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Acute arsenic treatment alters cytochrome P450 expression and
arachidonic acid metabolism in lung, liver and kidney of C57Bl/6 mice
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Abstract

Keywords

1. Arsenic (As(III)) toxicity has received increasing attention as human exposure to arsenic is
associated with pulmonary, hepatic and renal toxicities. Therefore, in the present study, we
investigated the effect of acute As(III) treatment on pulmonary, hepatic and renal
cytochrome (CYP) P450-mediated arachidonic acid metabolism.
2. Our results demonstrated that acute As(III) treatment (12.5 mg/kg) altered CYP epoxygenases,
CYP o-hydroxylases and EPHX2 mRNA levels that were isozyme and tissue specific.
3. Furthermore, As(III) increased the formation of epoxyeicosatrienoic acids (EETs) in the kidney
without affecting their levels in the lung or liver. In addition, acute As(III) treatment
increased dihydroxyeicosatrienoic acid (DHETs) formation in the lung, while it did not affect
liver DHETs formation and decreased kidney DHETs formation.
4. As(III) also increased total epoxygenases activity in the lung while it decreased its levels in
the kidney and had no effect on the liver. Furthermore, As(III) increased 20-hydroxyeicosatetraenoic acid formation in the liver while it decreased its formation in the kidney.
5. Lastly, As(III) increased soluble epoxide hydrolase activity in the lung, while it decreased its
levels in the kidney and had no effect on the liver. In conclusion, this is the first
demonstration that As(III) alters arachidonic acid metabolism in a tissue specific manner.

Arsenite, cytochrome epoxygenases,
cytochrome o-hydroxylases,
epoxyeicosatrienoic acid, soluble epoxide
hydrolase, 20-hydroxyeicosatetraenoic acid

Introduction
Arsenite (As(III)) toxicity has received increasing attention as
human exposure to arsenic was associated with pulmonary,
hepatic and renal toxicities (Kumazaki et al., 2011; Mathews
et al., 2006; Patel & Kalia, 2010; Rahman et al., 2009). In
general, As(III)-induced toxic effects are mainly attributed to
the induction of oxidative stress and apoptosis (Zhao et al.,
2008). As such, exposure to As(III) has also been associated
with multiple respiratory problems including bronchitis,
shortness of breath and cough (Rahman et al., 2009).
Similarly, in the liver As(III) exposure causes hepatotoxic
effects including hepatomegaly, portal fibrosis and cirrhosis
(Mazumder, 2005). Renal dysfunctions have been also
reported in individuals exposed to As(III) as target sites for
As(III)-mediated toxic effects in the kidney include capillaries, tubules and glomeruli (Patel & Kalia, 2010). Despite
these numerous toxic effects of As(III), the mechanisms
behind these toxic effects are yet to be determined.
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We have previously shown that As(III)-induced cardiotoxicity induces soluble epoxide hydrolase (sEH) and several
cytochrome P450 (CYP) enzymes in the heart of male C57Bl/6
mice as well as in the heart-derived H9c2 cells with subsequent
alteration of cytochrome CYP enzymes (CYP)-mediated
arachidonic acid metabolism (Anwar-Mohamed et al., 2012).
Previous reports have shown that As(III) is capable of altering
the expression of several CYPs in the lung, liver and the kidney
(Davey et al., 2008; Manimaran et al., 2010; Ramanathan et al.,
2003; Wu et al., 2009). However, none of these studies
investigated the subsequent effects of As(III) on CYPmediated arachidonic acid metabolism in these organs. CYP
enzymes play an important role in arachidonic acid metabolism in addition to the cycloxygenase and the lipoxygenase
pathways (Roman, 2002). Although the role of CYP-derived
arachidonic acid metabolites in the cardiovascular physiology
and pathophysiology grabbed the major scientific attention
(Elbekai & El-Kadi, 2006), their roles in the lung, liver and
kidney cannot be ignored.
CYP enzymes are abundantly expressed in the lung, liver
and the kidney where they are involved in the metabolism
of exogenous as well as endogenous compounds
(Danielson, 2002). With regard to arachidonic acid metabolism, pulmonary, hepatic and renal CYP epoxygenases
metabolize arachidonic acid to different epoxyeicosatrienoic
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acid (EET) regioisomers, while CYP hydroxylases metabolize
it to hydroxyeicosatetraenoic acids (HETEs) (Imaoka et al.,
2005; Kaspera & Totah, 2009; Roman, 2002; Sacerdoti et al.,
2003; Schwartzman et al., 1990). Furthermore, sEH enzyme
which catalyzes the conversion of EETs to the less biologically
active dihydroxyeicosatrienoic acids (DHETs) is also abundantly expressed in the heart, lung, liver and kidney in both
human and experimental animals (Enayetallah et al., 2004;
Zordoky et al., 2008).
Therefore, many investigators have addressed the role of
CYP-derived arachidonic acid metabolites in the pulmonary,
hepatic and the renal functions (Maier & Roman, 2001;
Sacerdoti et al., 2003). Experimental evidence indicates that all
of the EET regioisomers elicit pulmonary vasoconstriction,
while endothelium-derived 20-HETE elicits vasodilatation
(Birks et al., 1997; Loot & Fleming, 2011). Nevertheless, little
information is known about the role of these eicosanoids in the
liver (Sacerdoti et al., 2003). As such, 11,12-EET has been
shown to have a vasoconstrictive effect on the porto-sinusoidal
circulation in rat, while 20-HETE showed a weaker vasocontricting effect which was cycloxygenase dependent (Sacerdoti
et al., 2003). Moreover, EETs were also shown to be involved
in vasopressin-induced glycogenolysis in rat hepatocytes
(Yoshida et al., 1990). In the kidney, however, both EETs
and 20-HETE have a diuretic effect through inhibiting sodium
reabsorption in the proximal tubule (Moreno et al., 2001).
Many investigators have reported the modulation of
pulmonary, hepatic and renal CYP-mediated arachidonic acid
metabolism in several pathophysiological and experimental
conditions (Anwar-Mohamed et al., 2010; Qu et al., 1998;
Theken et al., 2011; Yu et al., 2006). However, there is no
information about the effect of As(III) treatment on the
expression of CYP enzymes in the lung, liver and the kidney.
Therefore, in the present study, we investigated the effect of
acute As(III) treatment on the expression of several CYP and
sEH enzymes in the lung, liver and kidney of male C57Bl/6
mice. In addition, we investigated the effect of acute As(III)
treatment on the formation of arachidonic acid metabolites to
determine whether the changes in CYP and sEH expression
have led to changes in CYP-mediated arachidonic acid
metabolites.

(Gibbstawn, NJ). Acrylamide, N N -bis-methylene-acrylamide, ammonium persulfate, b-mercaptoethanol, glycine,
nitrocellulose membrane (0.45 mm) and TEMED were
purchased from Bio-Rad Laboratories (Hercules, CA).
Chemiluminescence Western blotting detection reagents
were purchased from GE Healthcare Life Sciences
(Piscataway, NJ). Other chemicals were purchased from
Fisher Scientific Co. (Toronto, ON, Canada).

Materials and methods

Quantitative analysis of specific mRNA expression was
performed by real-time PCR, by subjecting the resulting
cDNA to PCR amplification using 96-well optical reaction
plates in the ABI Prism 7500 System (Applied Biosystems).
25-ml reaction mix contained 0.1 ml of 10 mM forward primer
and 0.1 ml of 10 mM reverse primer, 12.5 ml of SYBR Green
Universal Mastermix, 11.05 ml of nuclease-free water and
1.25 ml of cDNA sample. The primers used in the current
study were chosen from previously published studies and are
listed in Table 1. No-template controls were incorporated onto
the same plate to test for the contamination of any assay
reagents. An optical adhesive cover was used to seal the plate;
thereafter, thermocycling conditions were initiated at 95  C
for 10 min, followed by 40 PCR cycles of denaturation at
95  C for 15 s, and annealing/extension at 60  C for 1 min.
Dissociation curves were performed by the end of each cycle
to confirm the specificity of the primers and the purity of the
final PCR product.

Materials
High-Capacity cDNA Reverse Transcription Kit, SYBR
Green SuperMix, and 96-well optical reaction plates with
optical adhesive films were purchased from Applied
Biosystems (Foster City, CA). Real-time PCR primers were
synthesized by Integrated DNA Technologies Inc. (San Diego,
CA) according to previously published sequences.
Arachidonic acid, 4-hydroxybenzophenone and sodium
arsenite were purchased from Sigma-Aldrich (St. Louis,
MO). Arachidonic acid metabolites standards 5,6-EET, 8,9EET, 11,12-EET, 14,15-EET, 5,6-DHET, 8,9-DHET, 11,12DHET, 14,15-DHET, 19-HETE and 20-HETE were obtained
from Cayman Chemical (Ann Arbor, MI). Reagents used for
liquid chromatographic-electron spray ionization-mass spectrometry (LC-ESI-MS) were at HPLC-grade. Acetonitrile and
water (HPLC grade) were purchased from EM Scientific

Animals
All experimental procedures involving animals were approved
by the University of Alberta Health Sciences Animal Policy
and Welfare Committee. Male C57Bl6 mice weighing 25–
30 g were obtained from Charles River Canada (St. Constant,
QC, Canada). Animals were treated intraperitoneally (IP)
with a single 12.5 mg/kg As(III) (n ¼ 12). Weight-matched
controls received the same volume of normal saline (n ¼ 12).
Animals were euthanized 6 and 24 h following the injection
under isoflurane anesthesia. All animals were allowed free
access to food and water throughout the treatment period. The
lungs, livers and kidneys were excised, immediately frozen in
liquid nitrogen and stored at 80  C until analysis.
RNA extraction and cDNA synthesis
Total RNA from the frozen tissues was isolated using TRIzol
reagent (Invitrogen, Burlington, ON, Canada) according to the
manufacturer’s instructions, and quantified by measuring the
absorbance at 260 nm. RNA quality was determined by
measuring the 260/280 ratio. Thereafter, first-strand cDNA
synthesis was performed by using the High-Capacity cDNA
reverse transcription kit (Applied Biosystems) according to
the manufacturer’s instructions. Briefly, 1.5 mg of total RNA
from each sample was added to a mix of 2.0 ml 10X RT buffer,
0.8 ml 25X dNTP mix (100 mM), 2.0 ml 10X RT random
primers, 1.0 ml MultiScribeTM reverse transcriptase, and 3.2 ml
nuclease-free water. The final reaction mix was kept at 25  C
for 10 min, heated to 37  C for 120 min, heated for 85  C for
5 s, and finally cooled to 4  C.
Quantification by real-time PCR
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Table 1. Primers sequences used for real-time PCR reactions.
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Gene
B-actin
Cyp1b1
Cyp2b10
Cyp2b19
Cyp2b9
Cyp2c29
Cyp2c38
Cyp2c40
Cyp2c44
Cyp2e1
Cyp2j11
Cyp2j13
Cyp2j5
Cyp2j9
Cyp4a10
Cyp4a12
Cyp4a14
Cyp4f13
Cyp4f15
Cyp4f16
Cyp4f18
EPHX2

Forward primer
0

Reverse primer
0

5 -TAT TGG CAA CGA GCG GTT CC-3
50 -AAT GAG GAG TTC GGG CGC ACA-30
50 -GGG AAC CTC TTG CAG ATG-30
50 -CAC AAA GCC TTC CTC ACC GAT-30
50 -GCT GCA GCT CAG CTA GTT ATG C-30
50 -TGG TCC ACC CAA AAG AAA TTG A-30
50 -GCA TTA CTT TTA GCA ATG GAA ACA GT-30
50 -TCC GGT TTT TGA CAA GGT TTC TAC-30
50 -CTT TTC AAC GAG CGA TTC CC-30
50 -CCC AAG TCT TTA ACC AAG TTG GC-30
50 -GTA TGA TGG ACA GTC ACC GGG A-30
50 -GGG AAG AGG AAG GAC AGC CTT-30
50 -TGT GAA TCG CTT TAT GAC ACC G-30
50 -GGG AAT GTT CTA AGC CTG GAT TT-30
50 -GTG CTG AGG TGG ACA CAT TCA T-30
50 -TGA CCC CAG CTT TCC ACT ATG-30
50 -GTC TCT CGG GGA GCA ATA TAC G-30
50 -CCC TAA ACC GAG CTG GTT CTG-30
50 -CCT GTG CTG TGT TCC TTA GGG-30
50 -CCG CCT CAG TTG TTT CCC TC-30
50 -CTG CAT CCT CCC GTC ACT G-30
50 -GAA AGG ATT CAC AAC ATG CAT TG-30

Real-time PCR data analysis
The real-time PCR data were analyzed using the relative gene
expression method as described in Applied Biosystems User
Bulletin No. 2. Briefly, the data are presented as the fold
change in gene expression normalized to the endogenous
reference gene (b-actin) and relative to the untreated control
of the same time point.
Preparation of microsomal and cytosolic protein
fractions
Microsomal protein was prepared from the lung, liver and
kidney tissues as described previously (Barakat et al., 2001).
Briefly, lung, liver and kidney tissues were washed in ice-cold
KCL (1.15% w/v), cut into pieces and homogenized
separately in cold sucrose solution (1 g of tissue in 5 ml of
0.25 M sucrose). After homogenizing, the tissues were
separated by different ultracentrifugation. The final pellets,
microsomes, were reconstituted in cold sucrose, and the
supernatant, cytosols, were all stored at 80  C. Lung, liver
and kidney microsomal and cytosolic protein concentrations
were determined by the Lowry method using bovine serum
albumin as a standard (Lowry et al., 1951).
Western blot analysis
Western blot analysis was performed using a previously
described method (Anwar-Mohamed et al., 2010). Briefly,
10 mg of cytosol for sEH, or 20 mg of microsomes for Cyp2c,
Cyp2j and Cyp4a were separated by 10% sodium dodecyl
sulfate-polyacrylamide gel (SDS-PAGE), and then electrophoretically transferred to nitrocellulose membrane. Protein
blots were then blocked overnight at 4  C in blocking solution
containing 0.15 M sodium chloride, 3 mM potassium chloride,
25 mM Tris-base (TBS), 5% skim milk, 2% bovine serum
albumin and 0.5% Tween-20. After blocking, the blots were
incubated with the following primaries: primary polyclonal

0

5 -GGC ATA GAG GTC TTT ACG GAT GTC-30
50 -GGC GTG TGG AAT GGT GAC AGG-30
50 -CCC AGG TGC ACT GTG AA-30
50 -ACA AGC AAG CAA CCC ACA CTC-30
50 -GCC CAC TGG CAA AAA ATA TAC C-30
50 -GCA GAG AGG CAA ATC CAT TCA-30
50 -CCA CAA GAC ACT GTG CTT CTT CTC-30
50 -TGC CCA AGT TCC TCA AGG TAT TC-30
50 -TGT TTC TCC TCC TCG ATC TTG C-30
50 -CTT CCA TGT GGG TCC ATT ATT GA-30
50 -GGT CCA GAG CAG TGC AGA TGA-30
50 -GCA GCA GCT CCT GAA ACT GAC T-30
50 -TGA TGG GTC TCC TCC TGA ATG-30
50 -GAG TGA CTG GGC GAT TCA TAA A-30
50 -TGT GGC CAG AGC ATA GAA GAT C-30
50 -TTG TTC AGG TCC TCA ACT GCC-30
50 -ACC AAT CCA GGG AGC AAA GAA-30
50 -GAG TCG CAG GAT TGG GTA CAC-30
50 -GAC GGG AAA TGA CCG TGA CT-30
50 -TGC CCA AGT GAC CTG AAA ACC-30
50 -GGA TTG TGA TGT GTC CCG AAA-30
50 -GGC CAG GCT GTC TCT CTT GTC-30

rabbit anti-mouse Cyp2c, primary polyclonal rabbit antimouse Cyp2j, primary polyclonal mouse anti-mouse Cyp4a,
primary polyclonal goat anti-mouse sEH, primary polyclonal
rabbit anti-mouse actin or primary polyclonal goat anti-mouse
Gapdh, all antibodies were purchased from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA). Overnight at 4  C
incubation with a peroxidase-conjugated goat anti-rabbit IgG
secondary antibody for Cyp2c, Cyp2j and actin or goat antimouse IgG secondary antibody for Cyp4a, or rabbit anti-goat
IgG secondary antibody for sEH and Gapdh was carried out
for another 2 h at room temperature. The bands were
visualized using the enhanced chemiluminescence method
according to the manufacturer’s instructions (GE Healthcare
Life Sciences, Piscataway, NJ). The intensity of the protein
bands was quantified, relative to the signals obtained for actin,
using ImageJ software (National Institutes of Health,
Bethesda, MD, http://rsb.info.nih.gov/ij).
Microsomal incubation and separation of different
arachidonic acid metabolites by LC-ESI-MS
Lung, liver and kidney microsomes (1 mg protein/ml) were
incubated in the incubation buffer (5 mM magnesium chloride
hexahydrate dissolved in 0.5 M potassium phosphate buffer
pH ¼ 7.4) at 37  C in a shaking water bath (50 rpm). A preequilibration period of 5 min was performed. The reaction
was initiated by the addition of 1 mM NADPH. Arachidonic
acid was added to a final concentration of 50 mM and
incubated for 30 min. The reaction was terminated by the
addition of 600 ml ice-cold acetonitrile followed by the
internal standard, 4-hydroxybenzophenone. Arachidonic acid
metabolites were extracted by 1 ml ethyl acetate twice and
dried using speed vacuum (Savant, Farmingdale, NY).
Extracted arachidonic acid metabolites were analyzed using
LC-ESI-MS (Waters Micromass ZQ 4000 spectrometer,
Waters, Milford, MA) method as described previously
(Aboutabl et al., 2009). Briefly, the mass spectrometer was
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operated in negative ionization mode with single ion recorder
acquisition. The nebulizer gas was acquired from an in-house
high purity nitrogen source. The source temperature was set at
150  C, and the voltages of the capillary and the cone were
3.51 KV and 25 V, respectively. The samples (10 ml) were
separated on reverse phase C18 column (250  3.2 mm,
AkzoNobel/Kromasil, Brewster, New York) using linear
gradient mobile phase system with a mobile phase of water/
acetonitrile with 0.005% acetic acid at flow rate of 0.2 ml/
min. The mobile phase system started at 60% acetonitrile,
linearly increased to 80% acetonitrile in 30 min, increased to
100% acetonitrile in 5 min and held for 5 min.
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sEH activity assay
sEH activity was measured using the Morisseau and
Hammock method with modifications. 14,15-EET was used
as the natural substrate (Morisseau & Hammock, 2007).
Briefly, the cytosolic fraction was diluted to 0.4 mg/ml for
lung, and 0.04 mg/ml for liver and kidney with sodium
phosphate buffer (0.076 M, pH 7.4) supplemented with BSA
(2.5 mg/ml). The assay was initiated by the addition of 14,15EET (final concentration of 14,15-EET is 2 mg/ml) final
volume of incubates is 200 ml. The mixture was incubated at
37  C for 10 min. The reaction was terminated by the addition
of 600 ml ice-cold acetonitrile followed by the internal
standard, 4-hydroxybenzophenone. 14,15-EET and its corresponding 14,15-DHET were extracted by 1 ml ethyl acetate
twice and dried using speed vacuum (Savant, Farmingdale,
NY). Extracted 14,15-EET and its metabolite were analyzed
using LC-ESI-MS (Waters Micromass ZQ 4000 spectrometer)
method as described previously (Zordoky et al., 2010).
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Table 2. Effect of As(III) on Cyps gene expression in lung, liver and
kidney.
Cyp
Cyp1b1

Treatment

Control
As(III)
Cyp2b9
Control
As(III)
Cyp2b10 Control
As(III)
Cyp2b19 Control
As(III)
Cyp2c29 Control
As(III)
Cyp2c38 Control
As(III)
Cyp2C40 Control
As(III)
Cyp2c44 Control
As(III)
Cyp2e1
Control
As(III)
Cyp2j5
Control
As(III)
Cyp2j9
Control
As(III)
Cyp4a10 Control
As(III)
Cyp4a14 Control
As(III)
Cyp4f13 Control
As(III)
Cyp4f15 Control
As(III)
Cyp4f16 Control
As(III)
Cyp4f18 Control
As(III)
a

Lung

Liver

Kidney

1  0.15
1  0.09
1  0.13
1.59  0.09a
2.70  0.51a
1.50  0.11a
1  0.07
1  0.20
1  0.15
1.34  0.24
3.56  1.10a
3.52  1.14a
1  0.08
1  0.09
1  0.10
2.26  0.23a
2.58  0.22a
3.15  0.56a
1  0.07
1  0.19
1  0.07
1.61  0.07a
1.23  0.29
2.20  0.14a
1  0.21
1  0.09
1  0.16
0.28  0.07a
2.49  0.33a 374.54  29.19a
1  0.14
1  0.10
1  0.07
0.21  0.04a
4.45  1.03a
0.96  0.21
1  0.15
1  0.14
1  0.07
0.06  0.02a
2.24  0.37a
1.47  0.59a
1  0.14
1  0.12
1  0.10
1.06  0.17
0.54  0.04a
0.68  0.12
1  0.18
1  0.06
1  0.08
0.15  0.02a
0.66  0.04a
0.17  0.04a
1  0.14
1  0.04
1  0.04
0.19  0.07a
2.01  0.33a
0.76  0.07
1  0.07
1  0.13
1  0.05
2.00  0.19a 15.77  1.10a
1.94  0.15a
1  0.09
1  0.11
1  0.08
0.84  0.07
1.96  0.24a
0.80  0.06
1  0.15
1  0.12
1  0.19
0.19  0.06a
3.82  0.49a
1.39  0.21
1  0.09
1  0.06
1  0.04
1.37  0.078a 1.51  0.13a
0.94  0.03
1  0.08
1  0.08
1  0.10
1.029  0.12
2.97  0.58a
1.85  0.07a
1  0.03
1  0.09
1  0.04
0.94  0.05
3.15  0.56a
0.69  0.07
1  0.10
1  0.08
1  0.07
1.97  0.30a
1.18  0.48
1.56  0.20a

p50.05 compared to control.

Statistical analysis
Data are presented as mean  standard error (SE) of the mean.
Control and treatment measurements were compared using
Student’s t test. A result was considered statistically
significant where p50.05.

Results
Effect of As(III) treatment on CYP gene and protein
expression
To examine the effect of As(III) treatment on the gene
expression profile of CYP epoxygenases and o-hydroxylases
in the lung, liver and the kidney, total RNA was extracted
from the lung, liver and the kidney of both control and
As(III)-treated mice. Thereafter, the expression of different
genes was measured using reverse transcription followed by
real-time PCR as described under materials and methods.
Table 2 shows that As(III) significantly induced Cyp1b1
mRNA levels in the lung, liver and the kidney by 1.60-, 2.70and 1.50-fold, respectively compared to control (Table 2). With
regard to Cyp2 family, As(III) treatment significantly induced
Cyp2b9 mRNA levels in the liver and the kidney by 3.60- and
3.50-fold, respectively, while it did not significantly affect lung
Cyp2b9 as compared to control (Table 2). Similarly, Cyp2b10
mRNA levels were significantly induced in the lung, liver and
the kidney of As(III) treated animals by 2.30-, 2.60- and 3.20fold, respectively, compared to control (Table 2). Furthermore,

As(III) treatment significantly induced Cyp2b19 mRNA levels
in the lung and the kidney by 1.60- and 2.20-fold, respectively,
while it did not significantly affect liver Cyp2b19 mRNA levels
as compared to control (Table 2).
As(III) treatment also significantly induced liver and kidney
Cyp2c29 mRNA levels by 2.50- and 374.50-fold, respectively,
while it significantly inhibited lung Cyp2c29 mRNA levels by
0.73-fold as compared to control (Table 2). As(III) significantly induced liver Cyp2c38 by 4.40-fold, while it did not
significantly affect kidney Cyp2c38 mRNA levels and
significantly inhibited lung Cyp2c38 mRNA levels by 0.8fold, compared to control (Table 2). Furthermore, As(III)
significantly induced liver and kidney Cyp2c40 by 2.20- and
1.50-fold, respectively, while it significantly inhibited lung
Cyp2c40 by 0.94-fold, compared to control (Table 2). Lastly,
As(III) failed to significantly affect Cyp2c44 mRNA levels in
the lung or the kidney, while it significantly inhibited its level
in the liver by 0.46-fold, compared to control (Table 2).
Regarding the effect of As(III) on Cyp2e1 mRNA levels,
As(III) significantly inhibited lung, liver, and kidney Cyp2e1
mRNA levels by 0.85-, 0.34- and 0.83-fold, respectively,
compared to control (Table 2). For the Cyp2j subfamily,
As(III) significantly inhibited lung Cyp2j5 mRNA levels by
0.81-fold, while it did not significantly affect kidney Cyp2j5
mRNA levels and significantly induced liver Cyp2j5
mRNA levels by 2-fold, compared to control (Table 2).
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Figure 1. Effect of As(III) toxicity on protein expression of: Cyp2c (A), Cyp2j (B) and Cyp4a (C). Microsomal protein was isolated from lung, liver
and kidney of control and animals treated with As(III) for 24 h. Microsomal protein (20 mg) was separated on a 10% SDS-PAGE. Cyp2c, Cyp2j, Cyp4a
and actin proteins were detected by the enhanced chemiluminescence method. The graph represents the relative amount of protein normalized to the
loading control (data not shown) (mean  SE, n ¼ 3), and the results are expressed as percentage of the control values taken as 100%. þp50.05
compared with control.

Of interest, As(III) significantly induced lung, liver and kidney
Cyp2j9 mRNA levels by 2.00-, 15.80- and 1.90-fold,
respectively, compared to control (Table 2).
With regard to the major CYP o-hydroxylases, the gene
expression of Cyp4a and Cyp4f was assessed. As(III)
administration significantly induced liver Cyp4a10 mRNA
levels by 2-fold while it failed to significantly affect the lung
or the kidney Cyp4a10 mRNA levels, compared to control
(Table 2). Importantly, As(III) significantly inhibited lung
Cyp4a14 mRNA levels by 0.81-fold, while it did not
significantly affect its level in the kidney and significantly
induced its level in the liver by 3.80-fold (Table 2). In a
different pattern to that of Cyp4a, acute As(III) treatment
caused a significant induction of lung and liver Cyp4f13 by
1.40- and 1.50-fold, respectively, while it did not significantly
affect kidney Cyp4f13 mRNA levels (Table 2). As(III)
administration caused a significant induction of liver and
kidney Cyp4f15 by 3.00- and 1.85-fold, while it did not
significantly affect lung Cyp4f15 mRNA levels, compared to
control (Table 2). Furthermore, As(III) significantly induce
liver Cyp4f16 by 3.20-fold while it did not significantly
affect lung or kidney Cyp4f16 mRNA levels compared to

control (Table 2). Lastly, As(III) significantly induced
Cyp4f18 in the lung and the kidney by 2.00- and 1.55-fold,
while it did not significantly affect liver Cyp4f18 mRNA
levels, compared to control (Table 2).
To investigate whether the effect of As(III) treatment on
CYP gene expression was further translated to the protein
level, microsomal protein was prepared from lung, liver and
kidney of control and mice treated with As(III) for 24 h.
Thereafter, Cyp2c, Cyp2j and Cyp4a protein expression levels
were determined using Western blot analysis relative to actin
as an endogenous control (data not shown). Our results
demonstrated that As(III) significantly induced Cyp2c protein
expression levels in lung, liver and kidney by 4.00-, 1.55- and
2.70-fold, respectively, compared to control (Figure 1A).
Furthermore, As(III) significantly induced Cyp2j protein
expression levels in lung and liver by 2.30- and 0.70-fold,
respectively, compared to control while it significantly
inhibited Cyp2j protein expression levels in the kidney by
0.70-fold compared to control (Figure 1B). As(III) did not
significantly affect lung Cyp4a protein expression levels,
while it significantly induced liver Cyp4a protein expression
levels by 11-fold and significantly inhibited kidney Cyp4a
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Figure 2. Effect of As(III) toxicity on: cardiac EPHX2 gene expression (A) and sEH protein expression (B). (A) Total RNA was isolated from lung,
liver and kidney of control and animals treated with As(III) for 6 h. Gene expressions were determined by real-time PCR. Results are presented as
mean  SE (n ¼ 6). þp50.05 compared to control. (B) Cytosolic protein from lung, liver and kidney was isolated from control and animals treated with
As(III) for 24 h. Cytosolic protein (10 mg) was separated on a 10% SDS-PAGE. sEH and Gapdh proteins were detected by the enhanced
chemiluminescence method. The graph represents the relative amount of protein normalized to the loading control (data not shown) (mean  SE,
n ¼ 3), and the results are expressed as percentage of the control values taken as 100%. þp50.05 compared with control.

protein expression levels by 0.80-fold compared to control
(Figure 1C).
Effect of As(III) treatment on EPHX2 gene and sEH
protein expression
We also examined the effect of acute As(III) treatment on the
expression of the EPHX2 gene which encodes for the sEH
enzyme. In the current study, acute As(III) treatment
significantly induced EPHX2 gene expression in the lung,
liver and the kidney by 1.50-, 0.80- and 0.40-fold,
respectively, compared to control (Figure 2A). To investigate
whether the effect of As(III) treatment on EPHX2 gene
expression was further translated to the protein level,
cytosolic protein was prepared from lung, liver and kidney
of control and mice treated with As(III) for 24 h. Thereafter,
sEH protein expression level was determined using Western
blot analysis relative to Gapdh as an endogenous control (data
not shown). Our results demonstrated that As(III) significantly induced lung sEH protein expression levels by 5.20fold while it did not significantly affect liver sEH protein
expression levels and significantly inhibited kidney sEH
protein expression levels by 0.85-fold, compared to control
(Figure 2B).
Effect of As(III) treatment on EETs and DHETs
metabolites formation
To investigate the effect of As(III) treatment on the formation
of CYP-derived arachidonic acid metabolites, lung, liver and

kidney microsomes of either control or 24 h As(III)-treated
mice were incubated with 50 mM arachidonic acid for 30 min.
Thereafter, arachidonic acid metabolites were measured using
LC-ESI-MS. In the lung and the liver microsomes of As(III)treated mice, the formation of all EET regioisomers were nonsignificant than the control values (Figure 3A and B). In
kidney microsomes of As(III)-treated mice, the formation of
14,15-, 11,12- and 8,9-EET were significantly higher than the
control values by 5.00-, 5.20- and 1.70-fold, respectively,
while the formation of 5,6-EET was significantly lower than
the control value by 0.23-fold (Figure 3C).
We also measured the levels of enzymatic hydration
products of EETs, the DHETs. As shown in Figure 4(A), in
lung microsomes of As(III)-treated mice, the formation of
14,15-, 11,12-, 8,9- and 5,6-DHETs were significantly higher
than control values by 5.40-, 0.95-, 1.85- and 3.20-fold,
respectively. In liver microsomes of As(III)-treated mice,
there was no significant change in the rate of DHETs
formation compared to the control (Figure 4B). In the kidney
microsomes of As(III)-treated mice, the formation of 14,15-,
11,12- and 8,9-DHETs were significantly lower than control
values by 0.47-, 0.48- and 0.75-fold, respectively (Figure 4C).
Effect of As(III) treatment on total epoxygenases
activities, o-hydroxylases activities and sEH activities
In order to investigate the effect of As(III) on the total
epoxygenase activity, we calculated the sum of all the
products of epoxygenase enzymes, the total EETs and
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Figure 3. Effect of As(III) treatment on EETs formation: (A) lung, (B)
liver and (C) kidney. Lung, liver and kidney microsomes of control or
animals treated with As(III) for 24 h were incubated with 50 mM
arachidonic acid. The reaction was started by the addition of 1 mM
NADPH and lasted for 30 min. The reaction was terminated by the
addition of ice-cold acetonitrile. EETs were extracted twice by 1 ml of
ethyl acetate and dried using speed vacuum. Reconstituted metabolites
were injected into LC-ESI-MS for metabolite determination. Results are
presented as mean  SE (n ¼ 6). þp50.05 compared with control.

Figure 4. Effect of As(III) treatment on DHETs formation: (A) lung,
(B) liver and (c) kidney. Lung, liver and kidney microsomes of control or
animals treated with As(III) for 24 h were incubated with 50 mM
arachidonic acid. The reaction was started by the addition of 1 mM
NADPH and lasted for 30 min. The reaction was terminated by the
addition of ice-cold acetonitrile. DHETs were extracted twice by 1 ml of
ethyl acetate and dried using speed vacuum. Reconstituted metabolites
were injected into LC-ESI-MS for metabolite determination. Results are
presented as mean  SE (n ¼ 6). þp50.05 compared with control.

DHETs, in control and mice treated with As(III) for 24 h. The
total epoxygenase activity was not significantly altered in the
liver as expected (Figure 5A). To the contrast, As(III)
significantly increased total epoxygenase activity in the lung
by 1.00-fold while it significantly decreased it in the kidney of
As(III)-treated mice by 0.20-fold (Figure 5A). To determine
the effect of As(III) treatment on o-hydroxylases activities,
we determined the rates of 20-HETE formation in the lung,
liver and the kidney microsomes from control and As(III)treated mice. As(III) treatment did not significantly affect

lung 20-HETE formation (Figure 5B). On the other hand,
As(III) significantly increased the liver 20-HETE formation
by 4.20-fold while it completely blocked the kidney 20-HETE
formation in comparison to the control group (Figure 5B). In
addition, sEH activity has been assessed by determining the
rate of 14,15-DHET formation from its corresponding 14,15EET in the lung, liver and the kidney cytosols of control and
mice treated with As(III) for 24 h. sEH activity significantly
increased in the lung cytosols of As(III)-treated mice as
compared to the control by 1.50-fold (Figure 5C).
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Figure 5. Effect of As(III) treatment on: (A) total epoxygenase activity,
(B) 20-HETE formation and (C) sEH activity. (A and B) Lung, liver and
kidney microsomes of control or animals treated with As(III) for 24 h
were incubated with 50 mM arachidonic acid. The reaction was started by
the addition of 1 mM NADPH and lasted for 30 min. The reaction was
terminated by the addition of ice-cold acetonitrile. (C) Cytosols of lung,
liver and kidney from control or animals treated with As(III) for 24 h
were incubated with 50 mM 14,15-EET. EETs, DHETs and 20-HETE
metabolites were extracted twice by 1 ml of ethyl acetate and dried using
speed vacuum. Reconstituted metabolites were injected into LC-ESI-MS
for metabolite determination. Results are presented as mean  SE
(n ¼ 6). þp50.05 compared with control.

Interestingly sEH activity was not changed in the liver
cytosols while it significantly decreased in the kidney cytosols
of As(III)-treated mice as compared to the control by 0.85fold (Figure 5C).

Discussion
One of the physiological roles of CYP enzymes is the
metabolism of arachidonic acid into EETs by CYP epoxygenases and HETEs by CYP hydroxylases (Roman, 2002).

Xenobiotica, Early Online: 1–11

In the present study, acute As(III) treatment has been
introduced by a single IP injection of 12.5 mg/kg of sodium
arsenite in C57Bl/6 mice. This dose has been shown
previously to induce cardiotoxicity, nephrotoxicity, and
hepatotoxicity (Kimura et al., 2006; Liu et al., 2002; Yanez
et al., 1991).
In the current study Cyp1b1 mRNA level was induced in
all tested tissues. In this regard, it has been previously
reported that constitutive Cyp1b1 gene expression in steroidal
tissues is regulated through a hormonal pathway
(Bhattacharyya et al., 1995). In contrast, Cyp1b1 gene
expression in response to aryl hydrocarbon receptor (AhR)ligands is governed by the AhR-dependent pathway
(Bhattacharyya et al., 1995). In the current study, the
induction of Cyp1b1 by As(III) cannot be simply attributed
to the AhR-dependent pathway because As(III) is not known
to be an AhR ligand. However, As(III)-induced inflammation
may be a more relevant explanation to the Cyp1b1 induction
as it has been previously reported that As(III) increases serum
tumor necrosis factor a (TNF-a) (Das et al., 2009).
Importantly, TNF-a is a potent stimulator of Cyp1b1 gene
expression in some liver cells (Piscaglia et al., 1999;
Umannova et al., 2007). Mechanistically, it was postulated
that inflammation induces Cyp1b1 gene expression through
the hormonal pathway (Malaplate-Armand et al., 2003).
Regarding its role in arachidonic acid metabolism, Cyp1b1
can metabolize arachidonic acid to both mid-chain HETEs
and EETs (Choudhary et al., 2004).
With regard to Cyp2 family, there were differential effects
of As(III) on its mRNA levels across tissues. In general, acute
As(III) treatment induced CYP epoxygenases of the Cyp2b,
Cyp2c and Cyp2j subfamilies. The transcriptional regulation
of Cyp2b and Cyp2c subfamilies has been shown to be
through the constitutive androstane receptor (CAR) (Kohle &
Bock, 2009). Interestingly, it has been previously demonstrated that As(III) as sodium arsenite or monosodium acid
methane arsenate is capable of activating mouse CAR
(Baldwin & Roling, 2009). Thus, it is plausible that the
induction of Cyp2b and Cyp2c subfamilies in the
current study might have occurred through the activation of
CAR by As(III). On the other hand, and different from
the other two Cyp2 subfamilies, Cyp2j subfamily regulation
has been shown to occur through the activation of c-jun which
in turn will bind to atypical activator protein-1 (AP-1)
consensus in Cyp2j promoter (Marden et al., 2003). With the
fact that As(III) is a potent activator of AP-1 (Felix et al.,
2005), As(III) might have induced Cyp2j through
activating AP-1.
In order to correlate the differential effects on CYP
epoxygenases mRNA, we measured total epoxygenase
activities, calculated as total EETs and DHETs in lung, liver
and kidney of control and As(III) treated mice. Our results
with regard to the total epoxygenase activities demonstrated
that As(III) increased these activities in the lung while it did
not affect its level in the liver and decreased its activity in the
kidney. Although acute As(III) treatment differentially
affected total epoxygenase activity in lung, liver and kidney,
it was necessary to examine the effect of acute As(III)
treatment on EETs and DHETs formation in these organs. In
the current study, we have demonstrated for the first time that
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As(III) did not affect the lung or liver EETs formation and
significantly increased kidney 14,15-, 11,12- and 8,9-EETs
formation. The importance of EETs as lipid mediators in the
kidney has been recently reviewed (Hao & Breyer, 2007). In
general, EETs with the exception of 5,6-EET enhance renal
blood flow and promote salt excretion in proximal tubules
through vasodilatation, and they also have a potent effect on
renal vascular tone (Hao & Breyer, 2007). In contrast, it has
been shown that 5,6-EET constricts the interlobular and
afferent arterioles in a cycloxygenase-dependent mechanism
(Imig et al., 1996). Therefore, the increase in 14,15-, 11,12and 8,9-EETs and the decrease in 5,6-EETs might cause a
vasodilative effect on the kidney. Thus, vasodilation in the
kidney via altering EETs formation might be a compensatory
mechanism to counteract the hypertensive effect on the heart
through decreasing cardiac EETs formation.
Looking at the DHETs formation in lung, liver and kidney,
acute As(III) treatment increased DHETs formation in the
lung, while it did not affect liver DHETs formation and
decreased kidney DHETs formation. Importantly, the formation of DHETs from their corresponding EETs is limited by
two factors, the generation of EETs through CYP epoxygenases and the subsequent degradation of these EETs by sEH
to their corresponding less biologically active DHETs. To
examine the effect of acute As(III) treatment on sEH we
sought to determine its effect on EPHX2, the gene encoding
sEH. Our results demonstrated that EPHX2 mRNA levels
were increased in all examined tissues in response to As(III)
treatment. On the other hand, this effect did not match the
sEH protein expression in which As(III) increased sEH
protein expression in the lung, while it did not affect its levels
in the liver and inhibited its level in the kidney.
In line with the protein expression results, we demonstrated that As(III) increased lung sEH activity, while it did
not affect liver and decreased kidney sEH activity.
Interestingly, in the lung although EETs formation levels
were not changed, this does not necessarily mean that total
epoxygenases and sEH activities were not changed. As such,
the increase in total epoxygenases activity in the lung was
accompanied by an increase in sEH activity which caused the
no-effect observation on the EETs formation levels while it
accumulated more DHETs as seen in Figure 4(A). In the liver
there was no change in EETs formation, DHETs formation,
total epoxygenases activity or sEH activity. In the kidney,
however, the increase in EETs formation could be attributed
to two factors, the decrease in kidney total epoxygenase
activity and also the decrease in sEH activity. However,
due to the relatively more pronounced decrease in sEH
activity, EETs formation increased and DHETs formation
decreased.
Previous results have shown that CYP o-1-hydroxylases
are mainly Cyp2e1, Cyp2j9 and Cyp4a10 (Roman, 2002).
Interestingly, Cyp4a10 is also considered an o-hydroxylase
because it has the capacity to produce 20-HETE in addition to
19-HETE (Roman, 2002). As(III) inhibited Cyp2e1 mRNA
levels in all tested tissues. On the other hand As(III) induced
lung, liver and kidney Cyp2j9 and most of the Cyp4a and
Cyp4f mRNA levels. In this context, we and other
investigators have demonstrated that Cyp4a and Cyp4f
enzymes are induced in the heart, kidney and liver in several
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models of inflammation (Anwar-Mohamed et al., 2010;
Mitchell et al., 2001; Theken et al., 2011). In this regard,
we have previously demonstrated that As(III) increases
cyclooxygenase-2 (COX-2) indicating the presence of inflammation (Anwar-Mohamed et al., 2012). Therefore, we can
attribute Cyp4a and Cyp4f induction to be mediated, at least
in part, by As(III)-induced inflammation.
With regard to o-hydroxylases activities, our results
demonstrated that in the lung, 20-HETE formation was not
changed which is in line with Cyp4a protein expression
results. On the other hand, 20-HETE formation was increased
in the liver and decreased in the kidney which is in agreement
with Cyp4a protein expression results. The physiological
significance of 20-HETE formation in the liver is unclear;
however, the experimentally revealed vascular effects of 20HETE suggest a potential role in regulating hepatic
hemodynamics (Powell et al., 1998). Furthermore, 20-HETE
has been shown to mediate cytotoxicity and apoptosis in
ischemic kidney epithelial cells and its inhibition protects the
kidney from ischemia/reperfusion injury (Hoff et al., 2011;
Nilakantan et al., 2008). Therefore, we can conclude that the
decrease in 20-HETE formation in kidney is an adaptive
response to As(III) treatment that will participate, at least in
part, in improving renal function. The relative increase in
hepatic 20-HETE formation could be attributed to the
increased mRNA expression of Cyp1b1, Cyp4a10, Cyp4a14,
Cyp4f13, Cyp4f15, Cyp4f16 and Cyp4f18, and Cyp4a protein
expression in As(III)-treated mice. In the kidney however
As(III) decreased 20-HETE formation could be attributed to
the lower Cyp4a protein expression despite the elevated
mRNA levels.
In conclusion, acute As(III) treatment alters the expression
of several CYPs and sEH enzymes in an organ-specific
manner. There are several mechanisms that can explain the
effect of As(III) treatment on these enzymes. Although the
exact mechanism is not fully elucidated yet, As(III)-induced
inflammation and oxidative stress contribute, at least in part,
in the alteration of the CYP enzymes and sEH. The changes in
CYP and sEH expression result in altered arachidonic acid
metabolism as 20-HETE formation was increased in the liver
and decreased in the kidney. To the contrast, EETs formation
was increased only in the kidney. Taking into account the
physiological functions of these metabolites, the increase in
EETs formation in addition to the decrease in 20-HETE in the
kidney can be considered an adaptive response. Whereas, the
increase of 20-HETE in the liver can be considered as a
maladaptive response to As(III) treatment.
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