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Abstract
Environmental toxicants such as phthalate have been involved in multiple health disorders including renal diseases.
Oxidative damage is implicated in many alterations caused by phthalate especially the di(2-ethylhexyl) phthalate
(DEHP), which is the most useful phthalate. However, information regarding its mechanism of renal damage is lacking.
The transcription factor nuclear factor erythroid 2-related factor 2 (Nrf2) regulates gene expression implicated in free
radical scavenging and cytoprotection including the antioxidant glutathione (GSH) pathway. The aim of this study was to
assess whether DEHP affects the Nrf2 pathway and the GSH concentration. Mice were divided into four groups: a control
group and three groups treated with DEHP at different concentrations (5, 50, and 200 mg/kg body weight) for 30 days. Our
results showed that DEHP altered the normal levels of serum biochemical parameters creatinine (CREA), urea, and lactate
dehydrogenase (LDH). This phthalate caused oxidative damage through the induction of lipid peroxidation and protein
oxidation as marked by increase of protein carbonyl (PC) and loss of protein-bound sulfhydryls (PSH). Simultaneously,
DEHP treatment decreased the protein level of Nrf-2, HO-1, and GCLC (responsible of GSH synthesis) and decreased the
GSH level. Inhibition of the Nrf2 pathway is related to the activation of the mitochondrial pathway of apoptosis. This
apoptotic process is evidenced by an upregulation of p53 and Bax protein levels in addition to a downregulation of Bcl-2.
Collectively, our data demonstrated that depletion of Nrf2 and GSH was associated with the elevation of oxidative stress
and the activation of intrinsic apoptosis in mouse kidney treated with DEHP.
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Introduction

Exposure to persistent environmental pollutants such as
phthalate has been linked to the induction of multiple human
pathologies including diabetes and cancer (Sun et al. 2015).
Once utilized extensively as plasticizers to impart flexibility,
transparency, and durability of plastic materials, the produc-
tion of phthalate including di(2-ethylhexyl) phthalate (DEHP)
was banned in the USA, Canada, and Europe. However,
phthalate continues to impact ecosystems and human health
due to their environmental prevalence and persistence (chem-
ical stability). Additionally, the lipophilic nature of these plas-
ticizers allows for their interaction with lipid membranes and
lipid storage depots, leading to bioaccumulation and
biomagnification through the food chain (Al-Saleh et al.
2017).More than 18 billion pounds of phthalate is usedworld-
wide each year and humans are exposed through inhalation,
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ingestion, and dermal absorption on a daily basis (Latini 2005;
Rael et al. 2009).

Human exposure to DEHP has been reported to range from 3
to 30 μg/kg/day (Doull et al. 1999), but can be exceeded in
specific medical conditions reaching 1.5 mg/kg/day exposure
in hemodialysis patients, or as high as 10–20 mg/kg/day during
neonatal transfusion or parenteral nutrition (Kavlock et al. 2002).

There is cumulative evidence that DEHP is implicated in
diverse health problems in animals and humans. DEHP was
reported to be an endocrine disruptor and carcinogen (Kamrin
2009). Likewise, Takeshita et al. (2006) reported that in hu-
man cell line, DEHP can activate multidrug resistance gene
expression by reacting with xenobiotic, steroid, and nuclear
receptor. Other research studies evaluating DEHP toxicity in
mammalian cells demonstrated that DEHP induced oxidative
stress and DNAmethylation (Lyu et al. 2016; Ma et al. 2018).
In other lines of evidence, in vivo administration of DEHP
revealed that kidney, liver, intestinal tissue, and the reproduc-
tive system are target organs to this plasticizer (Wang et al.
2017; Wang et al. 2015; Zhang et al. 2017). As a peroxisome
proliferator–activated receptor, DEHP was reported by
Dzhekova-Stojkova et al. (2001) to induce oxidative stress
by increasing peroxidase expression and ROS generation.

To reduce ROS formation or to detoxify ROS, physiolog-
ical systems have involved several adaptive mechanisms that
implicated antioxidant enzymes or antioxidant compounds
(Birben et al. 2012). The master cellular sensor for oxidative
stress is the nuclear factor (erythroid-derived 2)-like 2 (Nrf2)
(Han et al. 2012). Nrf2 is localized in the cytosol and regulated
by its inhibitor Kelch-like ECH-associated protein 1 (Keap1),
under basal conditions. Nrf2 is transcriptionally inactive until
Keap1 is dissociated by compounds electrophiles, ROS, or
bioactive phytochemicals found in healthful food (Kim et al.
2010; Baird and Dinkova-Kostova 2011; Higgins and Hayes
2011). This dissociation allows Nrf2 to move into the nucleus
and mediate the induction of a battery of cytoprotective and
antioxidant defense enzymes like heme oxygenase 1 (HO-1)
(Rodrıguez -Ramiro et al. 2012). Under stressful conditions,
HO-1 is expressed to protect cells against ROS generation.
The role of this enzyme is to catalyze the conversion of hem
to biliverdin, iron, and carbon monoxide, which can directly
scavenge free radicals (Calabrese et al. 2006).

Nrf2 also regulates the expression of the subunit of
glutamate-cysteine ligase (GCLC), the enzyme responsible
for the synthesis of de novo of glutathione (GSH) (Wu et al.
2004). GSH is composed of glycine, cysteine, and glutamate,
which under the combined effect of two enzymes, γ-glutamyl
cysteine ligase and glutathione synthetase, is transformed into
a tripeptide playing a key role in ROS detoxification (Brannan
et al. 1980; Rahman et al. 1999). The oxidative stress can
disrupt the level of GSH in the cell by altering its biosynthesis
or deregulating the ratio of its reduced and oxidized forms
(Harveya et al. 2009).

Since the main route of DEHP elimination and its metabo-
lites is urinary excretion, so the kidney may be considered a
target organ for this phthalate (Tanaka et al. 1975). In addition,
high levels of DEHP were detected in rat kidneys, suggesting
that this phthalate accumulates in this organ (Crocker et al.
1988). The accumulation of DEHP in the kidneys is favored in
hemodialysis patients who use DEHP-based plastic tubes and
they are regularly exposed to significant amounts of DEHP
given that this phthalate leach out from tubes to dialysis liquid
and then to blood circulation. In this context, Faouzi et al.
(1999) showed that the plasma amount of DEHP retained by
hemodialysis patients during a dialysis session varies between
3.6 and 59.6 mg.

Given that the DEHP can easily reach the blood circulation
and accumulate in the kidneys, the present study has been
designed to test the effect of an intraperitoneal injection on
the renal function and to test the hypothesis if DEHP, by
generating oxidative stress, can modulate the Nrf2-mediated
GSH homeostasis in mouse kidney.

Then, we illustrated that DEHP-induced oxidative stress
can be regulated by the Nrf2 antioxidant pathway. In addition,
p53, Bax, and Bcl2 protein levels have been tested to evaluate
whether DEHP induced apoptosis in mouse kidney, given that
apoptosis is a result of oxidative stress.

Materials and methods

Chemicals

DEHP, thiobarbituric acid (TBA), and 5,5′-dithio-bis(2-
nitrobenzoic acid) (DTNB) were purchased from Sigma-
Aldrich (St. Louis, MO). 2,4-Dinitrophenylhydrazine (2,4-
DNPH) and guanidine were obtained from VWR
International (Fontenaysous-Bois, France). The rest of used
products were of an analytical grade.

Animals and experimental design

The experimental procedures were performed in accordance
with the National Institute of Health Guidelines for Animal
Care (Council of European Communities, 1986) and approved
by the local Ethics Committee of Faculty of Pharmacy of
Monastir (ethical number: FPHM/Pro, 201563). Twenty-four
male mice of Balb/c strain (sexual, St. Doulchard, France)
were used (weighing on overage 20 ± 0.3 g; 6 weeks old).
These animals were fed with a standard granulated food and
drinking water and were randomly grouped into four groups
of six mice each and treated as follows:

Group 1: mice given corn oil intraperitoneally (negative
controls)
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Group 2: mice given DEHP at 5 mg/kg body weight (bw)
intraperitoneally
Group 3: mice given DEHP at 50 mg/kg (bw)
intraperitoneally
Group 4: mice given DEHP at 200 mg/kg (bw)
intraperitoneally

The doses of DEHP (5, 50, and 200 mg/kg) represent re-
spectively: a dose of the mean real daily exposure of human,
the NOEL (no observed adverse effect level), and a relatively
high dose but remains lower than the LD50 in mice (Kavlock
et al. 2002; Thomas et al. 1978).

Thirty days after treatments, animals were euthanized by
cervical dislocation and the kidneys were removed.

Preparation of kidney extracts

Kidneys were homogenized with a potter (glass Teflon) in the
presence of Tris–HCl (10mM, pH 7.4) at 4 °C and centrifuged
at 12,000 rpm for 30 min at 4 °C. The clear supernatant was
collected for analysis and for protein concentration determi-
nation using Bradford Colorimetric Protein Determination at
595 nm (Bradford 1976).

Evaluation of biochemical parameters

The biochemical parameters creatinine (CREA), urea, and
lactate dehydrogenase (LDH) were assessed in the clear su-
pernatant serum with the biochemical parameter counter (C ×
9 PRO; Beckman, Switzerland). Results were expressed as
micromoles per liter (μmol/L), millimoles per liter
(mmol/L), or international units per liter (IU/L).

Evaluation of lipid peroxidation products

Malondialdehyde (MDA), as an index of lipoperoxydation,
was quantified spectrophotometrically at 546 nm in kidney
tissue (Ohkawa et al. 1979). By referring to a standard curve,
the MDA concentration was calculated and the results were
expressed asmicromoles of malondialdehyde per milligram of
proteins.

Evaluation of protein carbonyl contents

Protein carbonyl (PC) content was established referring to the
method of Mercier et al. (2004). After protein precipitation
with the trichloroacetic acid (20%) and carbonyl group deriv-
atization with the 2,4-dinitrophenylhydrazine, a stable product
was produced, the dinitrophenylhydrazone. Next, this product
was suspended in guanidine hydrochloride (6 M) and its ab-
sorbance was detected at 370 nm. PC content was measured
using the molar absorption coefficient of 22,000 M−1 cm−1.

Evaluation of protein-bound sulfhydryl contents

The method of Sedlck and Lindsay (Sedlack and Lindsay
1968) was used to determine protein-bound sulfhydryl
(PSH) content. PSH concentration was calculated after the
elimination of the nonprotein sulfhydryl (NPSH) concentra-
tion from the total sulfhydryl (TSH) concentration.

The content of TSH in the kidney homogenate is relative to
the color intensity of yellow TNB derivative which absorbs at
421 nm. This derivative is the result of the reduction of 5,5′-
dithio-bis(2-nitrobenzoic acid) (DTNB) by thiols present in
the samples (Sedlack and Lindsay 1968). Results were report-
ed as micrograms of PSH per milligram of proteins.

Determination of the GSH and GSSG concentrations

The rate of GSH and GSSG in kidney tissues was quantified
using Rahman et al.’s (2007) enzymatic method. Tissue ho-
mogenates were deproteinized using perchloric acid and the
total glutathione and GSSG was analyzed in the supernatants.
GSH was evaluated by measuring the reduction of DTNB by
GSH at 412 nm. In parallel, GSSG was determined after GSH
scavenging by 2 vinylpyridine which forms a pyridinium salt
when complexed with thiol groups.

Protein extraction and western blotting

Cellular proteins were obtained after cell lysis with the lysis
buffer containing HEPES 0.5 M, 0.5% Nonidet-P40, 1 mM
PMSF, 1 mg/ml aprotinin, 2 mg/ml leupeptin, and pH 7.4.
Cytoplasmic and nuclear fractions were separated and extract-
ed using the NucBusterTM Protein Extraction Kit (Merck).
Equal amounts of proteins were transferred onto membrane
of nitrocellulose after SDS-PAGE separation. Membranes
were incubated overnight at 4 °C with appropriate primary
antibodies: anti-Nrf2 polyclonal (SC-13032, Santa Cruz
Biotech), anti-HO-1 (SC-10789, Santa Cruz Biotech.Inc),
anti-gamma-GCSc (D-4) (SC-166382, Santa Cruz
Biotech.Inc), anti-Bax (SC-7480, Santa Cruz Biotech.Inc),
anti-Bcl2 polyclonal (SC-7382, Santa Cruz Biotech.Inc),
anti-P53 (SC-126, Santa Cruz Biotech.Inc), anti-β-actin
(SC-1615 Santa Cruz Biotech.Inc), and anti-Lamin B1 (ab
65986, abcam). Membranes were then incubated with the sec-
ondary polyclonal antibody conjugated with horseradish per-
oxidase for 1 h at room temperature. Proteins were detected by
Gel Logic 2200 PRO (Bioscience) after membrane incubation
with Super Signal chemiluminescent detection system kit
(Cod34080 Pierce Chemical Co., Rockford, IL, USA).
ImageJ software was used to calculate the relative density
(RD), and the intensity of each protein was normalized to β-
actin. The data is then as a ratio between the intensity of the
protein tested in the treated mice compared to that in the un-
treated mice.
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Statistical analysis

Data were expressed as the mean ± SD of the means. Each
experiment was done three times separately. To determine
differences between groups and their control group, we used
one-way ANOVA followed by Dunnett’s post hoc test.
Differences were considered significant at P < 0.05.

Results

Assessment of DEHP effects on biochemical
parameters in serum

The measurements of serum marker levels following DEHP
treatment are indicated in Table 1. Compared to control,
DEHP at different doses (5, 50, and 200 mg/kg) induced a
significant increase in CREA, urea, and LDH. Therefore,
DEHP disturbed significantly the homeostasis of kidney tis-
sues by altering biochemical parameters in mice.

DEHP induced lipid peroxidation

The levels of MDA, a result product of polyunsaturated lipid
degradation, were detected as the indicator of lipid peroxida-
tion. Results in Fig. 1 showed that DEHP treatment (5, 50, and
200 mg/kg) increased MDA levels in mouse kidney tissues.
This increase compared to the control indicated an enhance-
ment in the lipid peroxidation in kidney tissues. It passed from
13.15 ± 1.19 nmol MDA/mg of proteins in the control group
to reach 33.46 ± 2.74 nmolMDA/mg of proteins at 200 mg/kg
bw of DEHP.

DEHP induced protein oxidation

Assessment of protein carbonyl protein contents

DEHP exposure elevated significantly the PC level as com-
pared with the control group (Fig. 2a). This elevation passed
from 1.57 ± 0.09 nmol of carbonyl group/mg of proteins in the

control group to 1.83 ± 0.12, 2.38 ± 0.13, and 3.95 ± 0.06 nmol
of carbonyl group/mg of proteins in mice treated with DEHP
at 5, 50, and 200 mg/kg bw respectively.

Protein-bound sulfhydryl contents

Kidney tissue PSH levels decreased significantly following
DEHP treatment (Fig. 2b). This decrease passed from a basal
value of 41.36 ± 3.96 μg PSH/mg of proteins in the control
group to 34.10 ± 3.98, 29.62 ± 2.56, and 12.20 ± 2.85 μg
PSH/mg of proteins in mice treated with DEHP at 5, 50, and
200 mg/kg bw respectively.

DEHP altered the Nrf2 pathway

Nrf2 has been recognized as a key transcription factor against
oxidative damage. To test the hypothesis that oxidative stress
occurred in renal tissues is the result of Nrf2-dependent antiox-
idant responses, Nrf2 (in the cytosol and the nucleus), HO-1 and
GCLC protein levels were investigated by western blot analysis
usingβ-actin and Lamin B1 as an internal reference and loading
control for the cytosolic and nuclear fraction respectively.
DEHP significantly inhibited the Nrf2 signaling pathway, as

Table 1 Effect of DEHP at different doses on biochemical serummarkers in male Balb/c mice treated with DEHP by intraperitoneal route. Values are
expressed as mean ± SD (six animals were treated per group)

DEHP (mg/kg body weight)

0 5 50 200

Index mean ± SD mean ± SD mean ± SD mean ± SD

CREA (μmol/L) 50.73 ± 0.41 52.33 ± 2.49 56.66 ± 3.68 65 ± 3.26*

Urea (mmol/L) 2.83 ± 0.2 4.06 ± 0.44 5.23 ± 0.41* 6.14 ± 0.28**

LDH (IU/L) 590 ± 1 623.66 ± 19.95 694.33 ± 24.99* 733.83 ± 8.83**

*P < 0.05 and **P < 0.01, values are significantly different from control group
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Fig. 1 Effect of DEHP treatment on malondihaldéhyde (MDA) (μmol
MDA/mg of proteins) in kidney tissues of experimental mice after
treatment of 30 days. Values represent mean ± SD (six animals were
treated per group); *P < 0.05, **P < 0.01, and ***P < 0.001, values
are significantly different from the control group
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demonstrated by the decreased expression levels of Nrf2, both
in the cytosol and in the nucleus, and its downstream effectors
HO-1 and GCLC compared to the control group (Fig. 3).

Hence, this finding provides evidence that HO-1 and GSH
synthesis are targets of DEHP-induced oxidative stress in re-
nal tissues through the downregulation of Nrf2.

DEHP induces glutathione depletion

Reduced glutathione plays an important role in antioxidant
defense thanks to its nucleophilic and reducing properties.
Under normal conditions, the overproduction of ROS is neu-
tralized by reduced glutathione which leads to its depletion
inside the cell. Thus, we tested the effect of DEHP on gluta-
thione modulation in mouse kidney tissues. Treatment with
DEHP showed a decrease in the GSH content and an increase
in the GSSG content as compared to the control group (Fig. 4).
The GSH concentration changed from 15.25 ± 0.85 in the
control group to 13.59 ± 0.59, 11.21 ± 0.59, and 7.32 ± 0.75
in mice treated with 5, 50, and 200 mg/kg bw respectively,
while the GSSG concentration changed from 0.45 ± 0.02 in
the control group to 0.58 ± 0.03, 0.79 ± 0.05, and 1.22 ± 0.03
in mice treated with 5, 50, and 200 mg/kg bw respectively.

DEHP induced apoptosis in mouse kidney

To test whether DEHP was involved in apoptosis in mouse
kidney tissues, western blotting and densitometric analysis
were used to study the expression levels of characteristic pro-
teins involved in apoptosis. The results in Fig. 5 showed that
the expression of apoptosis biomarker, P53, increased after
DEHP treatment. This induction was associated with the over-
expression of proapoptotic protein, Bax, and the decrease in
the antiapoptotic protein, Bcl2.

Discussion

Phthalates are not chemically bonded to the plastic matrix and
leach out from the material over time, which prompts a grow-
ing concern about human exposure to these plasticizers.
Although phthalate esters have long been regarded as sub-
stances of low acute toxicity, they possess potential toxic ef-
fects which may be exhibited when exposed to high doses or
repeated low doses.

A great deal of research has provided evidence for the
serious consequences of phthalates, including DEHP on ani-
mal health, such as liver, kidney, and testicular damage, as
well as the under-development of reproductive organs in
humans and animals (Rusyn et al. 2006; Miura et al. 2007;
Takashima et al. 2008; Erkekoglu et al. 2011; Howdeshell
et al. 2008, b; Miura et al. 2007). 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. 2010). However, data on DEHP effects on
kidney is very limited and the mechanism is not clear. Croker
et al. (1988) reported that treatment of rats with the DEHP
decrease kidney function and increase incidence of focal
cysts. The current study was therefore undertaken to investi-
gate the effects of DEHP exposure in kidney of Balb-c mice.
We hereby present the effects of DEHP on the antioxidant
status of the renal system.

We investigated the level of serum creatinine (CREA),
urea, and lactate dehydrogenase (LDH) as an index of renal
damage. In fact, the CREA and urea highlight the metabolism
of nitrogenous compounds and the glomerular filtration func-
tion alteration (Atessahin et al. 2007). Our results showed that
DEHP caused a significant increase of these biochemical pa-
rameters. Indeed, the increase in these levels reflects a defect
in cell homeostasis caused by this phthalate. Noori and
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Fig. 2 a Effect of DEHP treatment on carbonyl protein groups (nmol of
carbonyl group/mg of protein) in kidney tissues of experimental mice
after treatment of 30 days. Values represent mean ± SD (six animals
were treated per group); **P < 0.01 and ***P < 0.001, values are
significantly different from the control group. b Effect of DEHP

treatment on protein-bound sulfhydryl (PSH) content (μg of PSH/mg of
proteins) in kidney tissues of experimental mice after treatment of 30
days. Values represent mean ± SD (six animals were treated per group);
**P < 0.01 and ***P < 0.001, values are significantly different from the
control group
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Mahboobc (2010) linked the increase of creatinine and urea
content in serum to the decreased glomerular filtration rate or
to increased ROS production in the kidney. In agreement with
our studies, a significant increase in these serum parameters
was observed in vivo study following DEHP treatment
(Beltifa et al. 2018).

Our results showed that these changes in serum were associ-
ated with the increasing of renal MDA concentration, as evi-
dence of lipid peroxydationwhich is amarker of oxidative stress.

Besides the lipids, also proteins are among the macromol-
ecules affected by the oxidative stress. Protein damage may
frequently be more important than lipid damage (Reznick
et al. 1994). In fact, many cellular functions including proteins
such as enzymes, transport systems, signal transduction

mechanisms, and receptors may be affected by oxidative at-
tacks (Samuel et al. 2005). Dalle-Donne et al. (2003) have
reported that protein carbonyl (PC) and protein-bound sulfhy-
dryls (PSH) are indicators of oxidative protein alteration that
is reflected by an increase in levels of PC and decrease in
levels of PSH (Dubey et al. 1996; Butterfield et al. 1998).
For this purpose, the renal concentrations of these markers
were determined in the current study. Our results showed that
DEHP-induced renal damage was also associated with protein
oxidative alteration as evidenced by the increase in the kidney
PC and loss of PSH.

Oxidative damage to proteins and lipids might result from
the alterations in the antioxidant defense system which in-
cludes non-antioxidant as well as antioxidant enzymes such
as HO-1.

HO-1 is a target gene of Nrf2 which is a redox-sensitive
transcription factor that can limit oxidative damage and
maintain cellular redox homeostasis (Bryan et al. 2013).
Indeed, HO-1 catalyzes the degradation of heme and pro-
duces carbon monoxide and bilirubin, which can directly
scavenge free radicals and repair DNA damage caused by
oxidative stress (Calabrese et al. 2006). In addition to HO-
1, the Nrf2 regulates enzymes responsible of glutathione
synthesis namely the GCLC. Because glutathione homeo-
stasis is regulated by Nrf2, we tested if the DEHP alters
this pathway. Our results showed that DEHP inhibited the
Nrf2 signaling pathway in mouse kidney, as demonstrated
by the decreased expression levels of Nrf2 in both the
cytosol and the nucleus, and its downstream effectors
HO-1 and GCLC which could be the cause of GSH deple-
tion and oxidative stress generation. To confirm that, re-
duced (GSH) and oxidized (GSSG) forms of glutathione
were quantified in mouse kidney treated with DEHP. We
found a significant decrease in the GSH concentration and
an increase of GSSG concentration. Changes in the redox
state of glutathione were in agreement with the oxidative
changes as well as the decrease in Nrf2 and GCLC protein
levels already observed after treatment with DEHP. Our
results are in line with Sun et al. (2015) who showed that
DEHP decreased the amount of Nrf2 with a corresponding
decrease in the transcription of the genes encoding antiox-
idant enzymes, such as Hmox-1, Cat, Gclc, Gclm, Nqo1,
and GPx in rat INS-1 cells.

Among the factors regulating Nrf2 expression is mito-
chondrial ROS amount. In fact, it is becoming clear that
small amount of ROS act as signaling molecules in the
cells (Kasai et al. 2020). Imhoff et al. (2009) demonstrated
that mitochondrial ROS activates Nfr2 expression. On the
other hand, it was known that mitochondrial ROS can be
responsible for Nrf2 repression in certain pathological con-
ditions (Kasai et al. 2020). Accumulating evidence to date
has demonstrated that Nrf2 activity is repressed in various
tissues in diabetes patients (Cheng et al. 2013; Smith et al.
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Fig. 3 Inhibition of the Nrf2/HO-1/GCLC antioxidant pathway byDEHP
in kidney tissues of experimental mice after treatment of 30 days. a
Subcellular distribution of Nrf2 determined by Western blot analysis.
β-Actin and Lamin B1 were served as loading controls for the cytosolic
and nuclear fractions respectively. Data were collected from three inde-
pendent experiments performed in replicate. b Protein levels of HO-1 and
GCLC were analyzed by western blot. β-Actin was used as a loading
control. RD: relative density as described in the “Material and methods”
section. Values represent mean ± SD of three independent experiments.
*P < 0.05 values are significantly different from the control group
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2010; Rabbani et al. 2019; Zuo et al. 2019). However, its
precise mechanisms are not currently clear.

In our study, it could be possible that the amount of
ROS generated by the DEHP in mouse kidney could, by
a negative feedback, could cause a decrease in his level of
expression.

Another factor that can regulate Nrf2 expression is the
expression regulation of Keap1. Indeed, different reports
have shown that Nrf2 repression during diabetes or chronic
hyperglycemia often accompanies increased of Keap1 pro-
tein level. Thus, it is tempting to speculate that Keap1
upregulation might be an upstream event in Nrf2 repres-
sion, and Anzovino et al. demonstrated that Keap1 upreg-
ulation precedes Nrf2 downregulation in a frataxin-
knockout mouse model (Anzovino et al. 2017). In our
study, it is possible that the DEHP could upregulated the
Keap1 expression. However, the mechanisms of DEHP-
regulated expression of Keap1 need to be investigated.

Additional studies are needed to investigate the role of
DEHP in inhibition of Nrf2 expression.

A significant decrease in GSH content was observed
in vivo and in vitro studies following DEHP treatment (She
et al. 2017; Zhao et al. 2018). These results suggest that oxi-
dative stress induced by DEHP could be result in a repression
of the Nrf2 pathway leading to intracellular GSH depletion in
mouse kidney.

Liu et al. (2017) indicated that the transcription factor Nrf2
have an important role in cell apoptosis process provoked by
oxidative stress. At different levels, Nrf2 interfere with both
intrinsic and extrinsic apoptosis pathways (Cao et al. 2015).
Recently, Liu et al. (2017) demonstrated that Nrf2 repression
in periodontal ligament stem cells decreased the antioxidant
capacity and cell proliferation and upregulated the intrinsic
apoptosis pathway.

Övey et al. (2015) have revealed that a drop in GSH content
leads the cell to program its death. According to this, we

Fig. 5 DEHP induces apoptosis
in kidney of experimental mice
after treatment of 30 days.
Apoptosis markers P53, Bax, and
Bcl2 were analyzed by western
blot. β-Actin was used as a
loading control. RD: relative
density as described in the
“Material and methods” section.
Data are expressed as the mean ±
SD of three separate experiments.
*P < 0.05 values are significantly
different from the control group
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Fig. 4 Effect of DEHP treatment on GSH/GSSG ratio in kidney tissues of experimental mice after treatment of 30 days. Values represent mean ± SD (six
animals were treated per group); *P < 0.05, **P < 0.01, and ***P < 0.001, values are significantly different from the control group
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supposed that the Nrf2 repression and the GSH depletion ob-
served in mouse kidney treated with DEHP could lead to
apoptosis.

It is well known that P53 is involved in the intrinsic
apoptosis pathway regulation by controlling the expression
of many target genes, namely the pro-apoptotic protein
Bax (Mirzayans et al. 2012). The intrinsic apoptotic path-
way is regulated by the Bcl-2 family proteins which con-
sists of pro-apoptosis genes (Bax, Bim, Bid), anti-
apoptosis genes (Bcl-2, Bcl-xl), and one of the components
of the mitochondrial permeability transition pore (mPTP)
(Chen and Lesnefsky, 2011). Thus, Bax and Bcl2 balance
plays an important role in the apoptosis progression
(Scorrano and Korsmeyer 2003).

In addition to P53 protein level, we also detected Bcl-
2 and Bax levels using western blot to test DEHP-
induced apoptosis in mouse kidney via the mitochondrial
pathway.

Our results demonstrated that exposure to DEHP upregu-
lated P53 and Bax, whereas it downregulated Bcl-2. It can be
concluded that DEHP by decreasing the Nrf2 expression has
led the kidney cells to trigger the intrinsic pathway of
apoptosis.

Conclusion

In summary, the current study elucidated the in vivo effect
of DEHP on mouse kidney and indicated that DEHP in-
duced nephrotoxicity through the induction of oxidative
stress. Furthermore, we demonstrated that Nrf2 repression
caused oxidative stress and apoptosis in mouse kidney tis-
sues. We showed also a decrease in GSH level, which is
the final product of the Nrf2 signaling pathway. Hence, our
work indicated that Nrf2, HO-1, and GCLC are molecular
targets of DEHP in the generation of oxidative stress in
mouse kidney.
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