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A B S T R A C T

Fipronil (FPN) is a phenylpyrazole insecticide that is extensively used in agriculture and veterinary applications.
However, FPN is also a potent environmental toxicant to animals and humans. Therefore, the current study
aimed to investigate the protective role of rosuvastatin (ROSU) and vitamin E (Vit E) against FPN-induced
hepatorenal toxicity in albino rats. Seven groups with eight rats each were used for this purpose; these groups
included the control vehicle group that received corn oil, the Vit E group (1000mg/kg, orally), the ROSU group
(10mg/kg, orally), the FPN group (20mg/kg, orally), the FPN-ROSU group, the FPN-Vit E group, and the FPN-
Vit E-ROSU group. The results revealed that FPN significantly increased serum levels of alanine amino-
transferase, aspartate aminotransferase, alkaline phosphatase, lactate dehydrogenase, cholesterol, urea, and
creatinine. In addition, there were substantial increases in the liver and kidney contents of malondialdehyde and
nitric oxide, along with significant decreases in glutathione, superoxide dismutase, catalase, and glutathione
peroxidase. FPN also caused histological changes and increased the expression of caspase-3 in the liver and
kidney tissues. However, administration of ROSU and Vit E alone or in combination ameliorated the FPN-in-
duced oxidative damage and apoptosis, possibly through their antioxidant properties.

1. Introduction

Fipronil (FPN) is a systemic insecticide belonging to the phe-
nylpyrazole family. FPN has attracted attention for its potent effects
against insects that show resistance to organophosphates, pyrethroids,
and carbamate insecticides. This chemical has a long half-life and can
persist in the environment for months or longer. FPN also has broad-
spectrum activity against a wide range of insects (Chagnon et al., 2015;
Lilia, 2003). Therefore, FPN is extensively used in the agricultural,
veterinary, and home applications to control ants, wasps, flies, beetles,
cockroaches, termites, thrips, rootworms, weevils, fleas, ticks, and
others (Badgujar et al., 2015; de Oliveira et al., 2008; Oliveira et al.,
2009; Simon-Delso et al., 2015; Slotkin and Seidler, 2010; Wu et al.,
2014). The available literature shows that FPN is a potent toxicant to
different animal species and humans (Lilia, 2003; Overmyer et al.,
2007). The extensive use and high persistence of FPN in the environ-
ment result in high concentrations in the soil and water, offering mul-
tiple avenues of exposure of animals, fish, and humans to this ha-
zardous environmental pollutant. Moreover, insecticide contamination
of aquaculture hampers the expansion of global fisheries (Chagnon
et al., 2015). Several studies have reported FPN poisoning in animals

and humans by ingestion, accidently, or by misuse (Gill and Vinod,
2013; Lee et al., 2010). Previous publications have shown that FPN
could cause injury in human hepatocytes (Das et al., 2006), thyroid
dysfunction in rats (Leghait et al., 2009), oxidative damage in SH-SY5Y
cells (Lee et al., 2011; Zhang et al., 2015), and neurotoxicity in zeb-
rafish embryos (Stehr et al., 2006).

Cumulative evidence has shown that pesticide poisoning disrupts
redox homeostasis along with induction of oxidative damage. Several
reports have suggested that the disruption of redox homeostasis during
FPN poisoning is due to the increased production of reactive oxygen
species (ROS) (Abdel-Daim, 2016; Abdel-Daim et al., 2015b; Ortiz-Ortiz
et al., 2009; Romero et al., 2016; Vidau et al., 2011). The endogenous
antioxidant defense system (glutathione, GSH; glutathione peroxidase,
GPx; superoxide dismutase, SOD; and catalase, CAT) plays a crucial role
in scavenging the generated ROS. Therefore, when there is an im-
balance between pro-oxidants and antioxidants, the cell becomes sus-
ceptible to the oxidative stress indicated by lipid peroxidation, mi-
tochondrial dysfunction, DNA damage, and caspase-3 activation
(Badgujar et al., 2015; de Medeiros et al., 2015; Lee et al., 2011;
Romero et al., 2016; Slotkin and Seidler, 2010; Zhang et al., 2015).

Vitamin E (Vit E) is a non-enzymatic antioxidant naturally present
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in biological systems. This molecule protects the cell membrane from
lipid peroxidation, which is induced by overproduction of ROS and
reactive nitrogen species (RNS). Vit E has shown protective effects
against different pesticides in vivo and in vitro (Kammon, 2012; Magdy
et al., 2016; Niki, 2013; Sargazi et al., 2016; Saxena et al., 2011; Zingg,
2015). Badgujar et al. (2015) demonstrated that Vit E could decrease
the lipid peroxidation and restore the antioxidant enzyme activities in
mouse kidney and brain tissues after subacute exposure to FPN (at a
dose of 10mg/kg). However, although many published studies have
described the protective role of Vit E against pesticide-induced oxida-
tive damage, there are few in vivo studies of FPN.

Rosuvastatin (ROSU) is a member of the statin family, which is
comprised of anti-hyperlipidemic agents. ROSU inhibits 3-hydroxy-3-
methyglutaryl coenzyme reductase (Leite et al., 2017). Independent of
its lipid-lowering effects, ROSU also has also anti-inflammatory and
antioxidant properties (Maheshwari et al., 2015; Selim et al., 2017).
Recently, ROSU was reported to provide protection against drug-in-
duced nephrotoxicity (Selim et al., 2017) and ischemia-reperfusion
injury in the heart, intestine, and spinal cord (Die et al., 2010;
Maheshwari et al., 2015) through reduction of free radicals and up-
regulation of antioxidant enzymes. However, to date, the protective
effects of ROSU against insecticide-induced oxidative damages have not
been studied. Therefore, this study was designed to investigate the
potential effects of ROSU and Vit E alone or in combination as pro-
tective agents against FPN-induced hepatorenal toxicity. Another aim
was to explore the underlying mechanisms of FPN-mediated oxidative
damage independent of its primary target, gamma-aminobutyric acid
(GABA) receptors. Serum biochemical parameters, oxidative stress
markers, and caspase-3 expression were evaluated.

2. Materials and methods

2.1. Chemicals

Fipronil, FPN (BARS®, 10mg/mL) was purchased from AVZ, Ltd.
(Moscow, Russia) as a commercial product formulated for veterinary
use. ROSU was obtained from AstraZeneca Company (Giza, Egypt) and
Vit E was purchased from Pharco. Pharmaceuticals Industries
(Alexandria, Egypt). Aspartate aminotransferase (AST), alanine ami-
notransferase (ALT), alkaline phosphatase (ALP), lactate dehy-
drogenase (LDH), creatinine, blood urea nitrogen, malondialdehyde
(MDA), nitric oxide (NO), reduced GSH, GPx, SOD, and CAT kits were
purchased from Biodiagnostics (Giza, Egypt). Anti-caspase-3 antibody
was obtained from Dako Corporation (Life Trade, Egypt).

2.2. Animals and experimental design

A total of 56 male Wister Albino rats with an average body weight of
150 g were obtained from the Egyptian Organization for Biological
Products and Vaccines. Then, all animals were kept at a temperature of
25 ± 2 °C and maintained under the 12:12 h light/dark cycle with free
access to water and a normal pellet diet. All animals were treated in
accordance with the guide for the care and use of laboratory animals
approved by the Research Ethical Committee of the Faculty of
Veterinary Medicine, Suez Canal University, Ismailia, Egypt.

All rats were acclimatized under the abovementioned conditions for
one week before starting the experiment. Next, rats were randomly
divided into seven groups (8 rats each) and treated for 15 days. The first
group served as a control and was given corn oil only once daily (ve-
hicle control for Vit E and FPN); the second group of rats received Vit E
at a dose of 1000mg/kg orally once daily (Selim et al., 2017); the third
group received ROSU at a dose of 10mg/kg orally once daily (Selim
et al., 2017); the fourth group received FPN at a dose of 20mg/kg, 1/5
the LD50, orally once daily during the last 5 days only (Caballero et al.,
2015); the fifth group received FPN-Vit E; the sixth group received FPN-
ROSU; and the seventh group received FPN-Vit E-ROSU. Vit E and

ROSU were administered daily during the course of the experiment,
while FPN was administered once daily during the last 5 days.

2.3. Blood collection, serum, and tissue preparations

At the end of the experiment (on day 15), blood samples were
collected from the retro-orbital plexus, and then, serum was separated
by centrifugation at 1200 g for 15min. Serum was then collected and
kept at −20 °C for further biochemical analyses. The rats were sacri-
ficed by cervical decapitation. Liver and kidney were rapidly excised
and washed with a normal saline solution (0.9% NaCl in distilled water)
and perfused with ice-cold 50mmol/L sodium phosphate buffered
saline (100mmol/L Na2HPO4/NaH2PO4, pH 7.4) containing 0.1mmol/
L EDTA to wash away the red blood cells and clots. Tissue samples were
homogenized in 5–10mL of ice-cold buffer/1 g tissue. Then, the
homogenate was centrifuged for 30min at 3000 g. The obtained su-
pernatant was stored at −80 °C for analysis of MDA, NO, GSH, GPx,
SOD, and CAT.

2.4. Serum biochemical analyses

The collected sera were used for assessing the liver function para-
meters, including AST, ALT, ALP, LDH, and cholesterol using com-
mercial kits, the procedures were performed according to the manu-
facturer's instruction. Kidney function tests were also performed
according to previously reported methods for urea and creatinine
analysis (Al-Sayed et al., 2015).

2.5. Evaluation of oxidative stress markers

Lipid peroxidation was measured by determination of MDA content
in liver and kidney homogenates. Additionally, NO and enzymatic and
non-enzymatic antioxidants, including GSH, SOD, CAT, and GPx, were
measured. All parameters were assessed according to our previous re-
port (Abdel-Daim et al., 2015b).

2.6. Histopathology and immunohistochemistry

Liver and kidney specimens were fixed in 10% formalin for at least
24 h. Then, the samples were washed under running tap water followed
by immersion in serial dilutions of ethyl alcohol. The specimens were
then embedded in paraffin. Sections of 4 μm thickness were cut and
stained with hematoxylin and eosin for histopathological examination
under a light microscope. For immunostaining, liver and kidney sec-
tions were deparaffinized and dehydrated sequentially in graded ethyl
alcohol. Next, the antigen retrieval was achieved by heating the slide in
distilled water by autoclaving at 121 °C for 5min. After the endogenous
peroxidase had been inactivated by immersing the slides in 3% H2O2

and washed 3 times in PBS, the slide was blocked in 5% bovine serum
albumin blocking reagent for 20min to reduce nonspecific reactions.
Then, the slide was incubated with anti-caspase 3 primary monoclonal
antibody (1:100 dilution) at 37 °C for 1 h followed by an incubation
with avidin-biotin complex (ABC kit, Vector Laboratories) at 37 °C for
45min. The reaction product was visualized by treatment with 3,3-
diaminobenzidine tetrahydrochloride (DAB), and the slide was coun-
terstained with Mayer's hematoxylin.

2.7. Statistical analysis

Data are represented as the mean ± SE. Data were analyzed by
one-way ANOVA using the statistical software package SPSS for
Windows (Version 21.0; SPSS Inc., Chicago, IL, USA), followed by
Duncan's post hoc test for multiple group comparison. Statistical sig-
nificance was accepted at P < 0.05.
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3. Results

3.1. Serum biochemical analysis

As shown in Table 1, FPN induced hepatoxicity and nephrotoxicity
as demonstrated by the elevation of serum liver and kidney biomarkers.
The AST, ALT, ALP, LDH, urea, creatinine, and cholesterol levels were
substantially increased (P≤ 0.05) in response to FPN treatment com-
pared to those of control rats. In contrast, these parameters were sig-
nificantly reduced (P≤ 0.05) when FPN treated-rats were administered
ROSU, Vit E, or their combination compared to the FPN group. Notably,
when a combined treatment with ROSU and Vit E was applied in FPN-
intoxicated animals a significant decrease of the value of these para-
meters was observed (P≤ 0.05) compared to rats administered with
ROSU or Vit E alone. The decline of these values was non-significantly
lower compared to the controls. These data suggested that when Vit E
and ROSU were used in combination, they provided better protection
against FPN-induced hepatorenal damage than either one alone.

3.2. Hepatic oxidative damage parameters

The effects of FPN intoxication and treatment with ROSU, Vit E, and
their combination on lipid peroxidation and liver oxidative parameters
are shown in Table 2. FPN-intoxicated rats showed significant increases
(P≤ 0.05) in MDA and NO levels along with significant decreases
(P≤ 0.05) in the GSH, GPx, SOD, and CAT levels in liver tissues com-
pared to those of control rats. However, the toxic effects of FPN on
hepatic MDA, NO, GSH, GPx, SOD, and CAT were significantly
(P≤ 0.05) reduced by administration of ROSU or Vit E alone, but these
values were still significantly different (P≤ 0.05) than the control va-
lues. Interestingly, these parameters were not significantly (P≥ 0.05)
different from the control values when the combination of ROSU and
Vit E was administered, indicating a synergistic effect between Vit E
and ROSU in the alleviation of FPN-induced oxidative damage in the

liver.

3.3. Renal oxidative damage parameters

The markers for FPN-induced oxidative damage in renal tissue are
shown in Table 3. FPN intoxication dramatically increased (P≤ 0.05)
the concentrations of MDA and NO and decreased (P≤ 0.05) the con-
centrations of GSH and GPx and the SOD and CAT activities in the renal
tissues compared to control values. However, the FPN-ROSU and FPN-
Vit E groups showed significant (P≤ 0.05) improvements in these
parameters compared to controls. Along with these data, the FPN-Vit E-
ROSU group showed (P≤ 0.05) improvement in the FPN-induced oxi-
dative damage in kidney tissues compared to the FPN-ROSU and FPN-
Vit E groups.

3.4. Histopathological findings

Liver sections of control corn oil-treated rats had uniform poly-
hedral hepatocytes with normal sinusoids and central veins. In contrast,
we observed portal vein congestion, severe hydropic degeneration
(signet ring cells), necrosis, nuclear condensation, and lymphocytic
infiltration around the portal vein in FPN-treated rats. ROSU, Vit E, and
their combination notably restored the normal hepatic architecture
(Fig. 1).

As shown in Fig. 2, control rats had normal glomeruli and renal
tubular epithelia. In contrast, FPN-intoxicated rats showed a severe loss
of the brush border, tubular necrosis, and tubular vacuolization. In
addition, FPN-treated rats exhibited moderate tubular dilatation and
inflammatory cell infiltration. Treatment with ROSU, Vit E, or their
combination caused a notable recovery of the histopathological ap-
pearance after FPN-induced renal injury.

Table 1
Effect of oral administration of fipronil, vitamin E and rosuvastatin and their combinations on serum biochemical parameters. Data are expressed as the mean ± SE (n= 8). Different
superscript letters in the same row indicate statistical significance at P≤ 0.05.

Parameters Experimental groups

Control ROSU Vit E FPN FPN-ROSU FPN-Vit E FPN-Vit E-ROSU

AST (U/L) 56.84 ± 2.83a 55.29 ± 2.36a 54.48 ± 2.65a 128.34 ± 5.70d 81.80 ± 2.64c 71.11 ± 2.08b 61.36 ± 3.15a

ALT (U/L) 26.57 ± 0.77a 24.73 ± 1.37a 24.45 ± 0.93a 58.20 ± 3.36d 40.46 ± 1.74b 36.56 ± 1.41b 28.14 ± 1.61a

ALP (U/L) 61.19 ± 3.14a 58.73 ± 1.80a 57.22 ± 2.87a 167.50 ± 10.32d 87.93 ± 2.64b 80.59 ± 1.73b 66.77 ± 1.39a

LDH (U/L) 228.68 ± 10.81ab 226.54 ± 4.48ab 206.88 ± 9.03a 409.02 ± 10.07d 335.29 ± 9.46c 313.42 ± 11.14c 247.89 ± 9.22b

Cholesterol (mmol/L) 84.78 ± 4.17a 80.25 ± 3.35a 77.31 ± 3.48a 153.29 ± 5.04d 116.62 ± 4.07b 107.91 ± 4.04b 86.57 ± 2.89a

Urea (mg/dL) 24.25 ± 1.16a 23.13 ± 0.84a 22.24 ± 0.91a 68.49 ± 3.70d 45.11 ± 1.94b 41.00 ± 1.72b 27.76 ± 1.83a

Creatinine (mg/dL) 0.41 ± 0.07a 0.37 ± 0.06a 0.38 ± 0.06a 3.15 ± 0.32d 1.64 ± 0.16b 1.39 ± 0.12b 0.53 ± 0.09a

Fipronil (FPN) at a dose of 20mg/kg (1/5 LD50); rosuvastatin (ROSU) at a dose of 10mg/kg; vitamin E (Vit E) at a dose of 1000mg/kg; aspartate aminotransferase (AST); alanine
aminotransferase (ALT); alkaline phosphatase (ALP); lactate dehydrogenase (LDH).

Table 2
Effect of oral administration of fipronil, vitamin E and rosuvastatin and their combinations on oxidative stress markers in liver tissue.

Parameters Experimental groups

Control ROSU Vit E FPN FPN-ROSU FPN-Vit E FPN-Vit E-ROSU

MDA (nmol/g) 52.03 ± 3.75a 51.36 ± 3.72a 50.79 ± 2.97a 91.81 ± 4.72d 78.85 ± 2.71c 69.40 ± 2.30b 54.65 ± 2.23a

NO (μmol/g) 71.95 ± 3.03ab 68.17 ± 3.03a 64.96 ± 3.30a 117.30 ± 4.08d 87.63 ± 2.99c 80.93 ± 3.32bc 73.36 ± 3.58ab

GSH (mg/g) 60.42 ± 2.74cd 62.29 ± 3.56cd 66.61 ± 3.66c 35.58 ± 1.80a 41.83 ± 1.48ab 47.91 ± 1.95b 56.85 ± 1.93c

GPx (mol/g) 101.46 ± 6.34c 112.91 ± 5.46d 118.21 ± 2.93d 41.33 ± 3.00a 50.94 ± 3.22a 63.21 ± 2.93b 95.97 ± 2.44c

SOD (U/g) 19.47 ± 0.49c 22.16 ± 1.00d 23.48 ± 1.13d 9.10 ± 0.35a 12.91 ± 0.54b 14.24 ± 0.77b 17.41 ± 0.76c

CAT (U/g) 2.13 ± 0.04d 2.34 ± 0.16de 2.41 ± 0.07e 0.68 ± 0.07a 1.37 ± 0.08b 1.45 ± 0.05b 1.80 ± 0.07c

Data are expressed as the mean ± SE (n=8).
Fipronil (FPN) at a dose of 20mg/kg (1/5 LD50); rosuvastatin (ROSU) at a dose of 10mg/kg; vitamin E (Vit E) at a dose of 1000mg/kg; malondialdehyde (MDA); nitric oxide (NO);
reduced glutathione (GSH); glutathione peroxidase (GPx); superoxide dismutase (SOD); catalase (CAT).
Different superscript letters in the same row indicate statistical significance at P≤ 0.05.
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Table 3
Effect of oral administration of fipronil, vitamin E and rosuvastatin and their combinations on oxidative stress markers in kidney tissue.

Parameters Experimental groups

Control ROSU Vit E FPN FPN-ROSU FPN-Vit E FPN-Vit E-ROSU

MDA (nmol/g) 104.83 ± 4.13a 103.39 ± 2.83a 99.03 ± 2.96a 195.66 ± 10.88c 156.34 ± 10.88b 137.02 ± 10.88b 110.20 ± 6.90a

NO (μmol/g) 109.24 ± 2.82a 106.93 ± 2.64a 101.58 ± 2.92a 170.54 ± 9.59d 139.47 ± 9.46c 127.15 ± 5.34bc 112.33 ± 3.13ab

GSH (mg/g) 114.38 ± 5.48d 116.34 ± 4.26de 121.74 ± 4.15e 69.00 ± 3.71a 85.19 ± 3.05b 98.46 ± 1.93c 107.76 ± 2.19cd

GPx (mol/g) 66.11 ± 3.55cd 69.16 ± 2.12d 71.57 ± 3.13d 28.70 ± 2.20a 40.14 ± 2.19b 45.43 ± 3.22b 60.23 ± 3.62c

SOD (U/g) 22.98 ± 1.01cd 24.58 ± 1.44de 25.94 ± 1.44e 9.61 ± 0.39a 15.63 ± 0.70b 16.42 ± 0.63b 20.48 ± 0.56c

CAT (U/g) 2.41 ± 0.15d 2.51 ± 0.10d 2.55 ± 0.11d 0.79 ± 0.05a 1.48 ± 0.15b 1.64 ± 0.12b 2.05 ± 0.11c

Data are expressed as the mean ± SE (n=8).
Fipronil (FPN) at a dose of 20mg/kg (1/5 LD50); rosuvastatin (ROSU) at a dose of 10mg/kg; vitamin E (Vit E) at a dose of 1000mg/kg; malondialdehyde (MDA); nitric oxide (NO);
reduced glutathione (GSH); glutathione peroxidase (GPx); superoxide dismutase (SOD); catalase (CAT).
Different superscript letters in the same row indicate statistical significance at P≤ 0.05.

Fig. 1. Histopathological changes in liver sections after treatment with fipronil, rosuvastatin, and vitamin E. A: Liver sections from a control rat show uniform polyhedral
hepatocytes with normal sinusoids. B: An FPN-intoxicated rat shows portal vein congestion, severe hydropic degeneration (signet ring cells), necrosis, nuclear condensation, and
lymphocytic infiltration. C and D: The FPN-ROSU and FPN-Vit E groups, respectively, show mild hydropic degeneration, portal vein congestion, and few pyknotic nuclei. E: The FPN-Vit
E-ROSU group shows substantial improvements in liver histology compared to FPN-intoxicated rats. (CV, central vein; P, portal area; H&E X400).

M.M. Abdel-Daim, A. Abdeen Food and Chemical Toxicology 114 (2018) 69–77

72



3.5. Immunohistochemical study

Fipronil dramatically up-regulated the caspase-3 expression in liver
(Fig. 3) and kidney (Fig. 4) tissues. In the FPN-ROSU and FPN-Vit E
groups, there was slight up-regulation of caspase-3 expression com-
pared to the control group. Combined treatment of ROSU and Vit E
sharply reduced the FPN-induced caspase-3 up-regulation.

4. Discussion

Fipronil is a broad-spectrum insecticide widely used in agriculture
and veterinary applications. However, it is a potent environmental
toxicant to animals and humans. Multiple in vitro studies have shown
the cytotoxic effects of FPN in different types of cell lines, but there are
few in vivo studies (Badgujar et al., 2015; Das et al., 2006; Lee et al.,
2011; Romero et al., 2016; Roques et al., 2012; Vidau et al., 2011). All
of these studies are consistent with our findings, including the in-
volvement of oxidative stress and apoptotic mechanisms in the FPN-
induced hepatorenal damage in rat and the potential use of ROSU and
Vit E as protective agents against FPN insult.

ROS are naturally generated in all mammalian cells during normal

cellular respiration. The major ROS are superoxide anion (O2
• ‾), hy-

droxyl radical (OH•), and hydrogen peroxide (H2O2) (Le Bras et al.,
2005; Nordberg and Arnér, 2001; Small et al., 2012). Since ROS are
cytotoxic molecules even when produced during normal respiration, for
cell survival, they are naturally neutralized by the endogenous anti-
oxidant defense system, primarily GSH, SOD, CAT, and GPx (Avery,
2011; Le Bras et al., 2005; Nordberg and Arnér, 2001; Small et al.,
2012). When there is an imbalance between ROS production and an-
tioxidants, the cell becomes vulnerable to severe oxidative stress-in-
duced damage. ROS can attack cell membranes and other cellular
molecules, causing lipid peroxidation, protein oxidation, and DNA da-
mage, which results in cell disruption and loss of function and can lead
to diseases such as cancers, atherosclerosis, diabetes, and renal failure
(Abdel-Daim et al., 2015a; Klaunig et al., 2010; Small et al., 2012).

In the present study, there were substantial increases in MDA and
NO levels along with dramatic decreases in GSH, SOD, CAT, and GPx in
the liver and kidney tissues of FPN-intoxicated rats, indicating the
presence of oxidative stress. Our results confirm the findings of previous
in vitro studies, which have investigated the toxicity of FPN in hepa-
tocytes, enterocytes, and neuronal cells (Das et al., 2006; Guelfi et al.,
2015; Lee et al., 2011; Romero et al., 2016; Vidau et al., 2011). GABA

Fig. 2. Histopathological changes in kidney sections after treatment with fipronil, rosuvastatin, and vitamin E. A: Kidney section from a control rat shows normal architecture of
glomeruli and renal tubules. B: An FPN-intoxicated rat shows a severe loss of brush border, cloudy swelling, vacuolar degeneration, and tubular dilatation. C and D: The FPN-ROSU and
FPN-Vit E groups, respectively, show mild loss of the brush border and degenerative changes. E: The FPN-Vit E-ROSU group shows substantial improvements in kidney histology
compared to FPN-intoxicated rats. (G: glomerulus; H&E X200).
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receptors in neurons are the primary targets of FPN (Wu et al., 2014).
Recently, it was reported that FPN, independent to GABA receptors, can
also attack the mitochondria and cause uncoupling of oxidative phos-
phorylation. These changes inhibit the electron flow through the elec-
tron transport chain and lead to severe ATP depletion with over accu-
mulation of O2

• ‾ at levels that overwhelm the cell (Vidau et al., 2011).
Concurrent with the decreases in cellular antioxidants, including GSH,
SOD, CAT, and GPx (Tables 2 and 3), the cells fail to scavenge O2

• ‾ (Le
Bras et al., 2005). H2O2 is then generated from O2

• ‾and further un-
dergoes the Fenton reaction in the presence of transition metals (Fe2+)
to produce OH•, the strongest reactive radical among the ROS (Avery,
2011; Nordberg and Arnér, 2001). In the current study, MDA, a marker
of lipid peroxidation, was drastically increased in FPN-intoxicated an-
imals. This finding indicates cell membrane damage in hepatic and
renal cells, which is attributed to the increased production of OH•.
These data are consistent with results from the previous studies
(Badgujar et al., 2015; Guelfi et al., 2015; Lee et al., 2011; Romero
et al., 2016; Slotkin and Seidler, 2010; Vidau et al., 2011). Due to
membrane damage, hepatic enzymes are released into the bloodstream,
leading to elevation of serum AST, ALT, and ALP levels as shown in
Table 1 (Ohta et al., 2009). Sun et al. (2016) has reported that FPN

enhances adipogenesis via down-regulation of AMPKα in 3T3- L1 adi-
pocytes disrupting the lipid metabolism, which may explain the in-
creased level of serum cholesterol. The histopathological analysis also
indicated a severe loss of the brush border in renal tubular epithelia,
which may be due to the FPN-induced lipid peroxidation. When there is
a reduction in ATP production by oxidative phosphorylation, the glu-
cose metabolism shifts from aerobic glycolysis to anaerobic processes,
which could explain the significant increase in serum LDH as a response
to FPN (Table 1). This result is consistent with that obtained by pre-
vious in vitro studies (de Medeiros et al., 2015; Lee et al., 2011; Romero
et al., 2016; Vidau et al., 2011).

Moreover, OH• and MDA directly reacted with DNA, causing DNA
adducts and nuclear condensation (Fig. 1), which, together with the
induced mitochondrial dysfunction, promoted apoptosis via cyto-
chrome c release and further caspase-3 activation as detected by im-
munostaining (Figs. 3 and 4). In this study, we therefore report that
FPN induced cell death via apoptotic mechanisms, confirming the ob-
servations obtained by Lee et al. and Vidau et al. (2011) on SH-SY5Y
cells, Lassiter et al. (2009) on PC12 cells, and Das et al. (2006) on
HepG2 cells. Furthermore, our results indicated that the increased NO
levels possibly react with O2

• ‾ through nitric oxide synthase and were

Fig. 3. Changes in hepatic caspase-3 expression after treatment with fipronil, rosuvastatin, and vitamin E. A: Control group; B: FPN-intoxicated rat; C: FPN-ROSU group; D: FPN-
Vit E group; and E: FPN-Vit E-ROSU group. Immunostaining was performed using a specific antibody against caspase-3 and developed with 3,3-diaminobenzidine tetrahydrochloride
(DAB). The positive staining of caspase-3 is presented as brown hepatocytes. (CV, central vein; X200). (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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converted into a very powerful RNS known as peroxynitrite (ONOO‾)
(Nordberg and Arnér, 2001). ONOO‾ causes protein nitration and ac-
cumulation of damaged proteins, which may affect the structure and
function of cellular antioxidant enzymes.

Kidney requires high energy levels for active transport of various
molecules through the nephrons, particularly in the cortical segments,
where mitochondria are abundant (Small et al., 2012). Interestingly, in
this study, the kidney histopathological and caspase-3 expression data
revealed that injury was observed in the cortical region rather than
other kidney regions (Figs. 2B and 4B). These findings support the
hypothesis that mitochondria have a central role in FPN-induced oxi-
dative damage and apoptotic mechanisms independent of GABA re-
ceptors. Based on these observations, we hypothesized that FPN-in-
duced histological alterations in kidney tissue with changes in kidney
function tests, including creatinine and urea, were mediated by oxida-
tive damage.

ROSU is an anti-hyperlipidemic agent. Recently, it was shown to
have antioxidant properties. Previous studies have reported that the
antioxidant activity of ROSU may be mediated by up-regulating anti-
oxidant enzymes and reducing NADPH-dependent production of ROS
(Grosser et al., 2004; Miersch et al., 2007; Selim et al., 2017). Vit E is a
lipid-soluble vitamin that is incorporated in the lipid bilayer of the cell

membrane. It has a hydroxyl group that acts as a hydrogen atom donor
for OH•, yielding a non-radical product, and prevents FPN-induced lipid
peroxidation, as indicated by a significant decrease in MDA levels (Niki,
2013; Nordberg and Arnér, 2001; Small et al., 2012). Since it has been
reported that OH• reacts with Vit E and GSH at the same constant rate
(1010 M−1s−1) (Simic et al., 1992), supplementation with Vit E may
increase GSH in the cytoplasm, which is required in ROS scavenging
and GPx recycling. In the current study, pretreatment with ROSU or Vit
E conferred protection against FPN hepatorenal toxicity, as shown by
the improved histopathology, biochemical parameters, oxidative stress
markers, and caspase-3 expression, but did not restore these parameters
to normal levels. These data are consistent with previous investigations
showing that ROSU and Vit E protect against spinal cord ischemia and
gentamicin nephrotoxicity, respectively (Die et al., 2010; Kadkhodaee
et al., 2005).

Interestingly, a combination of ROSU and Vit E could restore all
parameters to normal, suggesting a synergistic antioxidant effect of
both agents against FPN-induced hepatorenal injury. These observa-
tions support the data obtained by Selim et al. (2017), who investigated
the protective effect of ROSU and Vit E together against amikacin ne-
phrotoxicity.

Fig. 5 shows a scheme of the proposed protective pathways of ROSU

Fig. 4. Changes in renal caspase-3 expression after treatment with fipronil, rosuvastatin, and vitamin E. A: Control group; B: FPN-intoxicated rat group; C: FPN-ROSU group; D:
FPN-Vit E group; and E: FPN-Vit E-ROSU group. Immunostaining was performed using a specific antibody against caspase-3 and developed with DAB. The positive staining of caspase-3 is
presented as brown renal cells. (G: glomerulus; X200). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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and Vit E against FPN-induced oxidative damage and apoptosis hepatic
and renal cells. FPN induced production of ROS in significant amounts
through disrupting the respiratory chain and inhibition of the anti-
oxidant system leading to cascade of cellular injuries including lipid
peroxidation, protein oxidation, and DNA damage followed by a release
of Cyt c and activation of caspase-3 ended by apoptosis. On the other
hand, ROSU and Vit E could alleviate FPN-induced damage through
neutralization of ROS and up-regulation of antioxidant enzymes pro-
tecting the cell from lipid peroxidation, DNA damage, and from apop-
tosis as well (Fig. 5).

5. Conclusion

The overall data indicated that FPN could induce severe tissue da-
mage in the liver and kidney mediated by oxidative stress and apoptotic
mechanisms. Our findings also support the hypothesis that mitochon-
dria play a crucial role in FPN-induced oxidative damage independent
of GABA receptors. ROSU and Vit E in combination could be used as
potential antioxidants against FPN-mediated oxidative damage in the
liver and kidney.

Conflict of interest

This research received no specific grant from any funding agency.
The authors declare that there are no conflicts of interest.

Acknowledgment

All authors would gratefully acknowledge Egyptian Knowledge
Bank (EKB, www.ekb.eg) and Egyptian Specialized Presidential Council
for Education and Scientific Research for supporting English editing of
the manuscript using Nature Research Editing Service. The authors also
thank all staff members in the Department of Forensic Medicine and
Toxicology, Faculty of Veterinary Medicine, Benha University, Egypt
for their technical support in the implementation of this study.

Transparency document

Transparency document related to this article can be found online at
http://dx.doi.org/10.1016/j.fct.2018.01.055.

References

Abdel-Daim, M.M., 2016. Synergistic protective role of ceftriaxone and ascorbic acid
against subacute diazinon-induced nephrotoxicity in rats. Cytotechnology 68,
279–289. https://doi.org/10.1007/s10616-014-9779-z.

Abdel-Daim, M.M., Abd Eldaim, M.A., Hassan, A.G.A., 2015a. Trigonella foenum-graecum
ameliorates acrylamide-induced toxicity in rats: roles of oxidative stress, proin-
flammatory cytokines, and DNA damage. Biochem. Cell. Biol. 93, 192–198. https://
doi.org/10.1139/bcb-2014-0122.

Abdel-Daim, M.M., Taha, R., Ghazy, E.W., El-Sayed, Y.S., 2015b. Synergistic ameliorative
effects of sesame oil and alpha-lipoic acid against subacute diazinon toxicity in rats:
hematological, biochemical, and antioxidant studies. Can. J. Physiol. Pharmacol. 94,
1–27. https://doi.org/10.1139/cjpp-2015-0131.

Al-Sayed, E., Abdel-Daim, M.M., Kilany, O.E., Karonen, M., Sinkkonen, J., 2015.
Protective role of polyphenols from Bauhinia hookeri against carbon tetrachloride-
induced hepato- and nephrotoxicity in mice. Ren. Fail. 37, 1198–1207. https://doi.
org/10.3109/0886022X.2015.1061886.

Avery, S.V., 2011. Molecular targets of oxidative stress. Biochem. J. 434, 201–210.
https://doi.org/10.1042/BJ20101695.

Badgujar, P.C., Pawar, N.N., Chandratre, G.A., Telang, A.G., Sharma, A.K., 2015. Fipronil
induced oxidative stress in kidney and brain of mice: protective effect of vitamin E
and vitamin C. Pestic. Biochem. Physiol. 118, 10–18. https://doi.org/10.1016/j.
pestbp.2014.10.013.

Caballero, M.V., Ares, I., Martínez, M., Martínez-Larrañaga, M.R., Anadón, A., Martínez,
M.A., 2015. Fipronil induces CYP isoforms in rats. Food Chem. Toxicol. 83, 215–221.
https://doi.org/10.1016/j.fct.2015.06.019.

Chagnon, M., Kreutzweiser, D., Mitchell, E.A.D., Morrissey, C.A., Noome, D.A., Van der
Sluijs, J.P., 2015. Risks of large-scale use of systemic insecticides to ecosystem
functioning and services. Environ. Sci. Pollut. Res. 22, 119–134. https://doi.org/10.
1007/s11356-014-3277-x.

Das, P.C., Cao, Y., Cherrington, N., Hodgson, E., Rose, R.L., 2006. Fipronil induces CYP
isoforms and cytotoxicity in human hepatocytes. Chem. Biol. Interact. 164, 200–214.
https://doi.org/10.1016/j.cbi.2006.09.013.

de Medeiros, H.C.D., Constantin, J., Ishii-Iwamoto, E.L., Mingatto, F.E., 2015. Effect of
fipronil on energy metabolism in the perfused rat liver. Toxicol. Lett. 236, 34–42.
https://doi.org/10.1016/j.toxlet.2015.04.016.

de Oliveira, P.R., Bechara, G.H., Camargo-Mathias, M.I., 2008. Evaluation of cytotoxic
effects of fipronil on ovaries of semi-engorged Rhipicephalus sanguineus (Latreille,
1806) (Acari: ixodidae) tick female. Food Chem. Toxicol. 46, 2459–2465. https://doi.
org/10.1016/j.fct.2008.03.034.

Die, J., Wang, K., Fan, L., Jiang, Y., Shi, Z., 2010. Rosuvastatin preconditioning provides
neuroprotection against spinal cord ischemia in rats through modulating nitric oxide
synthase expressions. Brain Res. 1346, 251–261. https://doi.org/10.1016/j.brainres.

Fig. 5. Scheme of the proposed antioxidant mechanisms of rosuvastatin and vitamin E against fipronil-induced oxidative stress and apoptosis. FPN, fipronil; ROS, reactive
oxygen species; MDA, malondialdehyde.

M.M. Abdel-Daim, A. Abdeen Food and Chemical Toxicology 114 (2018) 69–77

76

http://www.ekb.eg
http://dx.doi.org/10.1016/j.fct.2018.01.055
https://doi.org/10.1007/s10616-014-9779-z
https://doi.org/10.1139/bcb-2014-0122
https://doi.org/10.1139/bcb-2014-0122
https://doi.org/10.1139/cjpp-2015-0131
https://doi.org/10.3109/0886022X.2015.1061886
https://doi.org/10.3109/0886022X.2015.1061886
https://doi.org/10.1042/BJ20101695
https://doi.org/10.1016/j.pestbp.2014.10.013
https://doi.org/10.1016/j.pestbp.2014.10.013
https://doi.org/10.1016/j.fct.2015.06.019
https://doi.org/10.1007/s11356-014-3277-x
https://doi.org/10.1007/s11356-014-3277-x
https://doi.org/10.1016/j.cbi.2006.09.013
https://doi.org/10.1016/j.toxlet.2015.04.016
https://doi.org/10.1016/j.fct.2008.03.034
https://doi.org/10.1016/j.fct.2008.03.034
https://doi.org/10.1016/j.brainres.2010.05.068


2010.05.068.
Gill, K.K., Vinod, K., 2013. Biochemical alterations induced by oral subchronic exposure

to fipronil, fluoride and their combination in buffalo calves. Environ. Toxicol.
Pharmacol. 36, 1113–1119. https://doi.org/10.1016/J.ETAP.2013.09.011.

Grosser, N., Erdmann, K., Hemmerle, A., Berndt, G., Hinkelmann, U., Smith, G., Schröder,
H., 2004. Rosuvastatin upregulates the antioxidant defense protein heme oxygenase-
1. Biochem. Biophys. Res. Commun. 325, 871–876. https://doi.org/10.1016/j.bbrc.
2004.10.123.

Guelfi, M.M., Tavares, M.A., Mingatto, F.E., Maioli, M.A., 2015. Citotoxicity of fipronil on
hepatocytes isolated from rat and effects of its biotransformation. Braz. Arch. Biol.
Technol. 58, 843–853. https://doi.org/10.1590/S1516-89132015060298.

Kadkhodaee, M., Khastar, H., Faghihi, M., Ghaznavi, R., Zahmatkesh, M., 2005. Effects of
co-supplementation of vitamins E and C on gentamicin-induced nephrotoxicity in rat.
Exp. Physiol. 90, 571–576. https://doi.org/10.1113/expphysiol.2004.029728.

Kammon, 2012. Ameliorating effects of vitamin E and selenium on immunological al-
terations induced by imidacloprid chronic toxicity in chickens. J. Environ. Anal.
Toxicol. 4. https://doi.org/10.4172/2161-0525.S4-007.

Klaunig, J.E., Kamendulis, L.M., Hocevar, B.A., 2010. Oxidative stress and oxidative
damage in carcinogenesis. Toxicol. Pathol. 38, 96–109. https://doi.org/10.1177/
0192623309356453.

Lassiter, T.L., MacKillop, E.A., Ryde, I.T., Seidler, F.J., Slotkin, T.A., 2009. Is fipronil safer
than chlorpyrifos? Comparative developmental neurotoxicity modeled in PC12 cells.
Brain Res. Bull. 78, 313–322. https://doi.org/10.1016/j.brainresbull.2008.09.020.

Le Bras, M., Clément, M.-V., Pervaiz, S., Brenner, C., 2005. Reactive oxygen species and
the mitochondrial signaling pathway of cell death. Histol. Histopathol. 20, 205–219.

Lee, J.E., Kang, J.S., Ki, Y.-W., Lee, S.-H., Lee, S.-J., Lee, K.S., Koh, H.C., 2011. Akt/
GSK3Î2 signaling is involved in fipronil-induced apoptotic cell death of human neu-
roblastoma SH-SY5Y cells. Toxicol. Lett. 202, 133–141. https://doi.org/10.1016/j.
toxlet.2011.01.030.

Lee, S.-J., Mulay, P., Diebolt-Brown, B., Lackovic, M.J., Mehler, L.N., Beckman, J., Waltz,
J., Prado, J.B., Mitchell, Y.A., Higgins, S.A., Schwartz, A., Calvert, G.M., 2010. Acute
illnesses associated with exposure to fipronil—surveillance data from 11 states in the
United States, 2001–2007. Clin. Toxicol. 48, 737–744. https://doi.org/10.3109/
15563650.2010.507548.

Leghait, J., Gayrard, V., Picard-Hagen, N., Camp, M., Perdu, E., Toutain, P.-L., Viguié, C.,
2009. Fipronil-induced disruption of thyroid function in rats is mediated by increased
total and free thyroxine clearances concomitantly to increased activity of hepatic
enzymes. Toxicology 255, 38–44. https://doi.org/10.1016/j.tox.2008.09.026.

Leite, G.A.A., Figueiredo, T.M., Pacheco, T.L., Sanabria, M., Silva, P.V. e, Fernandes, F.H.,
Kempinas, W.D.G., 2017. Vitamin C partially prevents reproductive damage in adult
male rats exposed to rosuvastatin during prepuberty. Food Chem. Toxicol. 109,
272–283. https://doi.org/10.1016/j.fct.2017.09.003.

Lilia, A., 2003. Reviews of environmental contamination and Toxicology. In: Reviews of
Environmental Contamination and Toxicology, 1 st edition. Springer New York, New
York, NY. https://doi.org/10.1007/978-1-4899-7283-5.

Magdy, B.W., El, F., Amin, A.S., Rana, S.S., 2016. The Egyptian German Society for
Zoology Ameliorative effect of antioxidants ( vitamins C and E ) against abamectin
toxicity in liver, kidney and testis of male albino rats. J. Basic Appl. Zool 77, 69–82.
https://doi.org/10.1016/j.jobaz.2016.10.002.

Maheshwari, R.A., Balaraman, R., Sailor, G.U., Sen, D.B., 2015. Protective effect of sim-
vastatin and rosuvastatin on trinitrobenzene sulfonic acid-induced colitis in rats.
Indian J. Pharmacol. 47, 17–21. https://doi.org/10.4103/0253-7613.150311.

Miersch, S., Sliskovic, I., Raturi, A., Mutus, B., 2007. Antioxidant and antiplatelet effects
of rosuvastatin in a hamster model of prediabetes. Free Radic. Biol. Med. 42,
270–279. https://doi.org/10.1016/j.freeradbiomed.2006.10.045.

Niki, E., 2013. Free Radical Biology and Medicine Role of vitamin E as a lipid-soluble
peroxyl radical scavenger : in vitro and in vivo evidence. Free Radic. Biol. Med. 1–10.
https://doi.org/10.1016/j.freeradbiomed.2013.03.022.

Nordberg, J., Arnér, E.S.J., 2001. Reactive oxygen species, antioxidants, and the mam-
malian thioredoxin system1 1This review is based on the licentiate thesis
“Thioredoxin reductase—interactions with the redox active compounds 1-chloro-2,4-
dinitrobenzene and lipoic acid” by Jonas Nordberg. Free Radic. Biol. Med. 31,
1287–1312. https://doi.org/10.1016/S0891-5849(01)00724-9.

Ohta, Y., Kaida, S., Chiba, S., Tada, M., Teruya, A., Imai, Y., Kawanishi, M., 2009.
Involvement of oxidative stress in increases in the serum levels of various enzymes
and components in rats with water-immersion restraint stress. J. Clin. Biochem. Nutr.
45, 347–354. https://doi.org/10.3164/jcbn.09-59.

Oliveira, P.R. d, Bechara, G.H., Morales, M.A.M., Mathias, M.I.C., 2009. Action of the
chemical agent fipronil on the reproductive process of semi-engorged females of the
tick Rhipicephalus sanguineus (Latreille, 1806) (Acari: ixodidae). Ultrastructural
evaluation of ovary cells. Food Chem. Toxicol. 47, 1255–1264. https://doi.org/10.
1016/j.fct.2009.02.019.

Ortiz-Ortiz, M.A., Morán, J.M., González-Polo, R.A., Niso-Santano, M., Soler, G., Bravo-
San Pedro, J.M., Fuentes, J.M., 2009. Nitric oxide-mediated toxicity in paraquat-
exposed SH-SY5Y cells: a protective role of 7-nitroindazole. Neurotox. Res. 16,
160–173. https://doi.org/10.1007/s12640-009-9065-6.

Overmyer, J.P., Rouse, D.R., Avants, J.K., Garrison, A.W., Delorenzo, M.E., Chung, K.W.,
Key, P.B., Wilson, W.A., Black, M.C., 2007. Toxicity of fipronil and its enantiomers to
marine and freshwater non-targets. J. Environ. Sci. Health Part B Pestic. Food
Contam. Agric. Wastes 42, 471–480. https://doi.org/10.1080/03601230701391823.

Romero, A., Ramos, E., Ares, I., Castellano, V., Martínez, M., Martínez-Larrañaga, M.R.,
Anadón, A., Martínez, M.A., 2016. Fipronil sulfone induced higher cytotoxicity than
fipronil in SH-SY5Y cells: protection by antioxidants. Toxicol. Lett. 252, 42–49.
https://doi.org/10.1016/j.toxlet.2016.04.005.

Roques, B.B., Lacroix, M.Z., Puel, S., Gayrard, V., Picard-Hagen, N., Jouanin, I., Perdu, E.,
Martin, P.G., Viguié, C., 2012. CYP450-Dependent biotransformation of the in-
secticide fipronil into fipronil sulfone can mediate fipronil-induced thyroid disruption
in rats. Toxicol. Sci. 127, 29–41. https://doi.org/10.1093/toxsci/kfs094.

Sargazi, Z., Nikravesh, M.R., Jalali, M., Sadeghnia, H.R., 2016. Apoptotic effect of orga-
nophosphorus insecticide diazinon on rat ovary. Iran. J. Toxicol. 10, 37–44.

Saxena, R., Garg, P., Jain, D.K., 2011. Original Article in Vitro Anti-oxidant Effect of
Vitamin E on Oxidative Stress Induced Due to Pesticides in Rat Erythrocytes. pp.
73–77. https://doi.org/10.4103/0971-6580.75871.

Selim, A., khalaf, M.M., Gad, A.M., Abd El-Raouf, O.M., 2017. Evaluation of the possible
nephroprotective effects of vitamin E and rosuvastatin in amikacin-induced renal
injury in rats. J. Biochem. Mol. Toxicol., e21957. https://doi.org/10.1002/jbt.
21957.

Simic, M.G., Jovanovic, S.V., Niki, E., 1992. Mechanisms of lipid oxidative processes and
their inhibition. Acs Symp. Ser. 500, 14–32. https://doi.org/10.1021/bk-1992-0500.
ch002.

Simon-Delso, N., Amaral-Rogers, V., Belzunces, L.P., Bonmatin, J.M., Chagnon, M.,
Downs, C., Furlan, L., Gibbons, D.W., Giorio, C., Girolami, V., Goulson, D.,
Kreutzweiser, D.P., Krupke, C.H., Liess, M., Long, E., Mcfield, M., Mineau, P.,
Mitchell, E.A., Morrissey, C.A., Noome, D.A., Pisa, L., Settele, J., Stark, J.D., Tapparo,
A., Van Dyck, H., Van Praagh, J., Van Der Sluijs, J.P., Whitehorn, P.R., Wiemers, M.,
2015. Systemic insecticides (Neonicotinoids and fipronil): trends, uses, mode of ac-
tion and metabolites. Environ. Sci. Pollut. Res. 22, 5–34. https://doi.org/10.1007/
s11356-014-3470-y.

Slotkin, T.A., Seidler, F.J., 2010. Oxidative stress from diverse developmental neurotox-
icants: antioxidants protect against lipid peroxidation without preventing cell loss.
Neurotoxicol. Teratol. 32, 124–131. https://doi.org/10.1016/j.ntt.2009.12.001.

Small, D.M., Coombes, J.S., Bennett, N., Johnson, D.W., Gobe, G.C., 2012. Oxidative
stress, anti-oxidant therapies and chronic kidney disease. Nephrology 17, 311–321.
https://doi.org/10.1111/j.1440-1797.2012.01572.x.

Stehr, C.M., Linbo, T.L., Incardona, J.P., Scholz, N.L., 2006. The developmental neuro-
toxicity of fipronil: notochord degeneration and locomotor defects in zebrafish em-
bryos and larvae. Toxicol. Sci. 92, 270–278. https://doi.org/10.1093/toxsci/kfj185.

Sun, Q., Qi, W., Yang, J.J., Yoon, K.S., Clark, J.M., Park, Y., 2016. Fipronil promotes
adipogenesis via AMPKα-mediated pathway in 3T3-L1 adipocytes. Food Chem.
Toxicol. 92, 217–223. https://doi.org/10.1016/j.fct.2016.04.011.

Vidau, C., González-Polo, R.A., Niso-Santano, M., Gómez-Sánchez, R., Bravo-San Pedro,
J.M., Pizarro-Estrella, E., Blasco, R., Brunet, J.L., Belzunces, L.P., Fuentes, J.M., 2011.
Fipronil is a powerful uncoupler of oxidative phosphorylation that triggers apoptosis
in human neuronal cell line SHSY5Y. Neurotoxicology 32, 935–943. https://doi.org/
10.1016/j.neuro.2011.04.006.

Wu, H., Gao, C., Guo, Y., Zhang, Y., Zhang, J., Ma, E., 2014. Acute toxicity and sublethal
effects of fipronil on detoxification enzymes in juvenile zebrafish (Danio rerio).
Pestic. Biochem. Physiol. 115, 9–14. https://doi.org/10.1016/j.pestbp.2014.07.010.

Zhang, B., Xu, Z., Zhang, Y., Shao, X., Xu, X., Cheng, J., Li, Z., 2015. Fipronil induces
apoptosis through caspase-dependent mitochondrial pathways in Drosophila S2 cells.
Pestic. Biochem. Physiol. 119, 81–89. https://doi.org/10.1016/j.pestbp.2015.01.
019.

Zingg, J., 2015. Vitamin E: a role in signal transduction. Annu. Rev. Nutr. 35, 135–173.
https://doi.org/10.1146/annurev-nutr-071714-034347.

M.M. Abdel-Daim, A. Abdeen Food and Chemical Toxicology 114 (2018) 69–77

77

https://doi.org/10.1016/j.brainres.2010.05.068
https://doi.org/10.1016/J.ETAP.2013.09.011
https://doi.org/10.1016/j.bbrc.2004.10.123
https://doi.org/10.1016/j.bbrc.2004.10.123
https://doi.org/10.1590/S1516-89132015060298
https://doi.org/10.1113/expphysiol.2004.029728
https://doi.org/10.4172/2161-0525.S4-007
https://doi.org/10.1177/0192623309356453
https://doi.org/10.1177/0192623309356453
https://doi.org/10.1016/j.brainresbull.2008.09.020
http://refhub.elsevier.com/S0278-6915(18)30055-3/sref20
http://refhub.elsevier.com/S0278-6915(18)30055-3/sref20
https://doi.org/10.1016/j.toxlet.2011.01.030
https://doi.org/10.1016/j.toxlet.2011.01.030
https://doi.org/10.3109/15563650.2010.507548
https://doi.org/10.3109/15563650.2010.507548
https://doi.org/10.1016/j.tox.2008.09.026
https://doi.org/10.1016/j.fct.2017.09.003
https://doi.org/10.1007/978-1-4899-7283-5
https://doi.org/10.1016/j.jobaz.2016.10.002
https://doi.org/10.4103/0253-7613.150311
https://doi.org/10.1016/j.freeradbiomed.2006.10.045
https://doi.org/10.1016/j.freeradbiomed.2013.03.022
https://doi.org/10.1016/S0891-5849(01
https://doi.org/10.3164/jcbn.09-59
https://doi.org/10.1016/j.fct.2009.02.019
https://doi.org/10.1016/j.fct.2009.02.019
https://doi.org/10.1007/s12640-009-9065-6
https://doi.org/10.1080/03601230701391823
https://doi.org/10.1016/j.toxlet.2016.04.005
https://doi.org/10.1093/toxsci/kfs094
http://refhub.elsevier.com/S0278-6915(18)30055-3/sref37
http://refhub.elsevier.com/S0278-6915(18)30055-3/sref37
https://doi.org/10.4103/0971-6580.75871
https://doi.org/10.1002/jbt.21957
https://doi.org/10.1002/jbt.21957
https://doi.org/10.1021/bk-1992-0500.ch002
https://doi.org/10.1021/bk-1992-0500.ch002
https://doi.org/10.1007/s11356-014-3470-y
https://doi.org/10.1007/s11356-014-3470-y
https://doi.org/10.1016/j.ntt.2009.12.001
https://doi.org/10.1111/j.1440-1797.2012.01572.x
https://doi.org/10.1093/toxsci/kfj185
https://doi.org/10.1016/j.fct.2016.04.011
https://doi.org/10.1016/j.neuro.2011.04.006
https://doi.org/10.1016/j.neuro.2011.04.006
https://doi.org/10.1016/j.pestbp.2014.07.010
https://doi.org/10.1016/j.pestbp.2015.01.019
https://doi.org/10.1016/j.pestbp.2015.01.019
https://doi.org/10.1146/annurev-nutr-071714-034347

	Protective effects of rosuvastatin and vitamin E against fipronil-mediated oxidative damage and apoptosis in rat liver and kidney
	Introduction
	Materials and methods
	Chemicals
	Animals and experimental design
	Blood collection, serum, and tissue preparations
	Serum biochemical analyses
	Evaluation of oxidative stress markers
	Histopathology and immunohistochemistry
	Statistical analysis

	Results
	Serum biochemical analysis
	Hepatic oxidative damage parameters
	Renal oxidative damage parameters
	Histopathological findings
	Immunohistochemical study

	Discussion
	Conclusion
	Conflict of interest
	Acknowledgment
	Transparency document
	References




