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As complex mixtures of carcinogenic metalloids, arsenic compounds have been reported to possess
anticytotoxic and antitumor effects. In this study, we evaluated the in vitro protective effects of arsenic
compounds tetraarsenic oxide and arsenic trioxide against 3-methylcholanthrene-induced toxicity
in human keratinocytes. Human keratinocytes were treated with varying concentrations of arsenic
compounds alone or in combination with 3-methylcholanthrene. Treatment with arsenic compounds did
not significantly affect cell viability, whereas, 3-methylcholanthrene significantly reduced the viability of
human keratinocytes. Furthermore, both tetraarsenic oxide and arsenic trioxide decreased the expression
of cytochrome P4501A1 at messenger ribonucleic acid and protein levels in human keratinocytes cells
treated with 3-methylcholanthrene. In addition, these arsenic compounds increased the expression
of nicotinamide adenine dinucleotide phosphate quinone oxidoreductase 1, which was shown to be
inhibited by 3-methylcholanthrene treatment. Together, these findings suggest that tetraarsenic oxide
and tetraarsenic oxide significantly inhibit 3-methylcholanthrene-induced cytotoxicity in human
keratinocytes by decreasing the expression of cytochrome P4501A1 and increasing the expression of
nicotinamide adenine dinucleotide phosphate quinone oxidoreductase 1. Additionally, tetraarsenic oxide
was found to be more effective than arsenic trioxide against 3-methylcholanthrene-induced cytotoxicity
in vitro.
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Complex mixtures of carcinogenic metalloids, such
as arsenic, and Polycyclic Aromatic Hydrocarbons
(PAHs) or halogenated aromatic hydrocarbons are
common environmental contaminants!'. Arsenic, in
spite of its toxicity, has been used as a therapeutic
agent against various pathologies, including
inflammatory and protozoal diseases for centuries!?.
Arsenic Trioxide (As,0,), a trivalent inorganic
form, has successfully undergone clinic trials and
was recently approved by the United States Food
and Drug Administration for the treatment of acute
promyelocytic leukemia®”). Additionally, As,O, has
been reported to possess marked antitumor properties
toward hematological malignancies!®. Furthermore,
many experimental studies have demonstrated the
toxic effects of As O, at low concentrations against
malignant hematological cells and several solid
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tumor cell lines®'?. The mechanisms underlying
the anti-cancer action of As O, are complex and
involve partial cytodifferentiation, inhibition of cell
proliferation, induction of apoptosis and inhibition
of angiogenesis!"*'*. Tetraarsenic Oxide (As,O,),
another trivalent arsenic compound has different
physical and chemical properties from those of
As, 0,1, The anticancer properties of As,O, in
vitro and in vivo have been previously reported!”.
Furthermore, As,O, has been reported to inhibit
the proliferation, invasion and migration of basic
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fibroblast growth factor-stimulated bovine capillary
endothelial cells. Moreover, As O, potently induced
apoptotic cell death of As O -resistant U937 leukemic
cells via the generation of reactive oxygen species!!?,

The cellular effects of arsenic, including apoptosis,
are likely to be linked to oxidative stress!'®!l.
Interestingly, the metalloid has also been known to
regulate the expression of genes encoding xenobiotic
metabolizing enzymes?*?!); arsenate down-regulates
Cytochrome P450 family of enzymes, including
CYPIA1B223] In this study, we investigated the
protective effects of arsenic compounds As,O, and
As O, against 3-MC-induced cytotoxicity using
HaCaT human keratinocytes.

MATERIALS AND METHODS
Cell culture and chemical reagents:

Human keratinocyte HaCaT cells were purchased
from ThermoFisher Scientific and incubated in
Dulbecco's Modified Eagle Medium (DMEM)
supplemented with 10 % fetal bovine serum
and 1 % antibiotic-antimycotic at 37° in a
humidified 5 % CO, atmosphere. As,O, was
purchased from Sigma (MO, USA). As,O, was
obtained from Chonjisan, Co., Seoul, Korea.
These chemicals were dissolved in Phosphate-
Buffered Saline (PBS) to a final concentration
of 10 M by continuous stirring and stored at 4°
as a stock solution. 3-(4,5-Dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) was
purchased from Sigma-Aldrich (MO, USA) and
dissolved in PBS at a final concentration of 2 mg/
ml. 3-methylcholanthrene (3-MC) was purchased
from Sigma and dissolved in Dimethylsulfoxide
(DMSO; Sigma-Aldirch, MO, USA).

Cell viability assay:

HaCaT cells (5x10° cells/well) were seeded into
96-well plates containing 100 pl of DMEM.
After 24 h of incubation, cells were treated with
varying concentrations of arsenic compounds
(As,O, or As,O,, 0.5-20 pM), 3-MC (2.5-40 uM),
or arsenic (As,O,, 0.5-2 uM) and 3-MC (5 pM)
together. Following 24 h incubation, 20 ul of MTT
solution was added to each well and the cells were
further incubated for 4 h at 37°. The cell media
were replaced with 100 pl of DMSO per well.
The plate was shaken for 10 s, and then optical
density was measured at 570 nm using an enzyme-
linked immunosorbent assay reader (Spectromax
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250, Molecular Devices, CA, USA). The growth
inhibition rate (%) was calculated as follows:

Cell viability (%)=[A570 nm absorbance of treated
cells/A570 nm absorbance of control cells]x100

Reverse transcription-Polymerase Chain

Reaction (RT-PCR) analysis:

The expression of CYP1A1l and Nicotinamide
adenine  dinucleotide = phosphate = Quinone
Oxidoreductase 1 (NQOI) at messenger
Ribonucleic acid (mRNA) levels was detected by
RT-PCR. Total RNA was extracted from HaCaT
cells using TRIzol (Invitrogen, Carlsbad, USA)
according to the manufacturers’ protocol. Briefly,
1 ml of TRIzol reagent was added to HaCaT cells
and incubated for 5 min at room temperature to
permit the complete dissociation of nucleoprotein
complex. Then 0.2 ml of chloroform (Sigma, MO,
USA) was added, samples were vigorously shaken
for 15 s, incubated for 2-3 min and centrifuged at
12 000 rpm for 15 min at 4°. Total RNA in the
upper aqueous phase was precipitated by mixing
the solution with twice the volume of isopropanol
(Sigma). The mixture was then incubated for 1 h
at -70° and centrifuged at 12 000 rpm for 10 min
at 4°. The pellet was washed with 75 % ethanol,
dried, and dissolved in RNase-free water. The
concentration of the total RNA was estimated
by measuring the absorbance at 260 nm using
NanoDrop VD-1000 UV/Vis spectrophotometer
(NanoDrop, MA, USA).

The Complementary Deoxyribonucleic Acid
(cDNA) was synthesized from 1 pg of the total
RNA and 1 uM of oligonucleotide primers (oligo-
dT,,) using the M-MLV reverse transcriptase
enzyme (Promega, CO, USA). Using the
recombinant Taq DNA polymerase kit (Takara,
Shiga, Japan), cDNA was amplified in a final
volume of 20 pl containing 2 pg of the first-
strand cDNA and 10 pmol/ul of the forward and
reverse primers. The following primers were
used for the amplification of the genes; CYPIAI,
5'-TGGATGAGAACGCCAATGTC-3"' (forward)
and5'-TGGGTTGACCCATAGCTTCT-3'(reverse);
NQOI, 5'-AGGCTGGTTTGAGCGAGT-3'
(forward) and 5'-TTGAATTCGGGCGTCTGCT-3'

(reverse); Glyceraldehyde-3
Phosphate Dehydrogenase (GAPDH),
5'-ACCACCATGGAGAAGGCTGG-3' (sense)

and 5'-CTCAGTGTAGCCCAGGATGC-3' (anti-
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sense). GAPDH was used as the internal control for
estimating the relative mRNA levels of CYP1A1
and NQOI1 genes. Amplification was performed
in a thermal cycler (PTC-100, MJ research, USA)
with the following settings: 94° for 5 min followed
by 94° for 30 s, 60° (CYPIAI and NQO1) or 56°
(GAPDH) for 30 s, and 72° for 1 min. The expected
product sizes of the genes were 392 bp (CYP1Al),
286 bp (NQO1), and 527 bp (GAPDH). DNA size
markers (Fermentas, USA) were run in parallel
to validate the predicted sizes of the amplified
bands. The densities of the amplified bands were
analyzed using an Image Documentation System
(GelDoc 2000; Bio-Rad, USA) with image analysis
software (Quantity One; Bio-Rad, USA).

Western blotting assay for detecting protein
expression:

HaCaT cells were treated with arsenic compounds
(As,O, or As,O,, 0.5-2 uM), 3-MC (5 uM) or
together with arsenic compounds (0.5-2 pM)
and 3-MC (5 pM) for 24 h. The cell lysates
(approximately 30 pg of protein) were separated
in 12 % polyacrylamide sodium dodecyl sulfate
gel electrophoresis and transferred onto the
nitrocellulose membranes (Schleicher and Schuell,
Dassel, Germany). The membranes were then
treated with blocking buffer (5 % skim milk and
0.1 % Tween 20 in PBS, pH 7.4) for 1 h at room
temperature followed by incubation with primary
antibodies (SantaCruz Biotechnology, Inc., CA,
USA), such as rabbit polyclonal anti-CYP1Al
(1:1000), mouse monoclonal anti-NQO1 (1:1000)
and anti-B-actin (1:5000) in a blocking buffer
solution overnight at 4°. Following the incubation,
the membranes were probed with horseradish
peroxidase-conjugated anti-rabbit Immunoglobulin
G antibody (1:5000) in PBS-T buffer (0.05 %
Tween 20 and 5 % skim milk powder) for 1 h at
room temperature. The proteins were detected by
an enhanced chemiluminescence detection system
(Amersham, Buckinghamshire, UK) and the bands
were visualized by autoradiography using X-ray
film (Amersham). The densities of protein bands
were analyzed using an Image Documentation
System (GelDoc 2000; Bio-Rad, USA) with image
analysis software (Quantity One; Bio-Rad, USA).

Statistical analyses:

Independent t-test was used for the comparison
between two groups, whereas one-way analysis
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of variance was used for the comparison among
three and more groups. Statistical significance was
defined as p<0.05 or p<0.01. The statistical tests
were performed using IBM SPSS statistics version
25 (SPSS, Chicago, IL, USA). All the results are
expressed as meantstandard deviation.

RESULTS AND DISCUSSION

To investigate whether As,O, could attenuate
3-MC-induced cytotoxicity in human
keratinocytes, the HaCaT cells were treated with
increasing concentrations of As,O, As,O,, 3-MC
alone or with arsenic compounds and 3-MC in
combination for 24 h. As shown in fig. 1, both
As, O, and As,O, had no effect on the growth
of HaCaT cells at a concentration of <2 puM.
However, the growth of HaCaT cells was found
to be attenuated by 3-MC in a dose-dependent
manner. When the cells were co-treated with
arsenic compounds and 3-MC, the arsenic
compounds significantly decreased 3-MC-
induced cytotoxicity in HaCaT cells. The cell
viability was shown to be significantly higher in
cultures treated with >1 uM of As,O, (p<0.05)
or >2 uM of As O, (p<0.05) than those treated
with 3-MC.

We examined the effect of arsenic compounds
(As,O, and As,0,) and 3-MC on the expression
of CYP1A1 at mRNA and protein levels, fig.
2. The expression of CYPIA1 was shown to be
significantly induced at both mRNA (p<0.01,
fig. 2A), and protein levels (p<0.01) in HaCaT
cells treated with 3-MC (5 pM) compared to
that of untreated cells. However, treatment
with the arsenic compounds had no significant
change in the expression of CYP1A1. Further,
we investigated whether the co-treatment of
HaCaT cells with arsenic compounds and 3-MC
had any effect on CYP1Al expression. The
mRNA expression of CYP1A1 was significantly
higher in cells co-treated with 3-MC and As,O,
(<1 pM, p<0.01) or As,O, (<0.5 uM, p<0.01)
than in the untreated cells (fig. 3). However, no
significant increase in CYP1A1 expression was
observed when the cells were co-treated with
3-MC and higher concentrations of As O, (>2
uM) or As,O, (>1 puM), indicating that 3-MC-
induced CYPIA1 mRNA expression is inhibited
by higher concentrations of arsenic compounds.
Similarly, 3-MC-induced CYP1Al protein
expression was inhibited by arsenic compounds
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in a dose-dependent manner. Treatment with
>1 uM of As,O, significantly down-regulated
3-MC-induced CYPI1A1l protein expression
(p<0.05).

We investigated the expression of NQOI1 at
mRNA and protein levels in HaCaT cells co-
treated with arsenic compounds and 3-MC
(fig. 4). As,O, and As,O,, respectively, at
concentrations of >0.5 and 2 uM significantly
increased the mRNA expression of NQOI
(p<0.01). However, the mRNA expression of
NQO1 was significantly down-regulated by 3-MC
(p<0.05). When the HaCaT cells were co-treated
with 3-MC and arsenic compounds, a significant
increase in NQOI was observed by As O, or
As,O, in a dose-dependent manner. Further, the
expression of NQO1 protein inhibited by 3-MC
was recovered by co-treatment with 3-MC and
arsenic compounds. However, the increase in
NQOI1 protein expression by arsenic compounds
was not dose-dependent, which was in contrast
to that of mRNA expression. The NQO1 protein

A 1.5

expression inhibited by 3-MC was significantly
up-regulated (p<0.05) by 2 uM of As,O,
treatment.

Both arsenic and 3-MC are well-documented
hazardous substances. Arsenic compounds have
been widely accepted as chemotherapeutic drugs;
they trigger apoptosis in tumor cells. However,
not all cell types show the same response to
arsenic compounds due to the heterogeneity of
their cellular susceptibility to these cytotoxic
agents[?426],

The interactions between arsenic compounds and
3-MC are not well defined. Further, chemicals
usually reciprocally affect each other by
altering their activation and/or detoxification").
Both simultaneous and sequential exposure to
arsenic and 3-MC potentially occurs in human
populations through contaminated drinking water
and coal. The aim of the present study was to
examine the potential toxicological interactions
between arsenic and 3-MC.
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Fig. 3: RT-PCR and western blotting analysis of NQO1 in HaCaT cells co-treated with 3-methylcholanthrene (3-MC) and arsenic compounds
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To the best of our knowledge, this is the first
study to demonstrate the ability of a new arsenic
compound, As,O, in attenuating carcinogen
toxicity. As,O, and As,O, have been shown
to reduce the growth of various solid and
hematological tumors®>?*1. However, relatively
little is known about various bioactivities of
As,O,, including its role as an antitumor agent
and in detoxification. Our results showed that
As,O,along with As O, participate in a sequential
detoxification process in HaCaT cells.

CYP1AIl is a major phase I metabolic enzyme
involved in the bioactivation of PAHs into
mutagenic and carcinogenic metabolitest%3!.
Owing to its low level expression in humans,
the significance of CYP1Al in carcinogenesis
remains debated. Among the xenobiotic
metabolizing enzymes, CYP1A1l has a distinct
substrate specificity, and it bioactivates a
number of procarcinogens and toxicants(.
Exposure to PAHs leads to the induction of
CYP1A1 in humans™-3. Epidemiology studies
showed that individuals with a high level
of CYPIA1l expression are at a greater risk
of cancer developmentl®*>¥l  Further, diverse
metalloids have been reported to induce NQOI1
expression at the transcriptional level through
the activation of antioxidant response element
proteinsB738, NQO1 decreases the toxicity of
various metabolites by modifying their redox
status that is then excreted out of the cells via
transport proteins?. The effects of arsenic
compounds on CYP1A1 expression in our study
are in agreement with those reported in arsenite-
treated primary rat and human hepatocytes, as
well as HepG2 cells co-treated with various
PAHsP24411  However, arsenite was not found
to prevent CYP1AIl induction in the mouse
Hepa-1 and the human lung adenocarcinoma
CL2 cell lines™*), Furthermore, an increase in
2,3,7,8-tetrachlorodibenzo-p-dioxin-dependent
CYP1AI mRNA levelsand adecreasein CYP1A1
enzyme activity was observed in Hepalclc?7
cells pretreated with arsenite. Another study
showed a significant reduction (45 %) in
CYP1A1 mRNA levels in HepG2 hepatoma cells
co-treated with aromatic hydrocarbon receptor
ligands and arsenic*. Thus, these data suggest
that the cellular effect of arsenic involves
complex mechanisms and could be restricted to
specific species and/or organs.

May-June 2023

A decrease in the activity of carcinogens due
to the modulation of the CYP1AIl enzyme has
been proposed as a possible chemopreventive
mechanism. Our results showed that As,O, and
As,0, had no effect on the expression of CYP1AI
in HaCaT cells. Further, As, O, was more
effective in suppressing 3-MC-induced CYPI1A1
expression in vitro than As,O,. Additionally,
CYPIA1 protein expression was found to be
reduced in cells co-treated with 3-MC and >1
uM of As,O. Currently, there are no studies
supporting these results. However, we aim to
perform further studies exploring different
protective mechanisms associated with arsenic
compounds As,O, and As O, in HaCaT cells.

In particular, the mRNA expression of NQOI,
associated with the detoxification of carcinogens,
was found to be significantly higher in As,O,-
treated than in As O -treated cells. Further, the
down-regulation of NQO1 by 3-MC at mRNA
and protein levels was rescued by co-treatment
with As, O, or As,O, and 3-MC in HaCaT cells.
These data indicate that As, O, could be a more
potent detoxicant in human keratinocytes owing
to its role in decreasing CYP1A1 expression and
increasing NQO1 expression. NQO1 plays a role
in cancer prevention and acts as a therapeutic
target for a few anticancer drugs(*®*’l, Several
human NQO genes have been identified; however,
NQO1 is considered to be the most important
for the prevention of carcinogen-induced
tumorst#l Tt is ubiquitous in nature; however,
its expression levels vary in different human
tissues®!. Further, as shown previously, NQO1
is regulated by other signaling pathways as well,
specifically those involving oxidative stress.
The dioxin induction of the human NQO1 gene
has been reported to be mediated by antioxidant-
responsive element proteins®®!. Furthermore, an
increase in the expression of NQO1 and activity
of phase | enzymes ensures either the reduction
of oxidized intermediates or the addition of
hydrophilic groups to these intermediates and
thus their elimination®. Tt has been reported that
arsenic disrupts the Nrf2/Keapl complex and
recruits Nrf2/Maf to ARE, which in turn induces
NQO1 expressionB?, Further, the long isoforms
of NRF1 are associated with the transcriptional
regulation of a few antioxidant response element-
containing genes, contributing to arsenic-
induced antioxidant response as shown in human
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keratinocytes treated with inorganic arsenicl.
In the future, we aim to study the mechanisms
associated with the protective effects of arsenic
compounds against genomic alterations and
mutations induced by 3-MC in HaCaT cells.

In conclusion, our study suggests that the
arsenic compounds As,O, and As,O, prevent
3-MC-induced cytotoxicity in HaCaT human
keratocytes by decreasing CYP1A1 expression
and increasing NQO1 expression. The results of
the current study may provide a novel insight
into their protective effects against various
carcinogens.
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