Toxicol. Res.
Vol. 31, No. 4, pp.339-345 (2015)

http://dx.doi.org/10.5487/TR.2015.31.4.339
pISSN: 1976-8257 elSSN: 2234-2753  Original Article

Toxicological Research

Official Journal of
Korean Society of Toxicology

A

Available Online at http://www.ToxicolRes.org

Endosulfan Induces CYP1A1 Expression Mediated through Aryl
Hydrocarbon Receptor Signal Transduction by Protein Kinase C

Eun Hee Han**", Hyung Gyun Kim'", Eun Ji Lee' and Hye Gwang Jeong'
'Department of Toxicology, College of Pharmacy, Chungnam National University, Daejeon, Korea
’Drug & Disease Target Group, Division of Bioconvergence Analysis, Korea Basic Science Institute, Daejeon, Korea
*Biological Analysis Science, University of Science and Technology, Daejeon, Korea

(Received August 4, 2015; Revised August 21, 2015; Accepted August 31, 2015)

CYP1AL1 is a phase I xenobiotic-metabolizing enzyme whose expression is mainly driven by AhR. Endo-
sulfan is an organochlorine pesticide used agriculturally for a wide range of crops. In this study, we inves-
tigated the effect of endosulfan on CYP1A1 expression and regulation. Endosulfan significantly increased
CYP1A1 enzyme activity as well as mRNA and protein levels. In addition, endosulfan markedly induced
XRE transcriptional activity. CH-223191, an AhR antagonist, blocked the endosulfan-induced increase in
CYP1A1 mRNA and protein expression. Moreover, endosulfan did not induce CYP1A1 gene expression
in AhR-deficient mutant cells. Furthermore, endosulfan enhanced the phosphorylation of calcium calmod-
ulin (CaM)-dependent protein kinase (CaMK) and protein kinase C (PKC). In conclusion, endosulfan-
induced up-regulation of CYP1A1 is associated with AhR activation, which may be mediated by PKC-

dependent pathways.
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INTRODUCTION

Cytochrome P450s (CYPs) belong to a superfamily of
hemoproteins and provide monooxygenase activity in xeno-
biotic metabolism (1). In response to xenobiotics for the
purpose of detoxification, CYP members are induced and
are responsible for oxidizing xenobiotics into epoxide
derivatives, which constitutes the initial step of xenobiotic
conversion into water-soluble derivatives for excretion (2).
However, epoxide derivatives may be further metabolized
into reactive intermediates that could potentially attack
DNA, resulting in DNA mutation and carcinogenesis (3).
CYP1AL, the best-known CYP member, is one of the major
aryl hydrocarbon receptor (AhR)-sensitive targets, and is
highly induced by 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD) and 3-methylcholanthrene (MC) (3).
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AhR is an intracellular mediator of the xenobiotic signal-
ing pathway, and is predominantly located in the cytoplasm
and exists as a complex with molecular chaperone Hsp90
(4,5), Hsp90-interacting protein p23 (6), and the immuno-
philin-like protein XAP2, also known as ARA9 or AIP (7).
When environmental contaminants such as TCDD and 3-
MC bind to the AhR, the receptor complex accumulates in
the nucleus, where AhR dissociates from Hsp90 to bind to
the heterodimer partner AhR nuclear translocator (ARNT)
(8). In the nucleus, the AhR/ARNT heterodimer directly
binds to xenobiotic response elements (XREs) in the pro-
moters of target genes and activates CYP1AL1 (9).

Endosulfan (1,4,5,6,7,7-hexachloro-8,9,10-trinorborn-5-
en-2,3-ylenebismethylene) has been widely used as a broad-
spectrum cyclodiene insecticide (10), and is classified as a
moderately hazardous chemical by the World Health Orga-
nization (11). Endosulfan is well-absorbed through inges-
tion, inhalation, and skin contact. It is toxic to fish and
aquatic invertebrates (12), and has been implicated in mam-
malian gonadal toxicity (13), genotoxicity (14), and neuro-
toxicity (15). Endosulfan also induces oxidative tissue damage
resulting from the generation of reactive oxygen species
(ROS) (16). Recently, we reported that endosulfan up-regu-
lates the expression of inducible nitric oxide synthase
(INOS) and proinflammatory cytokines in macrophages,
which was mediated in part through the NF-xB binding



340 E.H. Han et al.

sites of these genes (17). In response to environmental tox-
ins, AhR mediates carcinogenesis, teratogenesis, changes in
thymocyte development, T cell-dependent immune reac-
tions, and triggers inflammatory skin lesions (1). However,
despite extensive attempts to elucidate the various effects of
endosulfan, little is known regarding the physiological
function of endosulfan. In this study, we investigated the
influence of endosulfan on CYP1A1 expression and its reg-
ulatory mechanism.

MATERIALS AND METHODS

Materials. All chemicals and cell culture materials
were obtained from the following sources: endosulfan-alpha
(purity, > 99.8%) and 3-MC from Sigma Chemical Co. (St.
Louis, MO, USA); 2-methyl-2H-pyrazole-3-carboxylic acid
(2-methyl-4-o-tolylazo-phenyl)-amide (CH-223191), Go
6983, and CaMK inhibitor W7 (N-(6-Aminohexyl)-5-
chloro-1-naphthalenesulfonamide) from Calbiochem (La
Jolla, CA, USA); 7-ethoxyresorufin and resorufin from
Pierce Chemical Co. (Rockford, IL, USA); MTT assay kit
from Roche Co. (London, United Kingdom); Lipofect-
AMINE 2000 and Minimum Essential Medium Alpha
Medium (o-MEM) from Invitrogen Co. (Carlsbad, CA,
USA); fetal bovine serum (FBS), penicillin-streptomycin
solution, and trypsin from Life Technologies, Inc. (Carls-
bad, CA, USA); pCMV-B-gal from Clontech (Palo Alto,
CA, USA); protein assay kit from Bio-Rad Laboratories,
Inc. (Hercules, CA, USA); primary antibodies (anti-AhR,
CYP1AL, phospho-Thr177-CaMKIa., phospho-PKC and B-
actin) from Santa Cruz Biotechnology, Inc. (Santa Cruz,
CA, USA); secondary antibodies (horseradish peroxidase
[HRP]-linked anti-rabbit and anti-mouse IgG) from Cell
Signaling Technology (Danvers, MA, USA); and enhanced
chemiluminescence (ECL) chemiluminescence system and
polyvinylidene difluoride (PVDF) membrane from Amer-
sham Pharmacia Biotech (Uppsala, Sweden). Polymerase
chain reaction (PCR) oligonucleotide primers were custom
synthesized by Bioneer Co. (Daejeon, Korea). All chemi-
cals were of the highest grade commercially available.

Cell culture and treatment. The mouse hepatoma cell
line Hepa-1clc7 and its derivative cell line Tao BpRcl were
obtained from the American Type Culture Collection
(Rockville, MD, USA). The cells were cultured in a-MEM
supplemented with 10% FBS in a humidified 5% CO, incu-
bator at 37°C. Stock solutions of endosulfan and 3-MC were
prepared in dimethylsulfoxide (DMSO) and added directly
to the culture media for incubation (3). Control cells were
treated with DMSO alone, and the final DMSO concentra-
tion was always < 0.2%.

Assay for proliferative activity. Cellular cytotoxicity
was examined using a 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) reduction kit accord-
ing to the manufacturer’s instructions. Briefly, Hepa-1clc7
and Tao BpRel cells in a-MEM containing 10% FBS were
seeded into 96-well plates. Endosulfan (0.01~100 uM) was
added to the wells and plates were incubated at 37°C for
24 h. The cells were treated with MTT solution for 1 h, the
dark blue formazan crystals that formed in intact cells were
solubilized with DMSO, and absorbance was measured at
570 nm with a microplate reader (Varioskan; Thermo Elec-
tron, Waltham, MA, USA).

Ethoxyresorufin-O-deethylase (EROD) activity assay.
Cells were incubated with 3-MC (1 uM) or endosulfan
(0.01~1 uM) for 18 h. After incubation, the medium was
removed and the wells were washed twice with fresh
medium. Ethoxyresorufin-O-deethylase (EROD) activity
was measured in intact cells grown in 48-well plates as pre-
viously described (18). Fluorescence was measured after
30 min using a FL600 ELISA reader (BIOTEK), with exci-
tation at 530 nm and emission at 590 nm. A standard curve
was constructed using resorufin.

mRNA analysis by real-time quantitative PCR. Cells
were incubated with 3-MC (1 uM) or endosulfan
(0.01~1 uM) for 6 h. Total RNA from the treated cells was
prepared with RNAiso Reagent (Takara) according to the
manufacturer’s protocol and stored at —80°C until use. For
CYP1A1 detection, total RNA was extracted after stimula-
tion and treatment. PCR was monitored using Sequence
Detection System software (ver. 1.7; Applied Biosystems,
Foster City, CA). Accumulated PCR products were directly
detected by monitoring the increase in reporter dye
(SYBR). Expression levels of CYP1AL1 in the exposed cells
were compared to those in control cells at each collection
time point using the comparative cycle threshold (Ct)-
method. The quantity of each transcript was calculated as
described in the instrument manual and was normalized to
the amount of B-actin, a housekeeping gene.

Transfection and luciferase assays. Cells were plated
into 24-well plates in o-MEM supplemented with 10%
FBS. After 24 h, cells were co-transfected with 0.2 g
pCMV-B-gal and 1 pg pGL3-CYP1A1-Luc or XRE-luc per
well using Lipofectamine. The pGL3-CYP1Al-Luc plas-
mid was created by inserting the mouse CYP1A1 upstream
regulatory region (—1395 to +7) PCR product into the pGL3
basic vector. The XRE-driven luciferase reporter plasmid
(—1306 to —824 of the murine CYP1AT1), which contains
four XREs, was used to examine the specific activation of
XRE. Four hours after transfection, fresh medium contain-
ing 10% FBS was added to the cells along with 3-MC or
endosulfan. Following an 18 h exposure, the cells were
washed once with 0.5 mL phosphate-buffered saline (PBS)
and lysed. The lysed cell preparations were then centri-
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fuged at 12,000 rpm for 10 min, and the supernatant was
assayed for both luciferase and P-galactosidase activity.
Luciferase activity was measured using the Luciferase Assay
System (Promega) and a luminometer according to the manu-
facturer’s instructions. Luciferase activity was normalized
to B-galactosidase activity and is expressed as the propor-
tion of the activity detected with the vehicle control (3).

Western blotting. Cell lysates were prepared after
endosulfan or 3-MC treatment and resolved by 10% SDS-
polyacrylamide gel electrophoresis (SDS-PAGE). Proteins
were then electroblotted onto polyvinylidene difluoride
membranes (19). The membranes were probed with the
appropriate primary antibodies, followed by incubation
with HRP-conjugated secondary antibodies. The blots were
visualized with an ECL Western blot kit according to the
manufacturer’s instructions.

Statistical analysis. All experiments were repeated at
least three times. One-way analysis of variance (ANOVA)
was used to determine significant differences between treat-
ment groups. Newman-Keuls test was used for multi-group
comparisons. Statistical significance was accepted for p val-
ues of <0.01.

RESULTS

Endosulfan induces CYP1A1 enzyme activity in Hepa-
1c1c7 cells. To determine the optimal concentrations for
use in our studies, the potential cytotoxicity of endosulfan
was tested in Hepa-1clc7 and Tao BpRel cells. Tao BpRcl
nonresponsive mutant cells were characterized by rela-
tively low levels of cytosolic and nuclear AhR complex
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(20). The results showed that 0.01, 0.1, 1, and 10 uM endo-
sulfan did not affect cell proliferation; however, 100 uM
caused a decrease in cell viability. Therefore, all subse-
quent studies were conducted using 0.01~1 uM endosul-
fan. The CYP1A1 enzyme, encoded by the CYP1A1 gene,
can be measured using ethoxyresorufin as a substrate for
EROD activity. When cells were treated with endosulfan,
there was a significant increase in CYP1A1 enzyme activ-
ity (Fig. 1B). 3-MC also significantly increased EROD
activity (Fig. 1B). These results demonstrate that endosul-
fan induced CYP1A1 enzyme activity.

Endosulfan induces CYP1A1 gene expression in Hepa-
1c1c7 cells. To further explore whether endosulfan
increases CYP1A1 mRNA expression, we performed real-
time PCR in Hepa-1clc7 cells. 3-MC increased CYP1A1
mRNA levels. Endosulfan also significantly increased
CYPIAI mRNA levels, indicating that it may be an AhR
agonist like 3-MC (Fig. 2A). To investigate transcriptional
activation of the CYP1A1 gene by endosulfan, luciferase
assays were performed in which reporter plasmids contain-
ing the 5'-flanking region of the CYP1A1 gene were tran-
siently transfected into Hepa-lclc7 cells. The reporter
activity of the —1395/+7 CYP1A1 promoter construct was
induced by endosulfan (Fig. 2B). To confirm our hypothe-
sis, the effects of endosulfan on CYP1A1 protein levels
were determined by Western blot analysis. Similarly, endo-
sulfan significantly increased CYP1A1 protein levels, indi-
cating that it may function as an AhR agonist (Fig. 2C).

Endosulfan induces CYP1A1 expression via the XRE
binding site. To demonstrate that endosulfan-induced
expression of CYP1ALI resulted in XRE activation, an XRE
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Fig. 1. Effects of endosulfan on CYP1A1 activity. (A) Effects of endosulfan on cytotoxicity in Hepa-1c1c7 and Tao BpRcl cells. Cells
were seeded into 96-well plates and treated with various concentrations of endosulfan (Endo) for 24 h. Cell viability was assessed using
the MTT assay. (B) Effects of endosulfan on EROD activity in Hepa-1c1c7 cells. EROD activity was measured in cells treated with endo-
sulfan or 3-MC for 18 h. Values represent the means from three independent experiments, each performed in triplicate. * p < 0.01, signifi-
cantly different from the control, as determined by ANOVA by the Newman-Keuls test.
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Fig. 2. Effects of endosulfan on CYP1A1 transcriptional activity. (A) Effects of endosulfan on CYP1TAT mRNA expression in Hepa-1c1c7
cells. Cells were treated with endosulfan (Endo) or 3-MC for 6 h. The cells were lysed, and total RNA was prepared to analyze CYP1A1
gene expression. PCR amplification of the housekeeping gene, B-actin, was performed for each sample. CYP1AT mRNA expression was
compared between treated and untreated cells at each time point by real-time PCR. Values represent the means from three indepen-
dent experiments, each performed in triplicate. * p < 0.01, significantly different from the control, as determined by ANOVA by the New-
man-Keuls test. (B) Effects of endosulfan on CYP1A1 promoter activity in Hepa-1c1c7 cells. Cells were transfected with pGL3-CYP1A1-
Luc and subsequently treated with endosulfan or 3-MC for 18 h. Cells were then harvested and assayed for luciferase activity. Values
represent the means from three independent experiments, each performed in triplicate. * p < 0.01, significantly different from the con-
trol, as determined by ANOVA by the Newman-Keuls test. (C) Effects of endosulfan on CYP1A1 protein levels in Hepa-1c1c7 cells. Cells
were treated with endosulfan or 3-MC for 24 h. The membrane was probed with a CYP1A1-specific antibody, and bands were visual-

ized with ECL reagents. Each blot in this figure is representative of three independent experiments with similar results.

reporter assay was performed. Endosulfan significantly
increased XRE promoter activity (Fig. 3A) using 3-MC as a
positive control. To confirm that the induction of XRE
luciferase activity by endosulfan was dependent on AhR,
the effect of the AhR antagonist CH-223191 on the XRE
reporter assay was examined. CH-223191 blocked the bind-
ing of TCDD to AhR and inhibited TCDD-mediated
nuclear translocation and DNA binding of AhR (21). CH-
223191 inhibited the endosulfan-induced increase in XRE
luciferase activity (Fig. 3B). To further investigate whether
endosulfan increases CYP1A1 mediated through AhR acti-
vation, we investigated the effect of the AhR antagonist
CH-223191 on CYPIALI protein level. CH-223191 treat-
ment decreased endosulfan-induced CYP1A1 protein expres-
sion in Hepa-1clc7 cells (Fig. 3C). These results demonstrate
that endosulfan increased CYP1Al expression through
AhR activation. To further assess the role of AhR in endo-
sulfan-induced CYP1A1 expression, we tested endosulfan
inducibility in the AhR-deficient mouse hepatoma cell line,

Tao BpRcl. The results showed that, in the wild-type mouse
hepatoma cell line Hepalclc7, CYPIAI mRNA expres-
sion was induced by endosulfan, and the effects were dose-
dependent. However, endosulfan did not induce CYP1A1
mRNA expression in Tao BpRcl cells (Fig. 3D). These
results imply that endosulfan induces CYP1A1 gene expres-
sion through an AhR-dependent pathway.

Endosulfan activates the CaMKI and PKC signaling
pathways. Recent studies reported that AhR activation is
dependent on AhR phosphorylation by PKC (22). In addi-
tion, increasing the intracellular concentrations of Ca®* and
calmodulin kinase (CaMK) participates in the signal trans-
duction elicited by AhR agonists (23). To further assess the
effect of endosulfan on AhR upstream kinases, activation of
CaMKI and PKC was tested in Hepa-1clc7 cells. Treat-
ment with endosulfan increased CaMKI (Thr177) phosphor-
ylation in a dose-dependent manner (Fig. 4A). Moreover,
endosulfan enhanced PKC phosphorylation in Hepa-1clc7
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Fig. 3. Effects of endosulfan on the CYP1A1 regulatory mechanism. (A) Effects of endosulfan on XRE promoter activity in Hepa-1c1c7
cells. Cells were transfected with the XRE-Luc construct and subsequently treated with endosulfan (Endo) or 3-MC for 18 h. Cells were
then harvested and assayed for luciferase activity. Values represent the means from three independent experiments, each performed in
triplicate. * p < 0.01, significantly different from the control, as determined by ANOVA by the Newman-Keuls test. (B) Effects of an AhR
antagonist on XRE transcriptional activity by endosulfan in Hepa-1c1c7 cells. Cells were transfected with XRE-Luc and treated with CH-
223191 (CH), endosulfan or 3-MC for 18 h. Cells were then harvested and assayed for luciferase activity. Values represent the means
from three independent experiments, each performed in triplicate. * p<0.01, ** p<0.01, and * p <0.01, significantly different from the
control, 3-MC, and endosulfan, as determined by ANOVA by the Newman-Keuls test. (C) Effects of an AhR antagonist on CYP1A1 pro-
tein levels by endosulfan in Hepa-1c1c7 cells. Cells were pretreated with CH-223191 for 30 min and then treated with endosulfan or 3-
MC for 24 h. The membrane was probed with a CYP1A1-specific antibody, and bands were visualized with ECL reagents. (D) Effects of
endosulfan on CYP1AT mRNA levels in Tao BpRcl cells. Hepa-1c1c7 and Tao BpRcl cells were treated with endosulfan or 3-MC for 6 h.
Values represent the means from three independent experiments, each performed in triplicate. * p < 0.01, significantly different from the
control, as determined by ANOVA by the Newman-Keuls test.

cells (Fig. 4B). In addition, the CaM antagonist W7 reduced DISCUSSION
endosulfan-induced PKC activation (Fig. 4C). To clarify the
endosulfan-induced AhR activation signaling cascade under-

lying CYP1A1 expression, the effects of specific inhibitors

Liver biotransformations mediate most of the biological
effects of xenobiotics such as organochlorine insecticides

of CaM (W7) and PKC (G6 6983) on endosulfan-induced
CYPIALI protein expression in Hepa-lclc7 cells were
examined. W7 and G6 6983 inhibited endosulfan-induced
CYPI1ALI protein level increases (Fig. 4C), indicating that
the induction of CYP1A1 protein expression by endosulfan
is regulated by CaMK and PKC kinases.

(OCs). The cytochrome P450-dependent monooxygenase
(CYP) enzymes are the most important of the phase I sys-
tems in these biotransformation reactions. Biotransforma-
tion of OCs including endosulfan is a complex process that
involves meditation by xenobiotic-metabolizing phase I
CYP enzymes. They represent a super gene family of
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Fig. 4. Effects of endosulfan on the AhR upstream signaling pathway. (A) Effects of endosulfan on CaMK protein activation in Hepa-
1c1c7 cells. Cells were treated with endosulfan (Endo) for 5 min. Phosphorylated CaMKla at threonine 177 (P-CaMKla) was then ana-
lyzed by Western blotting, and f-actin expression was measured as a loading control. (B-C) Effects of endosulfan on PKC phosphoryla-
tion in Hepa-1c1c7 cells. Cells were treated with endosulfan for 10 min (B). Cells were pretreated with W7 and subsequently treated
with endosulfan for 10 min (C). P-PKC was then analyzed by Western blotting, and B-actin expression was measured as a loading con-
trol. (D) Cells were pretreated with W7 or G6 6983 (Go) and treated with endosulfan for 24 h. CYP1A1 protein levels were then ana-
lyzed by Western blotting, and B-actin expression was measured as a loading control. Each blot in this figure is representative of three

independent experiments with similar results.

monooxygenases that carry out both the activation and
detoxification of many hormones, drugs and environmental
agents (24). Endosulfan has been widely used as a broad-
spectrum cyclodiene insecticide (10), and its widespread
use has caused concern over the effects of persistent expo-
sure of human and animal systems. Endosulfan is well-
absorbed through the skin as well as respiratory and oral
routes. In addition, endosulfan persists in the environment
and accumulates in animals and plants, leading to instances
of food contamination and dietary exposure in humans.
Therefore, this study was performed to determine whether
endosulfan affects the expression of CYP1A1, and to iden-
tify the regulatory pathway preceding CYP1A1 gene expres-
sion. We demonstrated that endosulfan can induce CYP1A1
gene expression as a ligand for AhR and increase its trans-
formation by inducing the phosphorylation of AhR, likely
via PKC and CaMK.

Endosulfan significantly increased EROD activity and the
levels of CYP1A1 mRNA, transcriptional activity, and pro-
tein in Hepa-1clc7 cells, indicating that it may function as
an AhR agonist. EROD activity is used to monitor CYP1A1
enzyme induction (17). Ligands bind to AhR, resulting in
its translocation to the nucleus. AhR then forms a heterodi-
mer complex with AhR nuclear translocator protein (ARNT),
which functions as a transcriptional activator by binding to
consensus sequences (XRE) in the 5-flanking region of
numerous genes, including CYP1AL1 (3,25). To gain insight
into the mechanisms of endosulfan-induced CYP1A1 expres-
sion, we performed an XRE reporter assay for the mouse

CYPI1AI1 promoter. Endosulfan enhanced XRE luciferase
activity in Hepa-1clc7 cells. To confirm that the effects of
endosulfan treatment on CYP1A1 were AhR-dependent, we
utilized the potent and selective AhR antagonist CH-223191.
CH-223191 significantly inhibited endosulfan-induced XRE
transcriptional activity and CYP1A1 protein levels. To further
confirm that the effects of endosulfan on CYP1AI were
AhR-mediated, we investigated CYP1A1 mRNA expres-
sion in the mutant cell line Tao BpRcl, which expresses
low levels of AhR. Endosulfan increased CYP1A1 mRNA
levels in Hepa-1clc7 cells, but not in Tao BpRcl cells.
Therefore, endosulfan is able to induce CYP1A1 and its
effect is dependent on the AhR signaling pathway.

According to a previous study, phorbol 12-myristate 13-
acetate (PMA), a potent PKC activator, dramatically enhances
transcriptional activation of the CYP1A1 gene induced by
various AhR ligands, indicating that PKC activity is
required for nuclear events in the CYP1A1 transcriptional
pathway (26). PKC-mediated signal transduction takes place
through a family of PKC isoforms and requires intracellu-
lar calcium for activation (27). Treatment with endosulfan
activates CaMK and PKC kinases. These kinases can
increase AhR activation and activate AhR/ARNT, causing
its translocation to the nucleus. Specific inhibitors of CaM
(W7) and PKC (Gy 6983; Gg) reduced endosulfan-medi-
ated CYP1A1l protein induction. Taken together, these
results suggest that activation of PKC and CaKM may be
responsible for endosulfan-induced CYP1A1 induction.

In summary, endosulfan-induced translocation of AhR/
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ARNT to the nucleus causes the complex to react with the
XRE site in the CYP1AI promoter, resulting in elevated
CYPIALI protein expression in mouse hepatoma Hepa-
Iclc7 cells. Endosulfan was also found to activate CaMK
and PKC kinases. PKC in turn enhances AhR transactiva-
tion, which ultimately increases CYP1A1 protein expression.
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