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Introduction

Phthalates are phthalic acid derivative synthetic 
chemicals with a wide spectrum of industrial and 
commercial applications. Being used mostly as 
plasticizers to impart flexibility, transparency and 
durability to plastic materials, they are produced in high 
volume and therefore considered as the most abundant 
contaminants in the environment (Chou and Wright 
2006; Latini 2005). Phthalates are also used to stabilize 
color and scent in a variety of personal care products, 
as solvents in insect repellant sprays, paint, and glue 
(Koniecki et al. 2011), as components of some drug 
coatings, and as solubilizers in a wide variety of plastics, 
including food wraps, water bottles, milk containers, 

and medical products (Latini 2005; Sathyanarayana 
2008; Halden 2010). The widespread use of phthalates 
results in exposure of humans through a number of 
routes, including ingestion, dermal absorption, and 
inhalation (Latini 2005). In fact, phthalate metabolites 
were detected in virtually all human urine samples tested 
(Heudorf et al. 2007). Most studies have concluded that 
the diet is the major route of exposure (Fromme et al. 
2007; National Toxicology Program, 2006). However, 
consumer products make a substantial contribution 
to overall exposure levels for phthalates via inhalation 
and dermal routes (Fromme et al. 2007; Duty et al. 
2005). Some unique exposure pathways for phthalates 
include medical equipment such as iv bags and tubings 
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abstract
This study was designed to examine the oxidative stress potential of di(2-ethylhexyl)phthalate (DEHP) on rat kidney 
and to evaluate possible protective effect of selenium (Se) status. Se deficiency (SeD) was produced in 3-week old 
Sprague−Dawley rats by feeding them ≤0.05 Se mg/kg diet for 5 weeks; Se supplementation group (SeS) 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), superoxide dismutase (SOD), and glutathione S-transferase (GST); 
concentrations of total glutathione (GSH), thiols and thiobarbituric acid reactive substance (TBARS) levels were 
measured. DEHP treatment was found to induce oxidative stress in rat kidney, as evidenced by significant decreases 
in GPx1 (~20%) and SOD (~30%) activities and GSH levels (~20%), along with marked decrease in thiol content 
(~40%) and increase in TBARS (~30%) levels. The effects of DEHP was more pronounced in SeD rats, whereas Se 
supplementation was protective by providing substantial elevations of GPx1 and GPx4 activities and GSH levels. 
These findings emphasized the critical role of Se as an effective redox regulator and the importance of Se status in 
protecting renal tissue from the oxidant stressor activity of DEHP.
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(U.S. Food and Drug Administration, 2001), and some 
pharmaceutical products (Fromme et al. 2007; Hauser 
et al. 2004; Heudorf et al. 2007; National Toxicology 
Program, 2006).

Phthalates are known as endocrine disrupting chemi-
cals (EDC) (Lyche et al. 2009). EDCs can cause repro-
ductive and developmental toxicity targeting fetal and 
pubertal testis, and possess hepatocarcinogenic activity 
in rodents (Rusyn et al. 2006). Most animal studies show 
these effects occurring at higher exposure levels than are 
observed in the general human population. However, 
certain medical procedures such as dialysis can result in 
much higher levels of exposure, therefore adverse effects 
from these exposures are a serious concern (European 
Union 2008; National Toxicology Program 2006). As the 
only phthalate derivative used in biomedical devices, 
di(2-ethylhexyl)phthalate (DEHP) is the major constitu-
ent of both blood bags and continuous ambulatory peri-
toneal dialysis (CAPD) bags (Heudorf et al. 2007; Blount 
et al. 2000). Patients receiving haemodialysis (HD), peri-
toneal dialysis or blood transfusion can, therefore, be 
exposed to high levels of DEHP as it can easily leach out 
of the plastic matrix (Mettang et al. 1999).

Multiple mechanisms of action were suggested for 
the hepatic and testicular effects of phthalates includ-
ing peroxisome proliferator (PP)-activated or estrogen 
receptor-mediated mechanisms (Gazouli et al. 2002), 
and dysregulation of gene-expression pattern (Borch et 
al. 2006; Fan et al. 2010). An ever increasing possibility in 
this regard is the induction of oxidative stress, as recent 
in vivo and in vitro studies indicate the oxidant stress 
inducing potential of DEHP (Erkekoglu et al. 2010a; 
Erkekoglu et al. 2010b; Erkekoglu et al. 2011a; Erkekoglu 
et al. 2011b; Erkekoglu et al. 2011c). Whereas the data on 
renal effects of DEHP is very limited and the mechanism 
is not clear. Significantly higher incidence of focal cysts 
and decreased kidney function have been reported in 
DEHP-exposed rats (Crocker et al. 1988). The prevalence 
of acquired cystic kidney disease (ACKD) in HD patients 
lies between 35% and 79%. It was initially believed that 
ACKD occurs in HD patients exclusively; however, ACKD 
was later found equally often in association with CAPD 
(Ishikawa, 1991). On the other hand, HD and CAPD 
patients were reported to have high level of oxidative 
stress and low level of selenium (Se) (Fujishima et al. 
2011; Tonelli et al. 2009, Zima et al. 1998).

Se is one of the key essential trace elements against 
oxidative stress (Behne et al. 1996). It is the important 
component of cellular antioxidant defense and involved 
in the modulation of intracellular redox equilibrium. 
Se-dependent glutathione peroxidases (GPxs) and thio-
redoxin reductases (TrxRs) protect the body from the 
endogenous products of oxidative cellular metabolism 
that have been implicated in DNA damage, mutagenesis, 
and carcinogenesis (Ganther 1999; Jablonska et al. 2009). 
Kidneys play an important role in the homeostasis of Se 
(Lockitch 1989; Nève 1991). When Se is consumed at rates 
close to the human nutritional requirement, its highest 

level is found in kidneys and then in the liver (Combs and 
Combs 1984). Se concentrations may be a good indica-
tor of the progression of kidney diseases. Although whole 
blood and plasma Se levels did not change in early stages 
of chronic kidney disease patients, along with the pro-
gression of the kidney impairment Se concentration was 
found to be decreased (Tsukamoto et al. 1980; Lockitch 
1989; Milly et al. 1992). This was particularly evident in 
the end-stage of the disease (Zachara et al., 2000). In 
patients on HD, plasma Se concentrations were also sig-
nificantly lower than in healthy subjects (Kallistratos et 
al. 1985; Dworkin et al. 1987; Foote et al. 1987; Ceballos-
Picot et al. 1996; Zachara et al. 2001).

Based on this background and taking into account 
the frequency of inadequate Se intakes, this study was 
designed to investigate the effects of DEHP on oxidant/
antioxidant parameters in the rat kidney 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, USA). Colorimetric assay kits for TrxR and 
total glutathione (GSH) were also from Sigma-Aldrich. 
Sep-Pak C18 cartridge was obtained from Waters 
(Milford, MA, USA). All animal feed (A03/R03 base) were 
supplied by Scientific Animal Food and Engineering 
(SAFE) Laboratories (Augy, France).

Animals and treatment
Male Sprague Dawley (SD) rats, 3-weeks old, sup-
plied from Hacettepe University Experimental Animals 
Laboratory, were used in the experiments. Animals 
were divided randomly 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 (23°C), humidity (50%) and a 
12-hour light-dark cycle. Body weights (bw) were moni-
tored weekly, including before the first dose of DEHP 
treatment. Feeding period was 5 weeks. The animals 
were treated humanely and with regard for alleviation 
of suffering, and the study was approved by Hacettepe 
University Ethical Committee.

Experimental groups
(1) Control group (C) was fed regular diet (0.15 mg/kg 
Se); (2) Selenium supplemented group (SeS) was fed Se 
supplemented 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 mg/kg Se) and received 1000 mg/kg DEHP during 
the last 10 days by intragastric gavage (i.g.); (5) Selenium 
supplemented DEHP group (DEHP/SeS) was fed Se 
supplemented diet (1 mg/kg Se) and received 1000 mg/
kg DEHP during the last 10 days by i.g.; (6) Selenium 
deficient DEHP group (DEHP/SeD) was fed Se deficient 
diet (≤0.05 mg/kg Se) and received 1000 mg/kg DEHP 
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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 sac-
rificed by decapitation under thiopental anesthesia and 
kidneys were removed, frozen immediately in liquid 
nitrogen, divided into pieces and stored at −80°C until the 
preparation of tissue homogenates.

Preparation of kidney homogenates
Kidney homogenates were prepared in a volume of ice-
cold buffer containing Tris (10 mM), diethylenetriamine 
pentaacetic acid (DTPA, 1 mM), and phenylmethanesul-
phonyl fluoride (PMSF, 1 mM; adjusted to pH 7.4) using 
a Teflon pestle homogenizer to obtain 10% (w/v) whole 
homogenate. After centrifugation at 1500g, 4°C, for 10 
min, thiobarbituric acid reactive substance (TBARS) 
concentration was measured in the supernatant. The rest 
of the supernatants were recentrifugated at 9500g, 4°C 
for 20 min, and the antioxidant enzyme activities and 
thiol groups were determined in the supernatant. For the 
measurement of total GSH (oxidized and reduced GSH) 
levels, the whole homogenate was diluted (5:1) with 
metaphosphoric acid (6%), centrifuged at 1500g, 4°C, for 
10 min, and the supernatant was used.

Determination of antioxidant enzyme activities
The activity of glutathione peroxidase (GPx1) was mea-
sured in a coupled reaction with glutathione reductase 
(GR) as described earlier (Flohé and Günzler 1984; 
Günzler et al. 1974) using an automatic analyzer (Hitachi 
904, B Braun Science Tec, France).

The assay of glutathione peroxidase 4 (GPx4) activity 
was based on the same reaction as GPx1 determination, 
but freshly synthesized phosphatidylcholine hydro-
peroxide (PCOOH) was used as a substrate and the 
concomitant oxidation of NADPH was monitored spec-
trophotometrically at 340 nm as described by Maiorino et 
al. (1990). One unit of enzyme was defined as the amount 
of GPx4 that transformed 1 μmol of NADPH to NADP per 
min at 37°C. PCOOH was synthesized using the method 
of Maiorino et al. (1990) and Weitzel et al. (1990) with 
some modification. 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 μL (5,000,000 U) of lipoxi-
dase (EC 1.13.11.12, Type IV), bubbling with 99% O

2
 using 

an oximeter (Hansatech, Norfolk, UK), and stirring on a 
heater bath (Julabo, Allentown, PA, USA) at 37°C. 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, aliquoted and kept at −80°C 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 5,5′-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 absorbance of 1.0 per 
min and per mL at pH 7.0 at 25°C.

Catalase (CAT) activity was determined according to 
Aebi (1983). The enzymatic decomposition of H

2
O

2
 was 

followed directly at 240 nm. One unit of CAT activity was 
defined as the amount of enzyme required to decompose 
1 μmol H

2
O

2
 in 1 min.

The total superoxide dismutase (total SOD) activity 
was determined by monitoring the auto-oxidation 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%.

Glutathione S-transferase (GST) activity was deter-
mined using 1-chloro-2,4 dinitrobenzene (CDNB) as a 
substrate, monitoring the rate of production of 2,4-diphe-
nyl glutathione at 340 nm and the enzyme activity was 
expressed in μmol/mg protein/min (Habig et al. 1974).

Determination of total glutathione levels
Kidney GSH content was assessed using a Glutathione 
Assay Kit based on a kinetic assay in which catalytic 
amounts of GSH caused a continuous reduction of 
DTNB to TNB at 412 nm (Akerboom and Sies 1981). 
Quantification was achieved by parallel measurements 
of a standard curve of known GSH concentrations, and 
results were expressed in nmol/mg protein.

Determination of lipid peroxidation
Lipid peroxidation (LP) in kidney tissue was quantified  
by measuring the concentration of TBARS by a spec-
trofluorometric assay as described by Richard et al. 
(1992) using a Hitachi F4500 spectrofluorometer  
(B Braun Science Tec, France), and the level of TBARS 
was expressed as μmol/g protein.

Determination of thiol groups
Thiol group concentrations in kidney tissue were  
determined as described by Faure and Lafond  
(1995). The calibration was obtained from a stock solu-
tion of 100 mM N-acetyl cysteine (NAC) in the range of 
0.125–1 mM. Standards and samples were measured 
by automatic analyzer at 415 nm (Hitachi 904, B Braun 
Science Tec, France) in the presence of 0.05 mol/L 
phosphate buffer, 1 mmol/L EDTA, pH 8 and DTNB  
(2.5 mM).

Protein determination
Protein concentrations were determined by the standard 
method of Lowry et al. (1951) using an automatic analyzer 
(Hitachi 904, B Braun Science Tec, France).
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Statistical analysis
The results were expressed as mean ± 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

Absolute and relative kidney weights
As we previously reported (Erkekoglu et al. 2011b), all 
animals appeared to remain healthy throughout the 
experiments. 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 significantly lower (p < 0.05) than the control 
group, and Se supplementation was found to be partially 
protective. As shown in Table 1, at the termination of the 
experiments, both absolute and relative kidney weights 
in DEHP group were lower than those of control group 
(6% and 9%, respectively; p < 0.05). This effect was more 
evident in DEHP-exposed Se-deficient animals (7% and 
16%, respectively; p < 0.05).

Antioxidant enzymes
Kidney selenoenzyme activities are illustrated in 
Figure 1. In comparison to control, kidney GPx1 
activity decreased significantly (~20%, p < 0.05) by 
DEHP exposure; increased with Se supplementation 
(~10%, p < 0.05); decreased markedly in Se defi-
cient animals (~80%, p < 0.05); and a much higher 
decrease was observed in DEHP-exposed Se deficient 
animals (~90%, p < 0.05). Se supplementation along 
with DEHP treatment provided an increase of ~60% 
in GPx1 activity when compared to DEHP group  
(p < 0.05) (Figure 1A).

Renal GPx4 activity did not change by DEHP expo-
sure (Figure 1B), but in both SeS and DEHP/SeS groups, 
GPx4 activity increased (~25% and ~30% respectively; 
p < 0.05) compared to control, as well as compared to 
DEHP group. But there was no alteration in DEHP/SeD 
group.

TrxR activity did not change neither by DEHP  
exposure nor by Se supplementation; but decreased 

Table 1. Effects of DEHP and selenium status on relative kidney 
weight.

Parameters
Mean kidney  

weight (g)
Relative kidney  

weight (g/100 g BW)
Control 0.82 ± 0.03a 0.44 ± 0.01a

SeS 0.86 ± 0.02a 0.43 ± 0.01a

SeD 0.82 ± 0.02a 0.44 ± 0.01a

DEHP 0.77 ± 0.01b 0.40 ± 0.01b

DEHP/SeS 0.80 ± 0.01a 0.44 ± 0.02 a

DEHP/SeD 0.76 ± 0.02b 0.37 ± 0.03b

Experimental groups for 5 weeks were on: (C)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 1000 mg/kg, i.g. DEHP for the last 10 d; 
(DEHPSeS)Se supplemented diet (1 mg/kg Se) and received  
1000 mg/kg, i.g. DEHP for the last 10 d; (DEHPSeD) Se deficient 
diet (≤0.05 mg/kg Se) and received 1000 mg/kg, i.g. DEHP for 
the last 10 d.
Rows that do not share same letters (superscripts) are 
significantly different from each other (p < 0.05).

Figure 1. Effects of DEHP and/or selenium status on renal 
selenoenzyme activities in study groups. (A) Renal Glutathione 
Peroxidase 1 (GPx1) Activity (B) Renal Glutathione Peroxidase 4 
(GPx4) Activity (C) Renal Thioredoxin Reductase (TrxR) Activity 
Experimental groups were (for 5 weeks) on: (C) 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 1000 mg/kg, i.g. DEHP for the last 
10 d; (DEHP/SeS) Se supplemented diet (1 mg/kg Se and received  
1000 mg/kg, i.g. DEHP for the last 10 d; (DEHP/SeD) Se deficient 
diet (≤0.05 mg/kg Se) and received 1000 mg/kg, i.g. DEHP for 
the last 10 d. Bars that do not share same letters (superscripts) are 
significantly different from each other (p < 0.05).
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markedly (~50%, p < 0.05) in SeD and DEHP/SeD groups 
(~60%, p < 0.05) compared to control animals (Figure 1C).

Other antioxidant enzyme activities in kidney are 
shown in Table 2. DEHP exposure caused a ~30% (p < 
0.05) decrease in total SOD activity of kidney. But in our 
experimental conditions, Se nutrition had no effect in kid-
ney SOD activity. CAT activity did not change in any of the 
experimental groups. Renal GST activity increased mark-
edly in SeD group (~75%, p < 0.05) and in all DEHP-exposed 
groups (~65% in DEHP, ~50% in DEHP/SeS and ~115% in 
DEHP/SeD groups; p < 0.05) compared to control.

Total glutathione, thiol and lipid peroxidation levels
As shown in Table 3, in comparison with the control group, 
renal total GSH levels increased significantly (~30%, p < 
0.05) in SeS group, and decreased in DEHP and DEHP/
SeD groups (~20%, ~30%, respectively; p < 0.05). Whereas 
Se supplementation increased the GSH levels (~35%, p < 
0.05) in DEHP-exposed rats compared to DEHP group, 
thus, maintained the levels as the control.

TBARS levels were found to be significantly higher 
in SeD (~20%), DEHP (~30%) and DEHP/SeD (~60%) 
groups than the control animals. Marked decreases in 
thiol groups were also found in Se deficiency (~35%, p < 
0.05), and in all DEHP-exposed groups (~40% in DEHP, 
~35% in DEHP/SeS and ~60% in DEHP/SeD, p < 0.05) 
compared to control (Table 3).

Discussion

There is a growing concern about human exposure to 
phthalates because they are not chemically bonded to 
plastic matrix and leach out from the material over time. 
Although phthalate esters have long been regarded as 
substances of low acute toxicity, they possess potential 
toxic effects which may be exhibited when exposed to 
high doses or repeated low doses. Phthalates, includ-
ing DEHP, have been linked to liver and kidney dam-
age, testicular toxicity and the under-development of 
reproductive organs in humans and animals (Rusyn 
et al. 2006; Erkekoglu et al. 2011b; Howdeshell et al. 
2008; Miura et al. 2007). Hepatocarcinogenic effects of 
phthalates in rodents is suggested to be related with 
their PP activity, and ROS are suspected as one of the 
crucial factors in PP-induced carcinogenesis (Rusyn et 
al. 2006). On the other hand, several studies described 
oxidative stress as a major pathway in the reproductive 
toxicity of DEHP (Kasahara et al. 2002; Erkekoglu et al. 
2010a; Erkekoglu et al. 2010b).

Se, with its several forms of cellular selenoproteins, 
is involved in fundamental biological processes ranging 
from cellular antioxidant defense to the protection and 
repair of DNA, and apoptosis (Fischer et al. 2006). Low 
dietary Se intake makes the organism prone to oxidative 
stress-related conditions, reduced fertility and immune 
functions, and increased risk of cancers (Ganther 1999). 
Human studies have indicated that Se supplementation 
in a population with low basal blood Se levels decreases 
the incidence of several types of cancers (Duffield-Lillico 
et al. 2002). Thus, data from different studies have stressed 
the role of Se as an effective cellular redox regulator and 
have been in accordance with previous reports that dem-
onstrated the protective effect of antioxidants in oxidative 
stress related biological effects (Hanukoglu 2006).

Current study was therefore undertaken as part of 
a project investigating the effects of DEHP exposure in 
various organ systems of rats. We hereby present the 
effects of DEHP on the antioxidant–oxidant status of 
renal system and the protection potential of Se nutrition.

The effects of DEHP on kidney
The data produced in the current study have shown 
alterations in the cellular antioxidant system of kidney 
along with concominant increase in LP. These findings 
appeared to reflect that subacute exposure of DEHP (1000 
mg/kg, 10 days) in prepubertal SD rats. DEHP-induced 
oxidative stress in kidney like in the testis, which is its 
main target organ (Erkekoglu et al. 2011a; Erkekoglu  

Table 2. Effects of DEHP and/or selenium status on renal 
antioxidant enzyme activities in the study groups.

Parameters
Total SOD  

(U/mg protein)
CAT  

(U/mg protein)
GST (μmol/mg 
protein/min)

Control 24.32 ± 1.90a 211.23 ± 2.75a 0.08 ± 0.01a

SeS 24.42 ± 0.80a 219.6 ± 11.46a 0.07 ± 0.01a

SeD 27.04± 0.78a 229.42 ± 9.77a 0.14 ± 0.01b

DEHP 17.50 ± 1.61b 212.96 ± 1.81a 0.13 ± 0.01b

DEHP/SeS 23.73 ± 2.04a 219.21 ± 5.20a 0.12 ± 0.01b

DEHP/SeD 29.96 ± 0.39a 222.19 ± 3.73a 0.17 ± 0.01c

Experimental groups were (for 5 weeks) on: (C) 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 1000 mg/kg, i.g. DEHP for the last 10 d; (DEHP/
SeS) Se supplemented diet (1 mg/kg Se and received 1000 mg/kg, 
i.g. DEHP for the last 10 d; (DEHP/SeD) Se deficient diet  
(≤0.05 mg/kg Se) and received 1000 mg/kg, i.g. DEHP for the  
last 10 d. 
Rows that do not share same letters (superscripts) are significantly 
different from each other (p < 0.05).

Table 3. Effects of DEHP and selenium status on renal total 
glutathione levels, lipid peroxidation and thiol groups.

Parameters

GSH  
(nmoles/mg 

protein)

TBARS  
(μmole/g  
protein)

SH  
(μmole/g 
protein)

Control 9.89 ± 0.65a 0.32 ± 0.02a 138.45 ± 4.56a

SeS 12.96 ± 0.69b 0.33 ± 0.01a 152.13 ± 6.19a

SeD 9.78 ± 0.62a 0.38 ± 0.01bc 89.38 ± 9.18b

DEHP 7.74 ± 0.45c 0.42 ± 0.01c 79.94 ± 3.23b

DEHP/SeS 10.63 ± 0.39a 0.36 ± 0.01ab 89.35 ± 15.30b

DEHP/SeD 7.09 ± 0.46c 0.51 ± 0.03d 57.35 ± 4.50c

Experimental groups were (for 5 weeks) on: (C) 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 1000 mg/kg, i.g. DEHP for the last 10 d; (DEHP/
SeS) Se supplemented diet (1 mg/kg Se and received 1000 mg/kg, 
i.g. DEHP for the last 10 d; (DEHP/SeD) Se deficient diet (≤0.05 
mg/kg Se) and received 1000 mg/kg, i.g. DEHP for the last 10 d. 
Bars that do not share same letters (superscripts) are significantly 
differentfromeach other (p < 0.05).
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et al. 2011b). Thus, in our experimental conditions, 
DEHP caused an imbalance between oxidant and anti-
oxidant status of the rat kidney. This was evident with 
the reduction of the activity of antioxidant enzymes 
such as GPx1, and SOD, that detoxify active forms of 
oxygen; elevation in LP levels; reduction of thiol con-
tent; loss of GSH and a compensatory induction of GST 
activity which catalysis the transfer of GSH to reduce 
oxidized compounds.

Earlier data have showed that kidneys do not dem-
onstrate a consistent response to DEHP. The most fre-
quently reported finding has been alterations in kidney 
weight, yet there was no consistency among them as 
increased, decreased (as it is the case in the present 
study) or unchanged organ weights have been reported 
with and without changes in histology and/or renal func-
tion parameters. These discrepancies seem to be related 
to the study designs, including the differences in the 
dose and duration of exposure applied; species, age and 
sex of the animals used; but at the same time represent 
the induction of different pattern of toxic effect during 
the different stages of development (Arcadi et al. 1998; 
Cimini et al. 1994; Grande et al. 2007).

DEHP, as a PP, was reported to cause both peroxisome 
proliferator activated receptor α (PPAR)-dependent and 
-independent renal and testicular toxicities (Ward et al. 
1998; Peters et al. 1997). Oxidative stress by DEHP expo-
sure in rat kidney was suggested by Dobashi et al. (1999). 
They associated the decrease observed in red blood 
cell GPx with the oxidative stress induced in the renal 
tubules. Renal oxidative stress was suggested to occur 
through the induction of cytochrome P-450 enzymes 
(Kertai et al. 2000).

Considerable imbalance between oxidants and anti-
oxidants in patients with chronic renal insufficiency have 
been reported (Ceballos-Picot et al. 1996; Zachara et al. 
2001). Evidences suggest that ROS are not merely the con-
sequence of treatment or progress of the disease but, one 
of the causal agents, and oxidative stress can take place in 
patients with and without HD. Profound disturbance in 
antioxidant systems occurs early in the course of chronic 
renal failure, gradually increases with its progression and 
is further exacerbated by dialysis (Ceballos-Picot et al. 
1996; Giray et al, 2003). On the other hand, the finding 
of polycystic kidney disease (PKD) at autopsy in patients 
who had undergone long-term HD for renal failure has 
been linked to the effect of DEHP exposure through the 
dialysis process (Crocker et al. 1988). In fact, leachability 
of DEHP from HD tubing have been demonstrated in 
details (Kambia et al. 2001), and it is well documented 
that HD triggers a massive generation of ROS and, 
therefore, acts as an enhancer of oxidative stress (Witko-
Sarsat et al. 1998; Loughrey et al. 1994). Supporting data 
also come from in vitro and experimental studies while 
MEHP was shown to have a marked nephrotoxic effect 
in cultured kidney epithelial cells (Rothenbacher et al. 
1998), chronic progressive nephropathy and renal tubule 
pigmentation was reported in rats with chronic DEHP 

exposure (David et al. 2000). Diminished creatinine 
clearance and focal inflammatory changes accompained 
by cystic dilation of the tubules of rats fed with low dose 
of DEHP (0.92 mg/kg/d) for 1 year was also reported 
(Crocker et al. 1988).

All these data support the findings of the current study 
which shows detailed evidences of renal oxidative stress 
induction by DEHP exposure in rats.

The effects of selenium on kidney
In our experimental conditions, neither body nor kidney 
weights were affected by Se nutrition and there was no 
difference in food intakes. These findings were in accor-
dance with the study of Fujieda et al. (2007) where sig-
nificant decreases in bw and organ weight were observed 
only 6 weeks after the dietary assignment. Kidneys play an 
important role in Se homeostasis and Se concentration in 
the rodent kidney is typically higher than any other tissue 
(Dworkin et al. 1987). In the present study, Se deficiency 
was evident with a significant decrease (~80%) of kidney 
Se concentration (0.83 ± 0.03 ng/g tissue in control group 
vs. 0.15 ± 0.01 ng/g tissue in SeD group), determined as 
previously described (Erkekoglu et al. 2011b) and with 
a profound reduction in the activities of two selenoen-
zymes: GPx1 (~80%) and TrxR (~50%). There were no 
changes in the specific activities of the other antioxidant 
enzymes, SOD and CAT, and in the activity of GPx4, but 
a marked increase in GST activity was observed. This lat-
ter finding was in agreement with earlier reports show-
ing that dietary deficiency of Se results in an increased 
GST activity in a variety of rat tissues (Chang et al., 1990). 
Along with these alterations in antioxidant parameters of 
the renal cells, increased TBARS and decreased GSH and 
thiol levels were supportive evidences of renal oxidant 
stress induction in Se deficiency.

Se supplementation increased the tissue Se concen-
tration by ~65% (1.37 ± 0.04 ng/g tissue); did not disturb 
the antioxidant/oxidant balance except causing a ~25% 
increase in GxP4 activity and ~30% elevation in total GSH 
content, thus showed an antioxidant status enhancing 
activity in the rat kidney.

The effects of selenium status on kidney in  
DEHP exposure
The role of antioxidants in reversing oxidative stress has 
been of long-standing interest to basic scientists and 
clinicians. Se was found to be protective, for instance, 
against cadmium, 7,12-dimethylbenz[a]anthracene and 
cisplatin induced renal toxicity (Messaoudi et al. 2010; 
Kocdor et al. 2005; Francescato et al. 2001). However, 
to our knowledge, studies on the effects of either a 
Se-deficient or supplemented diet in DEHP exposed rats’ 
kidney have not been reported.

The data presented herein showed an augmenting 
effect of Se deficiency on the effects of DEHP exposure 
in renal tissue as demonstrated significant decreases 
of GPx1 and TrxR activities and GSH content in DEHP/
SeD group compared to those of DEHP group. This 
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aggravating effect was further evident with high TBARS 
levels (~20%, p < 0.05) and marked decrease of (~30%, p < 
0.05) thiol levels in DEHP/SeD group compared to DEHP 
animals, whereas Se supplementation was at least par-
tially protective against DEHP-induced oxidative stress. 
This was evidenced particularly with elevated levels of 
renal GPx1 and SOD activities and GSH levels; enhanced 
GPx4 activity; and decreased level of LP as shown with 
low TBARS and high thiol concentrations in DEHP/SeS 
compared to DEHP. Thus, current results showed the 
influence of Se status on the renal oxidant stress induc-
ing effects of DEHP in rats, as it was shown earlier in rat 
testis (Erkekoglu et al. 2011c) and emphasized once more 
the critical role of Se as a cellular redox status modulator.

In conclusion, the data presented herein demonstrate 
the renal oxidative stress inducing effect of DEHP in rats and 
the protection by Se. The augmenting effect of Se deficiency 
on the effects of DEHP exposure may also be important for 
human subjects with chronic kidney failure as they have 
lower blood Se levels at all stages of the disease compared 
to healthy subjects (Zachara et al. 2004). Their GPx1 activity 
was also reported to be significantly reduced and this was 
increased with the progress of the disease (Tsukamoto et 
al. 1980; Lockitch 1989; Milly et al. 1992). Those patients 
undergoing HD may particularly be vulnerable as they are 
exposed to DEHP through the dialysis bags and tubings. In 
such cases both their low Se levels and the oxidative stress 
potential of DEHP may contribute to the low levels of GPx1 
and make the patient more prone to oxidative stress and 
its consequences. Our results highlight the importance 
of examining renal toxicity potential of other phthalate 
derivatives particularly diethylphthalate, and the protective 
effect of other antioxidants in phthalate-induced renal 
oxidative stress.

acknowledgements

We would like to thank Mirelle Osman for her technical 
support in the measurement of GPx1 activity, thiol and 
protein levels.

Declaration of interest

The authors report no conflicts of interest.

References
Akerboom TP, Sies H. 1981. Assay of glutathione, glutathione disulfide, 

and glutathione mixed disulfides in biological samples. Meth 
Enzymol 77:373–382.

Arcadi FA, Costa C, Imperatore C, Marchese A, Rapisarda A, Salemi 
M, Trimarchi GR, Costa G. 1998. Oral toxicity of bis(2-ethylhexyl) 
phthalate during pregnancy and suckling in the Long-Evans rat. 
Food Chem Toxicol 36:963–970.

Arnér ES, Zhong L, Holmgren A. 1999. Preparation and assay of 
mammalian thioredoxin and thioredoxin reductase. Meth 
Enzymol 300:226–239.

Behne D, Kyriakopoeulos A, Weiss-Nowak C, Kalckloesch M, Westphal 
C, Gessner H. 1996. Newly found selenium-containing proteins 
in the tissues of the rat. Biol Trace Elem Res 55:99–110.

Blount BC, Silva MJ, Caudill SP, Needham LL, Pirkle JL, Sampson EJ, 
Lucier GW, Jackson RJ, Brock JW. 2000. Levels of seven urinary 
phthalate metabolites in a human reference population. Environ 
Health Perspect 108:979–982.

Borch J, Metzdorff SB, Vinggaard AM, Brokken L, Dalgaard M. 
2006. Mechanisms underlying the anti-androgenic effects of 
diethylhexyl phthalate in fetal rat testis. Toxicology 223:144–155.

Ceballos-Picot I, Witko-Sarsat V, Merad-Boudia M, Nguyen AT, 
Thévenin M, Jaudon MC, Zingraff J, Verger C, Jungers P, 
Descamps-Latscha B. 1996. Glutathione antioxidant system as a 
marker of oxidative stress in chronic renal failure. Free Radic Biol 
Med 21:845–853.

Chang M, Burgess JR, Scholz RW, Reddy CC. 1990. The induction 
of specific rat liver glutathione S-transferase subunits under 
inadequate selenium nutrition causes an increase in prosta-
glandin F2 alpha formation. J Biol Chem 265:5418–5423.

Chou K, Wright RO. 2006. Phthalates in food and medical devices. 
 J Med Toxicol 2:126–135.

Cimini AM, Sulli A, Stefanini S, Serafini B, Moreno S, Rossi L, Giorgi 
M, Ceru MP. 1994. Effects of Di-(2-ethylhexyl)phthalate on 
peroxisomes of liver, kidney and brain of lactating rats and their 
pups. Cell Mol Biol (Noisy-le-grand) 40:1063–1076.

Combs GF Jr, Combs SB. 1984. The nutritional biochemistry of 
selenium. Annu Rev Nutr 4:257–280.

Crocker JF, Safe SH, Acott P. 1988. Effects of chronic phthalate exposure 
on the kidney. J Toxicol Environ Health 23:433–444.

David RM, Moore MR, Finney DC, Guest D. 2000. Chronic toxicity of 
di(2-ethylhexyl)phthalate in mice. Toxicol Sci 58:377–385.

Dobashi K, Asayama K, Nakane T, Hayashibe H, Kodera K, Uchida 
N, Nakazawa S. 1999. Effect of peroxisome proliferator on 
extracellular glutathione peroxidase in rat. Free Radic Res 
31:181–190.

Duffield-Lillico AJ, Reid ME, Turnbull BW, Combs GF Jr, Slate 
EH, Fischbach LA, Marshall JR, Clark LC. 2002. Baseline 
characteristics and the effect of selenium supplementation on 
cancer incidence in a randomized clinical trial: a summary report 
of the Nutritional Prevention of Cancer Trial. Cancer Epidemiol 
Biomarkers Prev 11:630–639.

Duty SM, Ackerman RM, Calafat AM, Hauser R. 2005. Personal care 
product use predicts urinary concentrations of some phthalate 
monoesters. Environ Health Perspect 113:1530–1535.

Dworkin B, Weseley S, Rosenthal WS, Schwartz EM, Weiss L. 1987. 
Diminished blood selenium levels in renal failure patients on 
dialysis: correlations with nutritional status. Am J Med Sci 293:6–12.

Erkekoglu P, Rachidi W, De Rosa V, Giray B, Favier A, Hincal F. 2010a. 
Protective effect of selenium supplementation on the genotoxicity 
of di(2-ethylhexyl)phthalate and mono(2-ethylhexyl)phthalate 
treatment in LNCaP cells. Free Radic Biol Med 49:559–566.

Erkekoglu P, Rachidi W, Yuzugullu OG, Giray B, Favier A, Ozturk M, 
Hincal F. 2010b. Evaluation of cytotoxicity and oxidative DNA 
damaging effects of di(2-ethylhexyl)-phthalate (DEHP) and 
mono(2-ethylhexyl)-phthalate (MEHP) on MA-10 Leydig cells 
and protection by selenium. Toxicol Appl Pharmacol 248:52–62.

Erkekoglu P, Rachidi W, Yüzügüllü OG, Giray B, Oztürk M, Favier A, 
Hincal F. 2011a. Induction of ROS, p53, p21 in DEHP- and MEHP-
exposed LNCaP cells-protection by selenium compounds. Food 
Chem Toxicol 49:1565–1571.

Erkekoglu P, Zeybek ND, Giray B, Asan E, Arnaud J, Hincal F. 2011b. 
Reproductive toxicity of di(2-ethylhexyl) phthalate in selenium-
supplemented and selenium-deficient rats. Drug Chem Toxicol 
34:379–389.

Erkekoglu P, Giray B, Rachidi W, Hininger-Favier I, Roussel AM, 
Favier A, Hincal F. 2011c. Effects of di(2-ethylhexyl)phthalate 
on testicular oxidant/antioxidant status in selenium-deficient 
and selenium-supplemented rats. Environ Toxicol doi: 10.1002/
tox.20776.(Ahead of print).

Fan J, Traore K, Li W, Amri H, Huang H, Wu C, Chen H, Zirkin B, 
Papadopoulos V. 2010. Molecular mechanisms mediating the 
effect of mono-(2-ethylhexyl) phthalate on hormone-stimulated 



422 P. Erkekoglu et al.

 Toxicology Mechanisms and Methods

steroidogenesis in MA-10 mouse tumor Leydig cells. Endo-
crinology 151:3348–3362.

Faure P, LafondJL. Favier AE, Cadet J, Kalnyanaraman, B, Fontecave 
M, Pierre JL (Eds.), 1995. Measurement of plasma sulfhydryl and 
carbonyl groups as a possible indicator of protein oxidation, In : 
Analysis of free radicals in biology systems. Basel, Boston, Berlin: 
Birkhäuser Press, pp. 237–248.

Fischer JL, Lancia JK, Mathur A, Smith ML. 2006. Selenium protection 
from DNA damage involves a Ref1/p53/Brca1 protein complex. 
Anticancer Res 26:899–904.

Flohé L, Günzler WA. 1984. Assays of glutathione peroxidase. Meth 
Enzymol 105:114–121.

Foote JW, Hinks LJ, Lloyd B. 1987. Reduced plasma and white blood 
cell selenium levels in haemodialysis patients. Clin Chim Acta 
164:323–328.

Francescato HD, Costa RS, Rodrigues Camargo SM, Zanetti MA, 
Lavrador MA, Bianchi MD. 2001. Effect of oral selenium 
administration on cisplatin-induced nephrotoxicity in rats. 
Pharmacol Res 43:77–82.

Fromme H, Gruber L, Schlummer M, Wolz G, Böhmer S, Angerer J, 
Mayer R, Liebl B, Bolte G. 2007. Intake of phthalates and di(2-
ethylhexyl)adipate: results of the Integrated Exposure Assessment 
Survey based on duplicate diet samples and biomonitoring data. 
Environ Int 33:1012–1020.

Fujieda M, Naruse K, Hamauzu T, Miyazaki E, Hayashi Y, Enomoto R, 
Lee E, Ohta K, Yamaguchi Y, Wakiguchi H, Enza H. 2007. Effect 
of selenium-deficient diet on tubular epithelium in normal rats. 
Pediatr Nephrol 22:192–201.

Fujishima Y, Ohsawa M, Itai K, Kato K, Tanno K, Turin TC, Onoda 
T, Endo S, Okayama A, Fujioka T. 2011. Serum selenium levels 
in hemodialysis patients are significantly lower than those in 
healthy controls. Blood Purif 32:43–47.

Ganther HE. 1999. Selenium metabolism, selenoproteins and 
mechanisms of cancer prevention: complexities with thioredoxin 
reductase. Carcinogenesis 20:1657–1666.

Gazouli M, Yao ZX, Boujrad N, Corton JC, Culty M, Papadopoulos 
V. 2002. Effect of peroxisome proliferators on Leydig cell 
peripheral-type benzodiazepine receptor gene expression, 
hormone-stimulated cholesterol transport, and steroidogenesis: 
role of the peroxisome proliferator-activator receptor alpha. 
Endocrinology 143:2571–2583.

Giray B, Kan E, Bali M, Hincal F, Basaran N. 2003. The effect of vitamin 
E supplementation on antioxidant enzyme activities and lipid 
peroxidation levels in hemodialysis patients. Clin Chim Acta 
338:91–98.

Grande SW, Andrade AJ, Talsness CE, Grote K, Golombiewski A, 
Sterner-Kock A, Chahoud I. 2007. A dose-response study 
following in utero and lactational exposure to di-(2-ethylhexyl) 
phthalate (DEHP): reproductive effects on adult female offspring 
rats. Toxicology 229:114–122.

Habig WH, Pabst MJ, Jakoby WB. 1974. Glutathione S-transferases. 
The first enzymatic step in mercapturic acid formation. J Biol 
Chem 249:7130–7139.

Halden RU. 2010. Plastics and health risks. Annu Rev Public Health 
31:179–194.

Hanukoglu I. 2006. Antioxidant protective mechanisms against 
reactive oxygen species (ROS) generated by mitochondrial 
P450 systems in steroidogenic cells. Drug Metab Rev 38: 
171–196.

Hauser R, Duty S, Godfrey-Bailey L, Calafat AM. 2004. Medications 
as a source of human exposure to phthalates. Environ Health 
Perspect 112:751–753.

Heudorf U, Mersch-Sundermann V, Angerer J. 2007. Phtha - 
lates: toxicology and exposure. Int J Hyg Environ Health 210: 
623–634.

Howdeshell KL, Rider CV, Wilson VS, Gray LE Jr. 2008. Mechanisms 
of action of phthalate esters, individually and in combination, to 
induce abnormal reproductive development in male laboratory 
rats. Environ Res 108:168–176.

Ishikawa I. 1991. Uremic acquired renal cystic disease. Natural history 
and complications. Nephron 58:257–267.

Jablonska E, Gromadzinska J, Reszka E, Wasowicz W, Sobala W, 
Szeszenia-Dabrowska N, Boffetta P. 2009. Association between 
GPx1 Pro198Leu polymorphism, GPx1 activity and plasma 
selenium concentration in humans. Eur J Nutr 48:383–386.

Kallistratos G, Evangelou A, Seferiadis K, Vezyraki P, Barboutis K. 
1985. Selenium and haemodialysis: serum selenium levels in 
healthy persons, non-cancer and cancer patients with chronic 
renal failure. Nephron 41:217–222.

Kambia K, Dine T, Azar R, Gressier B, Luyckx M, Brunet C. 2001. 
Comparative study of the leachability of di(2-ethylhexyl) 
phthalate and tri(2-ethylhexyl) trimellitate from haemodialysis 
tubing. Int J Pharm 229:139–146.

Kasahara E, Sato EF, Miyoshi M, Konaka R, Hiramoto K, Sasaki J, 
Tokuda M, Nakano Y, Inoue M. 2002. Role of oxidative stress 
in germ cell apoptosis induced by di(2-ethylhexyl)phthalate. 
Biochem J 365:849–856.

Kertai E, Hollósi G, Kovács J, Varga V. 2000. Effect of glycerol-induced 
acute renal failure and di-2-ethylhexyl phthalate on the enzymes 
involved in biotransformation of xenobiotixs. Acta Physiol Hung 
87:253–265.

Kocdor H, Cehreli R, Kocdor MA, Sis B, Yilmaz O, Canda T,  
Demirkan B, Resmi H, Alakavuklar M, Harmancioglu O.  
2005. Toxicity induced by the chemical carcinogen 7,12- 
dimethylbenz[a]anthracene and the protective effects of  
selenium in Wistar rats. J Toxicol Environ Health Part A 
68:693–701.

Koniecki D, Wang R, Moody RP, Zhu J. 2011. Phthalates in cosmetic 
and personal care products: concentrations and possible dermal 
exposure. Environ Res 111:329–336.

Latini G. 2005. Monitoring phthalate exposure in humans. Clin Chim 
Acta 361:20–29.

Lockitch G. 1989. Selenium: clinical significance and analytical 
concepts. Crit Rev Clin Lab Sci 27:483–541.

Loughrey CM, Young IS, Lightbody JH, McMaster D, McNamee 
PT, Trimble ER. 1994. Oxidative stress in haemodialysis. QJM 
87:679–683.

Lowry OH, Rosebrough NJ, Farr AL, Randall RJ. 1951. Protein 
measurement with the Folin phenol reagent. J Biol Chem 
193:265–275.

Lyche JL, Gutleb AC, Bergman A, Eriksen GS, Murk AJ, Ropstad E, 
Saunders M, Skaare JU. 2009. Reproductive and developmental 
toxicity of phthalates. J Toxicol Environ Health B Crit Rev 
12:225–249.

Maiorino M, Gregolin C, Ursini F. 1990. Phospholipid hydroperoxide 
glutathione peroxidase. Meth Enzymol 186:448–457.

Marklund S, Marklund G. 1974. Involvement of the superoxide anion 
radical in the autoxidation of pyrogallol and a convenient assay 
for superoxide dismutase. Eur J Biochem 47:469–474.

Messaoudi I, Hammouda F, El Heni J, Baati T, Saïd K, Kerkeni A. 2010. 
Reversal of cadmium-induced oxidative stress in rat erythrocytes 
by selenium, zinc or their combination. Exp Toxicol Pathol 
62:281–288.

Mettang T, Alscher DM, Pauli-Magnus C, Dunst R, Kuhlmann U, 
Rettenmeier AW. 1999. Phthalic acid is the main metabolite of 
the plasticizer di(2-ethylhexyl) phthalate in peritoneal dialysis 
patients. Adv Perit Dial 15:229–233.

Milly K, Wit L, Diskin C, Tulley R. 1992. Selenium in renal failure 
patients. Nephron 61:139–144.

Miura Y, Naito M, Ablake M, Terayama H, Yi SQ, Qu N, Cheng LX,  
Suna S, Jitsunari F, Itoh M. 2007. Short-term effects of di-(2-
ethylhexyl) phthalate on testes, liver, kidneys and pancreas in 
mice. Asian J Androl 9:199–205.

National Toxicology Program (NTP), US Department of Health and 
Human Sciences, Center for the Evaluation of Risks to Human 
Reproduction. November 2006. NTP-CERHR Monograph on 
the Potential Human Reproductive and Developmental Effects 
of Di(2-EthylHexyl)Phthalate (DEHP). Available at:  http://ntp.



DEHP-induced renal oxidative stress  423

© 2012 Informa Healthcare USA, Inc. 

niehs.nih.gov/ntp/ohat/phthalates/dehp/DEHP-Monograph.
pdf. Accessed: 18, October, 2011.October, 2011.

Nève J. 1991. Physiological and nutritional importance of selenium. 
Experientia 47:187–193.

Peters JM, Taubeneck MW, Keen CL, Gonzalez FJ. 1997. Di(2-
ethylhexyl) phthalate induces a functional zinc deficiency  
during pregnancy and teratogenesis that is independent of 
peroxisome proliferator-activated receptor-alpha. Teratology 
56:311–316.

Rothenbacher KP, Kimmel R, Hildenbrand S, Schmahl FW, Dartsch 
PC. 1998. Nephrotoxic effects of di-(2-ethylhexyl)-phthalate 
(DEHP) hydrolysis products on cultured kidney epithelial cells. 
Hum Exp Toxicol 17:336–342.

Rusyn I, Peters JM, Cunningham ML. 2006. Modes of action and 
species-specific effects of di-(2-ethylhexyl)phthalate in the liver. 
Crit Rev Toxicol 36:459–479.

Sathyanarayana S. 2008. Phthalates and children’s health. Curr Probl 
Pediatr Adolesc Health Care 38:34–49.

Tonelli M, Wiebe N, Hemmelgarn B, Klarenbach S, Field C, Manns B, 
Thadhani R, Gill J; Alberta Kidney Disease Network. 2009. Trace 
elements in hemodialysis patients: a systematic review and meta-
analysis. BMC Med 7:25.

Tsukamoto Y, Iwanami S, Marumo F. 1980. Disturbances of trace 
element concentrations in plasma of patients with chronic renal 
failure. Nephron 26:174–179.

U.S. Food and Drug Administration. 2001. Safety Assessment of di(2-
ethylhexyl) Phthalate (DEHP) Released from Medical Devices. 
US Food and Drug Administration, Washington DC. Available 

at: http://www.fda.gov /cdrh/ost/dehp-pvc.pdf. Accessed: 18 
October, 2011.ccessed: 18 October, 2011.

Ward JM, Peters JM, Perella CM, Gonzalez FJ. 1998. Receptor and 
nonreceptor-mediated organ-specific toxicity of di(2-ethylhexyl)
phthalate (DEHP) in peroxisome proliferator-activated receptor 
alpha-null mice. Toxicol Pathol 26:240–246.

Weitzel F, Ursini F, Wendel A. 1990. Phospholipid hydroperoxide 
glutathione peroxidase in various mouse organs during selenium 
deficiency and repletion. Biochim Biophys Acta 1036:88–94.

Witko-Sarsat V, Nguyen Khoa T, Jungers P, Drüeke T, Descamps-
Latscha B. 1998. Advanced oxidation protein products: oxidative 
stress markers and mediators of inflammation in uremia. Adv 
Nephrol Necker Hosp 28:321–341.

Zachara BA, Adamowicz A, Trafikowska U, Pilecki A, Manitius J. 2000. 
Decreased plasma glutathione peroxidase activity in uraemic 
patients. Nephron 84:278–281.

Zachara BA, Adamowicz A, Trafikowska U, Trafikowska A, Manitius 
J, Nartowicz E. 2001. Selenium and glutathione levels, and 
glutathione peroxidase activities in blood components of uremic 
patients on hemodialysis supplemented with selenium and 
treated with erythropoietin. J Trace Elem Med Biol 15:201–208.

Zachara BA, Salak A, Koterska D, Manitius J, Wasowicz W. 2004. 
Selenium and glutathione peroxidases in blood of patients with 
different stages of chronic renal failure. J Trace Elem Med Biol 
17:291–299.

Zima T, Mestek O, Nemecek K, Bártová V, Fialová J, Tesar V,  
Suchánek M. 1998. Trace elements in hemodialysis and continuous 
ambulatory peritoneal dialysis patients. Blood Purif 16:253–260.


