-Supple-

mented DEHP Group (DEHPSeS) was fed Se-supple-

mented diet (1 mg/kg Se) and received 1000 mg/kg DEHP

during the last 10 days by i.g.; (6) Selenium-Deficient

DEHP Group (DEHPSeD) was fed Se-deficient diet (�0.05

mg/kg Se) and received 1000 mg/kg DEHP during the last

10 days by i.g. Animals were allowed to access ad libitum
feed and drinking water.

Twenty-four hours after the last dose of DEHP treat-

ment, overnight fasted animals were weighed and sacrificed

by decapitation under thiopental anesthesia and left testes

were removed, frozen immediately in liquid nitrogen, di-

vided into pieces, and stored at 2808C until the preparation

of tissue homogenates.

Preparation of Testis Homogenates

Testis homogenates were prepared in a volume of ice-cold

buffer containing Tris (10 mM), diethylenetriamine penta-

acetic acid (1 mM), and phenylmethanesulphonyl fluoride

(1 mM; adjusted to pH 7.4) using a Teflon pestle homoge-

nizer to obtain 10% (w/v) whole homogenate. After centrif-

ugation at 1500 3 g, 48C, for 10 min, thiobarbituric acid re-

active substance (TBARS) concentration was measured in

the supernatant. The rest of the supernatants were recentri-

fugated at 9500 3 g, 48C for 20 min, and the enzyme activ-

ities were determined in the supernatant. For the measure-

ment of reduced glutathione (GSH), oxidized glutathione

(GSSG), and total glutathione (tGSH) levels, the whole ho-

mogenate was diluted (5:1) with metaphosphoric acid (6%),

centrifuged at 1500 3 g, 48C, for 10 min, and the superna-

tant was used.

Determination of Antioxidant Enzyme
Activities

The activity of GPx1 was measured in a coupled reaction

with glutathione reductase (GR) as described earlier (Gün-

zler et al., 1974; Flohé and Günzler, 1984).

The assay of GPx4 activity was based on the same reac-

tion as GPx1 determination, but freshly synthesized phos-

phatidylcholine hydroperoxide (PCOOH) was used as a

substrate as described by Maiorino et al. (1990). One unit

of enzyme was defined as the amount of GPx4 that trans-

formed 1 lmol of NADPH to NADP per min at 378C.

PCOOH was synthesized using the method of Maiorino

et al. (1990) and Weitzel et al. (1990) with some modifica-

tion. Briefly, 10 mg L-phosphatidylcholine (Type III from

soybean) was dried under nitrogen stream, dispersed in 4

mL of 3% deoxycholate, and diluted with 21 mL of 0.2 M

sodium borate, pH 9.0. The reaction was started by the

addition of 27.7 ll (5,000,000 U) of lipoxidase (EC

1.13.11.12, Type IV), bubbling with 99% O2 using an ox-

imeter (Hansatech, Norfolk, UK) and stirring on a heater

bath (Julabo, Allentown, PA) at 378C. The reaction mixture

was then passed through a Sep-Pak C18 cartridge, which

was previously washed with methanol and equilibrated

with water. The cartridge was washed with 20 mL water,

and PCOOH was then eluted with 2 mL of methanol, ali-

quoted, and kept at 2808C where it was stable for 4 weeks.

TrxR activity was determined colorimetrically using the

Thioredoxin Reductase Assay kit. As described previously

(Arnér et al., 1999), the method was based on the reduction of

5,50-dithiobis-(2-nitrobenzoic) acid (DTNB) with NADPH

into 5-thio-2-nitrobenzoic acid (TNB) the concentration of

which was measured at 412 nm. One unit of TrxR activity was

defined as the amount of enzyme that caused an increase in ab-

sorbance of 1.0 per min and per milliliter at pH 7.0 at 258C.

Catalase (CAT) activity was determined according to

Aebi (1974). The enzymatic decomposition of H2O2 was

followed directly at 240 nm. One unit of CAT activity was

defined as the amount of enzyme required to decompose

1 lmol H2O2 in 1 min.

The total superoxide dismutase (SOD) and Mn-SOD

activities were determined by monitoring the auto-oxida-

tion of pyrogallol at 420 nm (Marklund and Marklund,

1974). One unit of total SOD activity was defined as the

amount of enzyme required to inhibit the rate of pyrogallol

auto-oxidation by 50%. Potassium cyanide (3 mM) was

used to inhibit both Cu,Zn-SOD, and extracellular SOD,

resulting in detection of only MnSOD activity. Cu,Zn-SOD

activity was then determined by substracting Mn-SOD ac-

tivity from total SOD activity.

Glutathione S-transferase (GST) activity was determined

using 1-chloro-2,4 dinitrobenzene as a substrate, monitor-

ing the rate of production of 2,4-diphenyl glutathione at

340 nm, and the enzyme activity was expressed in lmol/

mg protein/min (Habig et al., 1974).

Determination of Total, Reduced, and
Oxidized Glutathione Levels

tGSH (GSH plus GSSG) contents of the samples were

assessed using a kinetic assay in which catalytic amounts of

GSH caused a continuous reduction of DTNB to TNB.

GSSG formed was recycled by GR and NADPH, and the

formation of TNB was monitored at 412 nm at 258C (Aker-

boom and Sies, 1981). Quantification was achieved by par-

allel measurements of a standard curve of known GSH con-

centrations, and results were expressed in nmol/mg protein.

For GSSG determination, reduced GSH was inactivated by

the addition of 2-vinylpyridine. GSH content was calcu-

lated using the equation of GSH 5 (tGSH – 2 3 GSSG).

Determination of Lipid Peroxidation

Lipid peroxidation (LP) in testis tissues was quantified

measuring the concentration of TBARS by a
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spectrofluorometric assay as described by Richard et al.

(1992), and the level of TBARS was expressed as micro-

mole per gram tissue.

Protein Determination

Protein concentrations were determined by the standard

method of Lowry et al. (1951).

Statistical Analysis

The results were expressed as mean 6 standard error

(SEM). The differences among the groups were evaluated

with Kruskal–Wallis one-way analysis of variance, fol-

lowed by Mann–Whitney U test using a Statistical Package

for Social Sciences Program (SPSS) version 17.0. p-values

\0.05 were considered as statistically significant.

RESULTS

As we previously reported (Erkekoglu et al., 2011b), all

animals appeared to remain healthy throughout the experi-

ments. Significant differences in the food intake were not

observed between the groups. There was no significant

alteration in body weights in any of the groups before the

DEHP treatment started. After 10 days of DEHP exposure,

the weight gain in all DEHP-exposed groups was found sig-

nificantly lower (p \ 0.05) than the control group, and Se

supplementation was found to be partially protective. At

the termination of the experiments, neither absolute nor

relative testis weights changed with DEHP exposure.

Under the experimental conditions used in the study, tes-

ticular GPx1 and GPx4 activities did not change signifi-

cantly neither with DEHP exposure nor with Se supplemen-

tation or Se deficiency [Fig. 1(A,B)]. However, in DEHP-

exposed Se-supplemented animals (DEHP/SeS group),

GPx1 activity increased significantly (�75%, p \ 0.05),

whereas GPx4 activity decreased markedly in DEHP/SeD

group (�45%, p \ 0.05) compared to controls.

Testicular TrxR activity did not significantly alter by

DEHP exposure [Fig. 1(C)], however, decreased both in Se-

deficient animals and in DEHP/SeD group (�30%, p\0.05).

In none of the groups, total SOD and Mn-SOD activities

changed markedly [Fig. 2(A,C)]. However, the activity of

Cu,Zn-SOD was found as significantly decreased in DEHP

and DEHP/SeS groups (�45 and �50%, respectively; p \
0.05) compared to the control group [Fig. 2(B)]. It was also

noted that Cu,Zn-SOD activity of the DEHP/SeD group

was �30% higher than that of DEHP group (p \ 0.05).

Except for an insignificant increase in SeD group, all

experimental groups showed two to threefold increase in

testicular CAT activity compared to control (p \ 0.05)

[Fig. 3(A)]. GST activity, on the other hand, did not change

in any of the groups [Fig. 3(B)].

In comparison with the control group, testicular GSH

levels decreased significantly (p \ 0.05) in all DEHP-

exposed groups (DEHP, �60%; DEHP/SeS, �30%; DEHP/

Fig. 1. Changes in testicular selenoenzyme activities in the
study groups. A: Glutathione peroxidase 1 (GPx1) activity,
(B) glutathione peroxidase 4 (GPx4) activity, (C) thioredoxin
reductase (TrxR) activity. Experimental groups for 5 weeks
were on: (Control) regular diet (0.15 mg/kg Se); (SeS) Se-
supplemented diet (1 mg/kg Se); (SeD) Se-deficient diet
(�0.05 mg/kg Se); (DEHP) regular diet (0.15 mg/kg Se) and
received 1,000 mg/kg, i.g. DEHP for the last 10 days;
(DEHP/SeS) Se-supplemented diet (1 mg/kg Se) and
received 1,000 mg/kg, i.g. DEHP for the last 10 days;
(DEHP/SeD) Se-deficient diet (�0.05 mg/kg Se) and
received 1,000 mg/kg, i.g. DEHP for the last 10 days. All
results were given as mean 6 SEM of n 5 6 animals. Bars
that do not share same letters (superscripts) are significantly
different from each other (p\0.05).
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SeD, �65%), and Se supplementation provided significant

protection for GSH as evidenced by a �40% difference

between DEHP/SeS and DEHP groups [Fig. 4(A)]. Further-

more, highly significant increases (two to fivefold) in

GSSG concentrations were found in all groups, except in

SeS animals [Fig. 4(B)]. Thus, significantly decreased (3.5–

18.5-fold) GSH/GSSG redox ratios were observed in all

DEHP-exposed groups as well as Se-deficient animals

(approximately fourfold). There was, however, a approxi-

mately threefold increase in the GSH/GSSG redox ratio of

DEHP/SeS group in comparison with DEHP group indicat-

ing again the protective effect of Se supplementation

against oxidative insult [Fig. 4(C)].

Fig. 2. Changes in testicular total superoxide dismutase,
Cu,Zn-superoxide dismutase and Mn-superoxide dismutase
activities in the study groups. A: Total superoxide dismutase
(Total SOD) activity, (B) Cu, Zn-superoxide dismutase (Cu,
Zn-SOD) activity, (C) Mn-superoxide dismutase (Mn-SOD)
activity. Experimental groups for 5 weeks were on: (Control)
regular diet (0.15 mg/kg Se); (SeS) Se-supplemented diet (1
mg/kg Se); (SeD) Se-deficient diet (�0.05 mg/kg Se);
(DEHP) regular diet (0.15 mg/kg Se), and received 1,000 mg/
kg, i.g. DEHP for the last 10 days; (DEHP/SeS) Se-supple-
mented diet (1 mg/kg Se) and received 1,000 mg/kg, i.g.
DEHP for the last 10 days; (DEHP/SeD) Se-deficient diet
(�0.05 mg/kg Se) and received 1,000 mg/kg, i.g. DEHP for
the last 10 days. All results were given as mean 6 SEM of n
5 6 animals. Bars that do not share same letters (super-
scripts) are significantly different from each other (p\0.05).

Fig. 3. Changes in testicular catalase and glutathione S-
transferase activities in the study groups. A: Catalase (CAT)
activity, (B) glutathione S-transferase (GST) activity. Experi-
mental groups for 5 weeks were on: (Control) regular diet
(0.15 mg/kg Se); (SeS) Se-supplemented diet (1 mg/kg Se);
(SeD) Se-deficient diet (�0.05 mg/kg Se); (DEHP) regular
diet (0.15 mg/kg Se) and received 1,000 mg/kg, i.g. DEHP
for the last 10 days; (DEHP/SeS) Se-supplemented diet (1
mg/kg Se) and received 1,000 mg/kg, i.g. DEHP for the last
10 days; (DEHP/SeD) Se-deficient diet (�0.05 mg/kg Se)
and received 1,000 mg/kg, i.g. DEHP for the last 10 days. All
results were given as mean 6 SEM of n 5 6 animals. Bars
that do not share same letters (superscripts) are significantly
different from each other (p\0.05).
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As shown in Figure 4(D), both DEHP exposure and Se

deficiency induced significant levels of oxidative stress in

rat testis as evidenced by high TBARS levels (SeD, �40%;

DEHP, �80%; DEHP/SeS, �45%; DEHP/SeD, �130%, p
\ 0.05) compared to control, whereas Se supplementation

decreased basal level of TBARS markedly (�30%, p \
0.05); and Se supplementation in DEHP-treated animals

was found to provide a �20% (p \ 0.05) decrease in

TBARS levels compared to DEHP group.

DISCUSSION

A leading hypothesis for the mechanism of PP-induced car-

cinogenesis in rodent liver has been an oxidative stress pro-

cess (Rusyn et al., 2000). PPs were shown to cause signifi-

cant induction in the activities of enzymes responsible for

the production of H2O2, while leading to changes in the ac-

tivity of enzymes involved in the degradation of H2O2

(Badr, 1992). For phthalates, a link between their PP activ-

ity and hepatocarcinogenic effect in rodents has also been a

predominant theory (Rusyn et al., 2006). Along the same

line of thinking, the possibility of oxidative damage to play

a role in testicular toxicity of phthalates has been ques-

tioned. In fact, free radical production and LP are known as

potentially important mediators in testicular physiology;

cytochrome P450 enzymes of the steroidogenic pathway

produce free radicals under physiological conditions, and

the antioxidant defenses in rat testis play an important role

in control of free radicals (Peltola et al., 1996; Hanukoglu,

2006). On the other hand, testicular oxidative stress was

reported to play a role in a number of pathological condi-

tions such as cryptorchidism, varicocel, testicular torsion,

and as well as in toxicant exposures known to be detrimen-

tal to male fertility (Turner and Lysiak, 2008).

Although, the nature and mechanism underlying the

action of phthalates on testicular development remain

largely unknown, DEHP was reported to cause testicular at-

rophy, increase ROS generation, and cause depletion in

antioxidant defenses (Kasahara et al., 2002). Our in vitro
studies on MA-10 Leydig cells (Erkekoglu et al., 2010b) as

well as LNCaP human prostate cells (Erkekoglu et al.,

Fig. 4. Changes in testicular reduced glutathione levels,
oxidized glutathione levels, and reduced/oxidized glutathi-
one redox ratio in the study groups. A: Reduced glutathione
(GSH) levels, (B) oxidized glutathione (GSSG) levels, (C) re-
dox ratio (GSH/GSSG), (D) thiobarbituric acid reactive sub-
stance (TBARS) levels. Experimental groups for 5 weeks
were on: (Control) regular diet (0.15 mg/kg Se); (SeS) Se-
supplemented diet (1 mg/kg Se); (SeD) Se-deficient diet
(�0.05 mg/kg Se); (DEHP) regular diet (0.15 mg/kg Se) and
received 1,000 mg/kg, i.g. DEHP for the last 10 days;
(DEHP/SeS) Se-supplemented diet (1 mg/kg Se) and
received 1,000 mg/kg, i.g. DEHP for the last 10 days;
(DEHP/SeD) Se-deficient diet (�0.05 mg/kg Se) and
received 1,000 mg/kg, i.g. DEHP for the last 10 days. All
results were given as mean 6 SEM of n 5 6 animals. Bars
that do not share same letters (superscripts) are significantly
different from each other (p\0.05).
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2010a) have recently showed in the same line of data sug-

gesting that at least one of the mechanisms underlying the

reproductive toxicity of DEHP and MEHP is the induction

of intracellular ROS, and alterations in the intracellular en-

zymatic and nonenzymatic antioxidants. The data of Fan

et al. (2010) have also suggested oxidative stress as a new

mechanism of MEHP action on Leydig cell streidogenesis

via CYP1A1-mediated ROS stress.

Several strategies have been attempted to prevent the

oxidative stress caused by toxic chemicals and the use of

antioxidant vitamins has been the most common approach.

Ishihara et al. (2000) showed that supplementation of rats

with vitamin C and E protected the testes from DEHP-

gonadotoxicity. Fan et al. (2010) reported that the increase

in ROS generation with MEHP exposure in MA-10 cells

was inhibited by N-acetylcysteine. In the above-mentioned

in vitro studies (Erkekoglu et al., 2010a,b), we demon-

strated that Se supplementation was highly protective

against the cytotoxicity, genotoxicity, ROS producing, and

antioxidant status-modifying effects of DEHP and MEHP

in both MA-10 Leydig and LNCaP cells. Therefore, the

main goals of the present in vivo study were to investigate

whether an oxidative stress process is one of the underlying

mechanisms of the testicular toxicity of DEHP and to deter-

mine whether Se status is a critical factor in DEHP toxicity.

The Effects of DEHP on Testicular
Oxidant/Antioxidant Status

Our results demonstrating insignificant changes in the

activities of GPx1, GPx4, TrxR, total SOD, and MnSOD by

DEHP exposure indicated that the subacute (10 days) expo-

sure of 1000 mg/kg DEHP was not effective to alter the

activities of these cellular antioxidant enzymes in rat testis.

We cannot argue for the possibility of induction in the

expression of these enzymes, because we only measured

their activities. However, significant (�80%) enhancement

of cellular LP and substantial decrease ([10-fold) in GSH/

GSSG redox ratio were the strong indicators for the produc-

tion of an oxidative stress. Observations of approximately

threefold increase in CAT activity, �45% decrease in

Cu,Zn-SOD activity were the further evidences of the

occurrence of an imbalance between the production of ROS

and their efficient removal by available antioxidant system.

Thus, as in the case of our in vitro studies, present in vivo
study indicated the impairment of the cellular antioxidant

status by DEHP exposure and the generation of testicular

oxidative stress.

The Effects of Selenium on Testicular
Oxidant/Antioxidant Status

In Se-supplemented rats, the only significant alterations we

observed were approximately threefold increase in CAT ac-

tivity, �30% decrease in LP and significant increase of

GSH/GSSG redox ratio compared to control. Although in

Se-deficient animals, GSH/GSSG redox ratio decreased

more than fourfold and LP level enhanced �40%. Besides,

Se deficiency caused a a significant decrease of �30% in

testicular TrxR activity. These findings indicated a marked

induction of oxidative stress as shown in earlier studies

with animals fed on Se-deficient diet (Giray et al., 2004;

Kaushal and Bansal, 2007, 2009). It has long been known

that Se is essential for reproductive system, testosterone

synthesis, normal production of protozoa, and spermatogen-

esis. Thus, Se status is critical particularly for male repro-

ductivity (Ursini et al., 1999; Flohé, 2007). It was shown in

rodent testis that Se concentration is typically higher than

for any other tissue except kidney and generally do not

decrease even with prolonged Se deficiency, so that it is

preferentially maintained in the testis (Behne and Höfer-

Bosse, 1984). When Se supply is limited due to Se defi-

ciency, it is delivered preferentially to the Sertoli cells,

thereby maintaining testis Se concentrations (Schriever

et al., 2009).

The Effects of Selenium on the Testicular
Oxidant/Antioxidant Status in DEHP Exposure

In DEHP-exposed Se-supplemented animals, significant

enhancement of GPx1 and CAT activities was observed

compared to control animals, and substantial elevation of

GSH/GSSG redox ratio and significant reduction of LP lev-

els compared to DEHP group were detected. On the con-

trary, in animals fed on Se-deficient diet and exposed to

DEHP, LP levels increased and GSH/GSSG redox ratio

decreased to a great extend compared to the all experimen-

tal groups, and except for an insignificant increase of GSH/

GSSG redox ratio compared to DEHP group, all differences

were significant. Moreover, the GPx4 activity of DEHP/

SeD group was significantly lower than any of the other

groups, and TrxR activity was significantly lower than that

of control and DEHP/SeS groups. On the other hand, CAT

activity did not significantly change in DEHP/SeD animals

compared to DEHP or DEHP/SeS groups. These results

clearly pointed out the protective effect of Se in modulating

the redox status in testicular cells as the GSH/GSSG redox

ratio of the phthalate exposed animals increased approxi-

mately threefold by Se supplementation and decreased

�1.6-fold by Se deficiency, besides accordingly changed

LP levels.

On the other hand, the reduction of GPx4 activity in

DEHP/SeD group was particularly important, because the

major role of Se in fertility is mediated by GPx4, which is

the most abundant selenoprotein in testis (Ursini at al.,

1999; Flohé, 2007). GPx4 is synthesized in spermatids

under indirect control of testosterone, protects biomem-

branes from peroxidative damage, and is required for
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proper sperm stability (Ursini et al., 1982). In fact, in a pre-

vious study of a similar experimental design, we reported

that Se status affected spermatogenesis, testicular histology,

and steroid hormone levels in rats (Erkekoglu et al.,

2011b). The data demonstrated the toxicity and antiandro-

genic effect of DEHP, which was evidenced by disturbed

testicular histology and spermatogenesis, low testosterone

level, and reduced sperm motility. The findings were com-

patible with the histological findings of the study where

normal histology, intact seminiferous tubule epitelium, and

acceleration of spermatogenesis were observed in SeS

group, detachments in the seminiferous basal membrane

was noted in SeD group, and impairment of the spermato-

genic process was detected in DEHP group. Thus, the

effects of DEHP were much more pronounced in Se-defi-

cient rats, while Se supplementation was found to be pro-

tective particularly for sperm qualities.

In conclusion, the data we presented herein coincide

very well with the results and conclusion of the above-men-

tioned study (Erkekoglu et al., 2011b), thereby corroborate

the role of oxidative stress induction as one of the underly-

ing mechanism for the testicular toxicity of DEHP. Further-

more, our findings emphasize the critical role of Se as an

effective redox regulator and the importance of Se status in

protecting the testicular structure and functions from oxi-

dant stressor activity of DEHP.

The authors thank Mirelle Osman for her technical assistance

in the measurement of TrxR activity.
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Behne D, Höfer-Bosse T. 1984. Effects of a low selenium status

on the distribution and retention of selenium in the rat. J Nutr

114:1289–1296.

Bornehag CG, Sundell J, Weschler CJ, Sigsgaard T, Lundgren B,
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