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Most common alkylanilines in the environment are 2,6-dimethylaniline (2,6-DMA), 3,5-dimethylaniline
(3,5-DMA), and 3-ethylaniline (3-EA). 3,5-Dimethylaminophenol (3,5-DMAP), a metabolite of 3,5-DMA, is
of particular interest, as it is potentially genotoxic. Supplementation with organic or inorganic forms of
selenium (Se) may reduce toxicity following exposure to a wide variety of environmental chemicals. This
study was designed to evaluate the protective effects of sodium selenite (SS) and selenomethionine (SM)
at varying time points of supplementation (24 h and 72 h) against the cytotoxicity, reactive oxygen
species (ROS) production, and genotoxicity of 3,5-DMAP in CHO AS52 cells. 3,5-DMAP caused dose-
dependent increase of cytotoxicity, ROS production and genotoxicity, and generated free radicals in the
nuclei. Thioredoxin reductase (TrxR), catalase and glutathione reductase activities, and glutathione levels
were significantly lower while lipid peroxidation and protein oxidation levels were higher after
3,5-DMAP treatment in both cytoplasm and the nucleus vs. control. After 24 h, both SS and SM provided
protection in antioxidant/oxidant status of the 3,5-DMAP-treated cells; however other than supplying
higher glutathione peroxidase and TrxR activities, 72 h supplementation did not provide advanced
improvement. Selenocompounds may be beneficial against cytotoxic and genotoxic potential of
3,5-DMAP and might protect both nucleus and cytoplasm following exposure to alkylanilines.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Oxidative stress can account for changes that are detrimental to
cells. Reactive oxygen species (ROS) are shown to contribute to cel-
lular damage, apoptosis or carcinogenesis (Dalton et al., 1999;
Dröge, 2002; Reuter et al., 2010). Currently, there is a growing
interest in environmental chemicals that can induce ROS, like
alkylanilines (Soory, 2009).

Epidemiological studies have demonstrated that alkylanilines
are a group of chemicals that are ubiquitous in the environment.
Most individuals experience lifelong exposure to these compounds
from occupational exposure or via tobacco smoke (Skipper et al.,
2010). They are considered factors for the development of bladder
cancer (Skipper et al., 2010). Alkylanilines are potentially activated
through the P450-catalyzed oxidation of the amino group,
subsequently undergoing oxidation of the N-hydroxylamine and
heterolysis of the N–O bond to produce a reactive nitrenium ion
(Chao et al., 2012). The N-hydroxylation product of arylamines
could form para-N-phenyl-hydroxylamine (DMHA) and is isomeric
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with para-aminophenol (p-AP). The hydroxylamine might also be a
source of DMHA, which is known to rearrange to DMAP under
mildly acidic conditions (Sone et al., 1981; Fishbein and
McClelland, 1987). The mutagenic activity of p-AP was suppressed
with the addition of dimethylsulfoxide (DMSO) or catalase (CAT),
suggesting the involvement of ROS in the mutagenic activity of
p-AP (Yoshida et al., 1998).

3,5-Dimethylaminophenol (3,5-DMAP), a metabolite of 3,5-
DMA, is of particular interest, as it is potentially genotoxic by a
mechanism involving non-enzymatic oxidation to the quinonei-
mine and quinone (Jefferies et al., 1998; Yoshida et al., 1998; Ye
et al., 2012). Chao et al. (2014) showed that 3,5-DMAP caused
apoptosis via generation of H2O2 and hydroxyl radical (�OH) and
upregulation of caspase 3 in Chinese Hamster Ovary (CHO) AS52
cells (Ye et al., 2012; Chao et al., 2014). Therefore, it can be
suggested that one of the major causes underlying the toxicity of
3,5-DMAP is oxidative stress.

There is considerable interest in developing strategies to pre-
vent the cytotoxicity and genotoxicity induced by alkylanilines
and their metabolites, with minimal risk or toxicity. If not counter-
acted by cellular antioxidants, high levels of ROS can cause acute
injury and damage of important biomolecules including cellular
proteins, lipids and DNA and this phenomenon may lead to cell
death (Martindale and Holbrook, 2002; Kern and Kehrer, 2005).
Published data associates both low antioxidant status and genetics
as contributing factors to the risk of several types of malignancies
(Baliga et al., 2007; Lee, 2009). Trace elements like selenium (Se)
are a key component of several antioxidant enzyme systems.
Se-dependent glutathione peroxidases (GPxs) and thioredoxin
reductases (TrxRs) protect the body from cellular metabolism’s
endogenous by-products, which are associated with DNA damage,
mutagenesis, and carcinogenesis (Ganther, 1999; Jablonska et al.,
2009). Se was found to be protective against the toxic potential
of different agents both in vitro and in vivo (Erkekoglu et al.,
2010a, 2010b;Sharma et al., 2014), through different pathways
some of which need to be discovered.

Research has shown that low, non-toxic supplementation with
either organic [selenomethionine (SM)] or inorganic [sodium sele-
nite (SS)] selenium forms can reduce cancer incidence following
exposure to a wide variety of carcinogens (el-Bayoumy et al.,
1991). Se supplementation was shown to reduce the risk of many
types of neoplasia, including bladder cancer. The results from
seven epidemiological studies conducted in different populations
indicate that high levels of serum Se provided a significant and
39% decreased risk of bladder cancer (Amaral et al., 2010).

Based on this background information and taking into account
the importance of Se in the antioxidant system, this study was
designed to evaluate the protection offered by supplementation
with different selenocompounds, SS and SM, at varying time points
of exposure against 3,5-DMAP-caused cytotoxicity, ROS produc-
tion, and genotoxicity in CHO AS52 cells.
2. Materials and methods

2.1. Chemicals and reagents

All chemicals including SS, SM, 6-thioguanine (6-TG), dimethyl
sulfoxide (DMSO), ethyl methansulfonate (EMS), DL-isocitric acid,
triethanolamine, vinylpyridine, protease inhibitor cocktail were
purchased from Sigma–Aldrich (St. Louis, MO). Nicotinamide
adenine dinucleotide phosphate (NADP) was purchased from
Boehringer Mannheim (Indianapolis, IN). Cell proliferation reagent
WST-1 from Roche Applied Science (Indianapolis, IN). 5-(and 6-
)Chloromethyl-20,70-dichlorodihydrofluorescein diacetate (CM-H2

DCFA) ROS dye, molten normal melting point agarose, low melting
point agarose, SYBR Gold and Hoechst 33258 were obtained from
Molecular Probes/Invitrogen (Eugene, OR).

2.2. Kits

Colorimetric assay kit for bicinchoninic acid (BCA) assay, and
spectrophotometric GPx1, TrxR, CAT, total superoxide dismutase
(SOD), glutathione reductase (GR), glutathione S-transferase
(GST), glutathione (GSH), caspase 3 and caspase 8 kits were
obtained from Sigma–Aldrich (St. Louis, MO). Nuclear and
Cytoplasmic Extraction kit (NE-PER) were purchased from Thermo
Scientific (Rockford, IL). Thiobarbituric acid reactive substance
(TBARS) kit and carbonyl assay kit were obtained from Cayman
Chemical Company (Ann Arbor, MI). All cell culture reagents and
GelBond film were purchased from Lonza (Walkersville, MD). Fetal
bovine serum (FBS) was obtained from Atlanta Biologicals
(Lawrenceville, GA). Bottomless 96-well plates for Comet assay
were purchased from Greiner BioOne (Monroe, NC).

2.3. Synthesis of 3,5-dimethylaminophenol

2.3.1. Instrumentation
NMR spectra were recorded on a Varian INOVA NMR spectrom-

eter (Varian, Inc., Palo Alto, CA) at 500 MHz for 1H NMR. Analyses
were performed in high resolution detection on an electrospray
ionization source time-of-flight and tandem quadrupole mass
spectrometry (ESI-TOF-MS) (Agilent, Palo Alto, CA). ESI was con-
ducted using a needle voltage of 3.5 kV. Nitrogen was used as the
drying (12 L/min) and nebulizer (35 psig) gas with the heated cap-
illary at 325 �C. The ion trap mass spectrometer was operated in
full scan. Chromatography was performed using an Agilent 1200
LC system. Liquid chromatography (LC) separations were per-
formed using a Zorbax Eclipse XDB-C18 (2.1 mm � 150 mm;
5 lm; Agilent column with a flow rate of 0.3 mL/min). Solvent A
was 0.1% (h/h) formic acid in water, and solvent B was 0.1% (h/h)
formic acid in methanol.

2.3.2. 3,5-Dimethylaminophenol
3,5-DMAP was synthesized according to Chao et al. (2012). The

yield of final product was 82%, the positive ion in high resolution
detection by performed by ESI-TOF-MS: calculated for
[C8H11NO]H+, 138.0913, found 138.0910. 1H NMR (500 MHz,
DMSO-d6, 25 �C): 7.17 (s, 1H), 6.15 (m, 2H), 4.3 (s, 2H), 2.02 (s, 6H).

2.4. 4-Amino-3,5-dimethyl quinoneimine (3,5-DMQI) synthesis

The 3,5-DMAP (35 mg) was dissolved in 10 mL of ethyl acetate
and mixture was stirred under argon atmosphere. Lead dioxide
(350 mg) was added and was stirred for 30 min. The reaction
mixture was washed with 10 mL of 5% aqueous NaHCO3. The high
resolution detection was performed by ESI-TOF-MS and was calcu-
lated for C8H9NO]H+, 136.0757 and was found 136.0751. The
results for 1H NMR (500 MHz, DMSO-d6, 25 �C) were 11.59 (s, 1H,
OH), 7.05 (s, 1H, Ar–H), 6.87 (s, 1H, Ar–H), 1.94 (s, 3H, Methyl-H),
1.89 (s, 3H, Methyl-H).

2.5. Determination of the conversion rate of 3,5-dimethylaminophenol
to 4-amino-3,5-quinoneimine

Cell media including 3,5-DMAP (50 lM) was analyzed by liquid
chromatography-ESI-TOF-MS (LC-ESI-TOF-MS) with or without
cells at 0 h and 1 h. Media were analyzed by ESI-TOF-MS. The full
scans of each sample were extracted with exact mass of the 3,5-
DMAP. The consumption rate of the 3,5-DMAP was also measured
for 1 h.
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2.6. Determination of the interaction of 3,5-dimethylaminophenol
with sodium selenite and selenomethionine

One mL of 10 mM SS or 1 mL of 10 mM SM solution (mixture of
50% methanol:water) was added to the 3,5-DMQI solution
(�0.01 mmol) with stirring. After 1 h incubation at 25 �C, the
reaction solution was analyzed by LC-ESI-TOF-MS for 20 min.

2.7. Cell culture and treatment

AS52 cells used in the study were kindly provided by Dr. Helga
Stopper (University of Würzburg, Germany). These cells are trans-
formants constructed from a hypoxanthine–guanine phosphoribo-
syl transferase (HPRT)-deficient CHO cell line and contain a single,
functional copy of the Escherichia coli guanine phosphoribosyl
transferase gene (gpt) stably integrated into the Chinese hamster
genome. AS52 cells were chosen according to the results of our pre-
vious experiments which showed that these cells were susceptible
to the toxic effects of 3,5-DMAP at relatively low doses compared to
human primary bladder cell lines (Chao et al., 2012; 2014).

Cells were cultured in Ham’s F-12 medium supplemented with
100 U/mL penicillin, 100 lg/mL streptomycin and 10% heat-
inactivated FBS (complete medium) in a humidified atmosphere
with 5% CO2 at 37 �C. The medium was changed every 3 days. When
the cell confluency reached �90%, the cells were subcultured with
trypsinization. Cells were cleansed of preexisting gpt mutants for
genotoxicity studies by culturing in MPA medium (10 lg/mL
MPA, 250 lg/mL xanthine, 22 lg/mL adenine, 11 lg/mL thymidine
and 1.2 lg/mL aminopterin) for 7 days. Cells were then passed to
the recovery medium enriched with xanthine (11.5 lg/mL),
adenine (3 lg/mL) and thymidine (1.2 lg/mL) for another 3 days.

2.8. Experimental groups

AS52 cells (1 � 106/dish) were plated in 6-well plates one day
prior to treatment and two sets of cells were prepared: 24 h SS
or SM groups and 72 h SS and SM groups. The groups that received
Se supplementation were incubated in media with SS or SM for
24 h or for 72 h at 37 �C. The 3,5-DMAP groups were treated with
3,5-DMAP for 1 h at 37 �C. Cells were washed twice with serum
free medium and incubated in complete medium for 24 h at
37 �C. Throughout the figures and tables, results obtained only
from 24 h groups are presented as 24 h Se supplementation was
found to be as protective as 72 h Se supplementation.

The experimental groups were:

(1) Control 24 Group (Control): Control AS52 cells.
(2) SS 24 h Group (SS): AS52 cells pre-treated with SS (30 nM)

for 24 h.
(3) SM 24 h Group (SM): AS52 cells pre-treated with SM

(10 lM) for 24 h.
(4) DMAP 24 h group (DMAP): AS52 cells for 24 h groups; cells

were treated with 25 lM of 3,5-DMAP (in serum free
medium) for 1 h.

(5) SS DMAP 24 h group (SS/DMAP): AS52 cells were pre-treated
with SS (30 nM) for 24 h; later cells were treated with 25 lM
of 3,5-DMAP (in serum free medium) for 1 h. and cultured
for 1 h.

(6) SM DMAP 24 h group (SM/DMAP): AS52 cells pre-treated
with SM (10 lM) for 24 h; later cells were treated with
25 lM of 3,5-DMAP (in serum free medium) for 1 h.

2.9. Preparation of nuclear and cytoplasmic extracts

Cells were harvested and centrifuged at 500g for 5 min after
treatments. The pellets were washed with PBS and the supernatant
was discarded. The rest of the pellet was used to prepare nuclear
and cytoplasmic extracts using NE-PER kit in the presence of pro-
tease inhibitor cocktail.

2.10. Determination of cytotoxicity

Cytotoxicity was determined using WST-1 assay. After treat-
ments, cells were trypsinized and suspended in 1 mL complete
medium. 10 lL of the cell suspensions were pipetted into a 96-well
plates. A mixture of 10 lL water-soluble WST-1 kit reagent plus
80 lL medium was added to each well of the 96-well plate. The
plate was incubated at 37 �C for 1 h in the dark and absorbance
was measured at 495 nm with the lQuant micro-reader (Biotek
Instruments Inc. Winooski, VT). The values were normalized and
presented as the percentage of the control.

2.11. Quantification of intracellular reactive oxygen species production

Intracellular ROS detection studies were performed using CM-
H2DCFDA ROS detection assay. Cells were placed in 6 well plates
at the same density of cytotoxicity assay as described above. After
the treatment, cells were washed with PBS, trypsinized and resus-
pended in 1 mL serum free medium/well. Cell suspensions (100 lL)
were pipetted into 96-well plate and mixed with 10 lL Hank’s Buf-
fered Salt Solution (HBSS) containing CM-H2DCFDA (25 lM, prein-
cubated at 37 �C for 30 min). ROS generation was measured
immediately at an excitation wavelength of 485 nm and emission
wavelength of 530 nm, by using HTS 7000 Plus Bio Assay micro-
reader (Perkin Elmer Life Sciences, Waltham, MA). The ROS
production values were normalized to the control and presented
as percentage of control.

2.12. Nuclear staining for 3,5-dimethylaminophenol

Nuclear staining for ROS production was performed using a CM-
H2DCFDA dye. After 1 h of 3,5-DMAP exposure, cells were washed
as mentioned above. Cytoplasmic and nuclear extracts were pre-
pared using NE-PER kit. The nuclear pellet (10 lL) was mixed with
1 lL HBSS containing CM-H2DCFDA (25 lM) and activated at 37 �C
for 30 min. Nuclei were stained with Hoechst 33258 (1 lg/mL). The
CM-H2DCFDA-labeled nuclear pellets were place on a glass slide
and visualized by Nikon epifluorescence microscope (Tokyo, Japan)
at 400� magnification (excitation wavelength 488 nm).

2.13. Determination of antioxidant enzyme activities

Throughout the spectrophotometric and spectrofluorometric
measurements, SpectraMax M2 (Molecular Devices, Sunnyvale,
CA) was used as spectrophotometer and spectrofluorometer. Soft-
Max Pro software (Molecular Devices, Sunnyvale, CA) was used
for quantification.

The activity of GPx1 was measured in a coupled reaction with
glutathione reductase (GR) as described earlier using a ‘‘glutathione
peroxidase assay kit’’ (Günzler et al., 1974; Flohé and Günzler,
1984). The assay is based on the instant and continuous reduction
of GSSG formed during GPx1 reaction by an excess of GR activity
providing for a constant level of reduced glutathione (GSH). As a
substrate, t-butyl hydroperoxide was used and the concomitant
oxidation of NADPH was monitored spectrophotometrically at
340 nm. One unit of enzyme was defined as the amount of GPx1
that transformed 1 lmole of NADPH to NADP per min at 37 �C.

TrxR activity was determined using the ‘‘thioredoxin reductase
assay kit’’. As described previously (Arnér et al., 1999), the method
was based on the reduction of DTNB (in the presence of NADPH) to
5-thio-2-nitrobenzoic acid (TNB), the concentration of which was
measured at 412 nm. One unit of TrxR activity was defined as the
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amount of enzyme that caused an increase absorbance of 1.0 per
min and per mL at pH 7.0 at 25 �C.

Activity of CAT was determined colorimetrically using a ‘‘cata-
lase assay kit’’. The enzymatic decomposition of H2O2 was stopped
with a stop solution and the remaining H2O2 was detected with a
chromogen solution (150 mM potassium phosphate buffer, pH
7.0,containing 0.25 mM 4-aminoantipyrine and 2 mM 3,5-
dichloro-2-hydroxybenzenesulfonic acid) at 520 nm. One unit of
catalase was defined as the enzyme activity that decomposed
one lM of H2O2 to oxygen and water per min at pH 7.0 and 25 �C.

The total SOD activity was measured by a ‘‘total superoxide dis-
mutase activity kit’’ colorimetrically. The activity was determined
by using WST-1 that produces a water-soluble formazan dye upon
reduction with a superoxide anion. The rate of the reduction with
O2 was linearly related to the xanthine oxidase (XO) activity and
was inhibited by SOD. The IC50 (50% inhibition activity of SOD)
was determined by this colorimetric method. Since the absorbance
at 440 nm was proportional to the amount of superoxide anion, the
inhibition of SOD activity was quantified by measuring the
decrease in the color development at 440 nm.

The activity of GR was measured by a ‘‘glutathione reductase
assay kit’’, based on the reduction of oxidized glutathione (GSSG)
by GR in the presence of NADPH. One unit of enzyme was defined
as the enzyme activity that caused the reduction of 1 lmol of DTNB
at 25 �C (Goldberg and Spooner, 1983). The results are expressed in
mU/mg protein.

GST activity was determined using a ‘‘glutathione S-transferase
assay kit’’. 1-chloro-2,4 dinitrobenzene (CDNB) was used as a sub-
strate, monitoring the rate of production of 2,4-diphenyl glutathi-
one at 340 nm and the enzyme activity was expressed in nmol/mg
protein/min (Habig et al., 1974).

2.14. Determination of total, reduced and oxidized glutathione levels

Total glutathione content of the cell extracts was assessed using a
‘‘total glutathione assay kit’’ based on a kinetic assay in which cata-
lytic amounts of GSH caused a continuous reduction of DTNB to TNB
(Akerboom and Sies, 1981). For oxidized glutathione (glutathione
disulfide, GSSG) determination, GSH was inactivated by the addition
of 2-vinylpyridine in the presence of triethanolamine. Quantifica-
tion was achieved by parallel measurements of a standard curve of
known GSH or GSSG concentrations, and results were expressed in
nmol/mg protein. GSH content was calculated using the equation
of GSH = (Total glutathione � 2 � GSSG). GSH/GSSG redox ratio
was calculated by dividing the GSH values to GSSG values.

2.15. Determination of lipid leroxidation

Lipid peroxidation (LP) in nuclear and cytoplasmic extracts was
quantified measuring the concentration of TBARS by a spectrofluo-
rometric assay using a ‘‘TBARS assay kit’’ as described by Richard
et al. (1992) (Richard et al., 1992). Quantification was achieved
by parallel measurements of a standard curve of known TBARS
concentrations, and results were expressed as nmol/g protein.

2.16. Determination of protein oxidation

The carbonyl groups as the biomarker of protein oxidation were
determined by using 2,4-dinitrophenylhydrazine (DPNH) reaction
and the amount of protein-hydrazone produced was quantified
spectrophotometrically at 360 nm using a ‘‘carbonyl assay kit’’.

2.17. Determination of caspase 3 and caspase 8 activities

The caspase 3 activity was measured by using a ‘‘caspase 3 col-
orimetric assay kit’’. The caspase 3 assay is based on the hydrolysis
of the peptide substrate acetyl-Asp-Glu-Val-Asp p-nitroanilide
(Ac-DEVD-pNA) by caspase 3, resulting in the release of the p-
nitroaniline (pNA) moiety. The concentration of the pNA released
from the substrate was calculated from the absorbance values at
405 nm or from a calibration curve prepared with defined pNA
solutions.

The caspase 8 activity was measured by using a ‘‘caspase 8 col-
orimetric assay kit’’. The assay is based on the hydrolysis of the
peptide substrate Acetyl-Ile-Glu-Thr-Asp p-nitroaniline (Ac-IETD-
pNA) by caspase 8 resulting in the release of a pNA moiety. The
concentration of the pNA released from the substrate was calcu-
lated from the absorbance values at 405 nm or from a calibration
curve performed with defined pNA solutions.
2.18. Protein determination

Protein content of the samples was determined by BCA using a
‘‘protein assay kit’’. The results were obtained as mg/mL protein
(Krieg et al., 2005).
2.19. CometChip and alkaline Comet assay

The alkaline comet assay was performed on the CometChip
using the protocol described by Wood et al. (2010). Molten 1%
normal melting point agarose was poured on top of a sheet of
GelBond film and the polydimethylsiloxane (PDMS) mold with
microposts were floated until the agarose cool and gel. After
the mold was removed, the agarose gel (with microwells that
were attached to GelBond film) was placed on a glass plate, a
bottomless 96-well plate was pressed onto the gel and clamped
to create the multi-well version of the comet platform, the
CometChip.

After the treatment as mentioned above, 100 lL of cells
(106 cells/ml) were pipetted into each of the 96-well and captured
in microwells by gravity. The bottomless 96-well plate was then
removed and the gel was covered with 1% low melting point aga-
rose. After overnight lysis, the CometChips were placed into an
electrophoresis chamber filled with alkaline unwinding buffer
(0.3 M NaOH and 1 mM Na2EDTA) for 40 min at 4 �C. Electropho-
resis was performed at the same temperature with the same buf-
fer for 30 min at 1 V/cm and a current of 300 mA. The chips were
then neutralized twice for 15 min in fresh buffer (0.4 M Tris–HCl
at pH 7.5) at 4 �C. After neutralization, the CometChips were
stained with SYBR Gold according to the manufacturer’s instruc-
tions for the fluorescence imaging. Images were captured using a
Nikon 80i upright microscope (Tokyo, Japan) coupled with an
automatic scanning stage and analyzed using the ‘‘Guicometana-
lyzer’’, a custom software written in MATLAB (The Mathworks,
Natick, MA). The results generated by the software showed per-
centage of tail DNA which represented as the level of DNA damage
and olive tail moment (OTM, product of comet length and tail
intensity). The cells treated with 100 lM H2O2 were used as the
positive control and cells treated with 1% DMSO were used as neg-
ative control.
2.20. Statistical analysis

All the experiments were done in triplicate. The results were
expressed as mean ± standard deviation (SD). The differences
among the groups were evaluated with ANOVA, followed by
Mann–Whitney U test using a Statistical Package for Social Sci-
ences Program (SPSS) version 17.0. p-values < 0.05 were consid-
ered as statistically significant.
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3. Results

3.1. 3,5-Dimethylaminophenol and 3,5-dimethyaminolphenol
quinoneimine synthesis

1H NMR of 3,5-DMAP and 1H NMR of 3,5-DMQI are shown in
Supplementary Data (Fig. A and B).
DMIQ; 4-amino-3,5-dimethylphenol iminequinone; SM, selenomethionine.
3.2. Conversion rate from 3,5-dimethylaminophenol to 4-amino-3,5-
dimethylphenol quinoneimine

The conversion rates of 3,5-DMAP to 3,5-DMQI in the media
with or without cells were �99.4% and �98.7% in 1 h, respectively
(Supplementary Data Fig. C).
3.3. Interaction of 4-amino-3,5-dimethyl quinoneimine with sodium
selenite and selenomethionine

SS and its oxidized form could not be ionizated both in positive
or negative mode and 3,5-DMQI was still kept in the quinoneimine
form after 1 h incubation (SS+3,5-DMQI) (Fig. 1). Oxidation scheme
of SM after 1 h incubation with 3,5-DMQI is shown in Fig. 2. Total
ion chromatograms of SM and 1 h incubation of SM with 3,5-DMQI
are given Fig. 3A and B. 40% of SM was oxidized to methionine sel-
enoxide and 3,5-DMQI was still kept in the iminequinone form
after 1 h incubation (SM+3,5-DMQI). Therefore, no direct reduction
of 3,5-DMAP was observed with selenocompounds.
Fig. 1. Total ion chromatograms of SS (a) and 1 h incubation of SS and 3,5-DMQI (b
3.4. 3,5-Dimethylaminophenol-induced ROS production and
cytotoxicity and possible protection by selenocompounds

As previously observed, 3,5-DMAP caused a dose-dependent
increase of cytotoxicity in the AS52 cells (Ye et al., 2012; Chao
et al., 2014). The half maximal inhibitory concentration (IC50) of
3,5-DMAP was 25 lM. In Fig. 4, pretreatments with SS and SM
for 24 h was not cytotoxic to the cells. There was no significant dif-
ference between 24 h and 72 h treatment with these selenocom-
pounds. In addition, pretreatment with SS or SM for 24 or 72 h
provided significant protection against the cytotoxicity caused by
3,5-DMAP and only slight differences were observed between
24 h and 72 h treatments.

As shown in Fig. 4, pretreatment with SS and SM did not cause
ROS or intracellular ROS generation, compared to the control while
3,5-DMAP (25 lM) treatment caused a significant increase in intra-
cellular ROS generation. SS and SM provided significant protection
against the 3,5-DMAP-induced cytotoxicity. SS application for 24 h
with 3,5-DMAP provided a decrease of 43% while SM for 24 h with
). 3,5-DMIQ; 4-amino-3,5-dimethylphenol iminequinone; SS, sodium selenite.



Fig. 3. Total ion chromatograms of SM (a) and 1 h incubation of SM and 3,5-3,5-DMQI (b). 3,5-DMIQ; 4-amino-3,5-dimethylphenol iminequinone; SM, selenomethionine.

Fig. 4. Cell viability and intracellular ROS quantification in the study groups. 3,5-
DMAP, 3,5-dimethylaminophenol; SM, selenomethionine; SS, sodium selenite.
(Control) is Control cells; (SS): AS52 cells pre-treated with SS (30 nM) for 24 h;
(SM): AS52 cells pre-treated with SM (10 lM) for 24 h; (DMAP): AS52 cells for 24 h
groups; cells were treated with 25 lM of 3,5-DMAP (in serum free medium) for 1 h;
(SS/DMAP): AS52 cells were pre-treated with SS (30 nM) for 24 h; later cells were
treated with 25 lM of 3,5-DMAP (in serum free medium) for 1 h; (SM/DMAP): AS52
cells pre-treated with SM (10 lM) for 24 h; later cells were treated with 25 lM of
3,5-DMAP (in serum free medium) for 1 h. ROS, reactive oxygen species. Cytotox-
icity was determined using WST-1 assay. Both cell viability and ROS production in
the study groups were expressed in% of control. Bar graphs show the ROS
production at 25 lM of 3,5-DMAP application while line graph shows the cell
viability at 25 lM of 3,5-DMAP in study groups. Values are given as mean ± SD of
n = 3 experiments. p < 0.05 was considered statistically significant. *indicates that
the mean is significantly different from Control group.
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3,5-DMAP supplied a decrease of 52% in cytotoxicity compared to
3,5-DMAP treatment.

3.5. Nuclear staining of 3,5-dimethylaminophenol

As shown in Fig. 5, the images A and B show the Brightfield
microscopy and Hoechst 33528 nuclear stain, respectively. The
arrows in Fig. 5C indicate the fluorescent spots, the locations where
3,5-DMAP was localized and generated the free radicals in the
nuclei.

3.6. Oxidant and antioxidant parameters

The results of 24 h groups are shown in tables and figures since
the results obtained from 24 h and 72 h supplementation groups
were similar. However, in Section 3, we also mentioned the results
obtained from 72 h groups where the differences between 24 h
groups and 72 h groups were significant.

3.7. Activities of selenoenzymes

Table 1 shows the cytoplasmic and nuclear selenoenzyme activ-
ities in the study groups. Both SS (52%) and SM (56%) provided sig-
nificant increases in cytoplasmic GPx1 activity after 24 h treatment
compared to the control group. The 72 h supplementation with
both of the selenocompounds supplied an increase of 75% in
cytoplasmic GPx1 activity vs. control (p < 0.05). The differences in
cytoplasmic GPx1 activity between the 24 h and 72 h treatments
with both SS and SM were statistically significant. On the other
hand, 3–5-DMAP treatment did not cause any change in cytoplas-
mic GPx1 activity, while both of the selenocompounds plus 3,5-
DMAP provided marked increases in GPx1 activity vs. 3,5-DMAP
group in both of the supplementation periods. The 72 h supple-
mentations with 3,5-DMAP provided significantly higher GPx1
activities compared to 24 h groups (data not shown).

Both SS (42%) and SM (26%) supplied remarkable increases in
nuclear GPx1 activity after 24 h treatment compared to control.
72 h treatments with both of the selenocompounds also supplied
significant increases in nuclear GPx1 activity vs. 3,5-DMAP (SS at
62%, SM at 49%, p < 0.05, data not shown). The differences in
nuclear GPx1 activity between the 24 h and 72 h treatments with
both SS and SM were statistically significant. 3,5-DMAP treatment
caused a marked decrease of 24% in nuclear GPx1 activity vs. con-
trol. Both of the selenocompounds with 3,5-DMAP treatment after



Fig. 5. Microscopy of ROS detection in nucleus. CM-H2DCFA, 5-(and 6-) chloromethyl-20 ,70-dichlorodihydrofluoresce in diacetate. ROS, reactive oxygen species. 3,5-DMAP,
3,5-dimethylaminophenol; SM, selenomethionine; SS, sodium selenite. (A) Brightfield microscopy, (B) Hoechst 33528 nuclear stain, (C) indicates the fluorescent spots, the
locations where 3,5-DMAP was localized and generated the free radicals in the nucleus. CM-H2DCFDA ROS detection kit was used for ROS detection. Hoechst 33528 was used
for nuclear staining. Treatment: 1 h 3,5-DMAP treatment, then 24 h fresh medium incubation. Magnification is �400.

Table 1
Cytoplasmic and nuclear selenoenzyme activities in samples pretreated 24 h with SS or SM, followed by 1 h treatment with DMAP ± Se compounds.

Cytoplasmic Nuclear

GPx1 (U/mg protein) TrxR (mU/mg protein) GPx1 (U/mg protein) TrxR (mU/mg protein)

Control 0.124 ± 0.003 0.283 ± 0.027 0.038 ± 0.001 0.028 ± 0.002
SS 0.189 ± 0.008* 0.438 ± 0.072* 0.054 ± 0.004* 0.049 ± 0.010*

SM 0.194 ± 0.006* 0.563 ± 0.053* 0.048 ± 0.002* 0.048 ± 0.007*

3,5-DMAP 0.121 ± 0.014 0.176 ± 0.024* 0.027 ± 0.001* 0.020 ± 0.005*

SS/3,5-DMAP 0.191 ± 0.030* 0.424 ± 0.062* 0.046 ± 0.002* 0.033 ± 0.010
SM/3,5-DMAP 0.213 ± 0.010* 0.383 ± 0.089* 0.041 ± 0.003 0.037 ± 0.005*

3,5-DMAP, 3,5-dimethylaminophenol; SS, sodium selenite; SM, selenomethionine.
Values are given as mean ± SD of n = 3 experiments and duplicate measurements.
p < 0.05 was considered statistically significant.
* Indicates that the mean is significantly different from Control group.
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both 24 h and 72 h treatments provided marked increases in
nuclear GPx1 activity. There was an increase of in nuclear GPx1
activity (70%) in SS/DMAP group and an increase of 52% in SM/
DMAP compared to 3,5-DMAP group (p < 0.05, both). However,
no marked difference was determined between the SS/DMAP and
SM/DMAP groups in the activity of nuclear GPx1 at any supple-
mentation periods.

Both SS (55%) and SM (99%) supplied marked increases in cyto-
plasmic TrxR activity after 24 h treatment and 72 h treatment com-
pared to their controls. 3,5-DMAP treatment caused a marked
decrease in cytoplasmic TrxR activity (38%) vs. control. Both of
the selenocompounds with 3,5-DMAP treatment (at both 24 h
and 72 h) showed marked increases in TrxR activity. At 24 h, SS
treatment with 3,5-DMAP provided an increase of 141% in cyto-
plasmic TrxR activity while SM supplementation showed an 118%
increase vs. control group.

Both SS (75%) and SM (71%) supplied significant increases in
nuclear TrxR activity after 24 h treatments compared to the control
group. Besides, 72 h treatments with both of the selenocompounds
provided further increase in nuclear TrxR activity vs. 24 h treat-
ments. 3,5-DMAP treatment caused a marked decrease of 28% in
nuclear TrxR activity compared to control. Both of the selenocom-
pounds with 3,5-DMAP treatment provided increases in TrxR activ-
ity compared to DMAP treatment after both 24 h and 72 h
supplementations. After 24 h treatment with SS or SM plus 3,5-
DMAP, there was an increase of 65% in nuclear TrxR activity in SS/
DMAP group and there was an increase of 85% in nuclear TrxR activ-
ity in SM/DMAP group compared to DMAP group (p < 0.05, both).

3.8. The activities of other antioxidant enzymes

Table 2 shows the cytoplasmic and nuclear antioxidant enzyme
activities in the study groups. Supplementation with both SS and
SM at 24 h and 72 h provided significant increases in cytoplasmic
CAT activity compared to their controls. SS and SM supplementa-
tion for 24 h provided 49% and 30% increases in CAT activity
respectively, compared to control group (p < 0.05, both). 3,5-DMAP
treatment caused a marked decrease of 27% vs. control. Both SS
(42%) and SM (39%) supplementations with 3,5-DMAP treatment
provided significant increases in cytoplasmic CAT activity (at both
of the supplementation periods).

Nuclear CAT activities showed marked increases by selenium
supplementation. Other than 24 h SS supplementation, all of the
increments were statistically significant. After 24 h, SS provided
an increase of 15% while at 72 h the increase was 35% (p < 0.05
vs. control, both). After 24 h, SM provided an increase of 23% while
after 72 h the increase in CAT activity was 28% vs. control (p < 0.05,
both). 3,5-DMAP treatment caused a decrease of 41% in nuclear
CAT activity vs. control group. Both of the selenocompounds with
3,5-DMAP treatment supplied increases in nuclear CAT activity at
both of the supplementation periods compared to 3,5-DMAP treat-
ment. There was an increase of 142% in nuclear CAT activity in SS/
DMAP group while in SM/DMAP group a marked increase of 127%
was observed when compared to DMAP group.

Cytoplasmic SOD activity was markedly decreased by both SS
(25%) and SM (33%) supplementations after 24 h treatment. On
the other hand, 3,5-DMAP treatment caused an increase of 36%
in SOD activity compared to control (p < 0.05). Both SS (44%) and
SM (41%) supplementations with 3,5-DMAP treatment caused
decreases in cytoplasmic SOD activity vs. DMAP group (p < 0.05,
both). Nuclear SOD activity was not affected by both SS and SM
supplementations after 24 h (p > 0.05 vs. control, both). However,
3,5-DMAP treatment caused a marked increase of�100% in nuclear
SOD activity compared to control. Both SS (47%) and SM (46%)
supplementations with 3,5-DMAP treatment decreased nuclear
SOD activity vs. DMAP group (p < 0.05, both).

Cytoplasmic GR activity did not change by SS or SM in any of the
supplementation periods. However, 3,5-DMAP treatment caused a



Table 2
Cytoplasmic and nuclear antioxidant enzyme activities in samples pretreated 24 h with SS or SM, followed by 1 h treatment with DMAP ±Se compounds.

Cytoplasmic Nuclear

CAT (U/
mg protein)

SOD (U/
mg protein)

GR (mU/
mg protein)

GST (nmol/
mg protein/min)

CAT (U/
mg protein)

SOD (U/
mg protein)

GR (mU/
mg protein)

GST (nmol/
mg protein/min)

Control 0.265 ± 0.019 20.965 ± 2.338 0.091 ± 0.010 27.273 ± 1.266 0.088 ± 0.009 8.967 ± 2.145 0.039 ± 0.004 3.767 ± 0.048
SS 0.395 ± 0.024* 15.776 ± 2.359* 0.111 ± 0.014 28.367 ± 0.391 0.102 ± 0.010 8.160 ± 0.584 0.040 ± 0.007 3.633 ± 0.255
SM 0.381 ± 0.008* 15.782 ± 3.025* 0.118 ± 0.020 26.614 ± 0.749 0.114 ± 0.003* 8.152 ± 1.821 0.039 ± 0.008 3.869 ± 0.231
3,5-DMAP 0.194 ± 0.019* 28.482 ± 2.729* 0.039 ± 0.014* 20.481 ± 2.024 0.052 ± 0.005* 18.984 ± 1.995* 0.019 ± 0.005* 3.345 ± 0.687
SS/3,5-DMAP 0.275 ± 0.035 15.972 ± 1.358* 0.109 ± 0.010 21.311 ± 0.727 0.126 ± 0.001* 9.980 ± 1.692 0.040 ± 0.002 3.538 ± 0.155
SM/3,5-DMAP 0.269 ± 0.047 16.927 ± 1.862* 0.114 ± 0.010 20.921 ± 1.799 0.118 ± 0.003* 10.210 ± 1.891 0.040 ± 0.005 3.758 ± 0.180

CAT, catalase; SOD, total superoxide dismutase; GR, glutathione reductase; GST, glutathione S-transferase.
3,5-DMAP, 3,5-dimethylaminophenol; SS, sodium selenite; SM, selenomethionine.
Values are given as mean ± SD of n = 3 experiments and duplicate measurements. *p < 0.05 was considered statistically significant.
* Indicates that the mean is significantly different from Control group.
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decrease of 57% when compared to DMAP group (p < 0.05). Both SS
(180%) and SM (192%) with 3,5-DMAP treatment in both of the
supplemetation periods provided increases in cytoplasmic GR
activity. Nuclear GR activity did not also change by SS or SM sup-
plementation in any of the treatment periods vs. control. However,
3,5-DMAP treatment caused a decrease of 37% (p < 0.05) vs. con-
trol. Both SS and SM after 24 h of supplemetation with 3,5-DMAP
treatment provided 110% increase in nuclear GR activity vs. DMAP
group.

We did not observe any significant GST changes in any group,
either in cytoplasmic nor nuclear fractions compared to their
controls.
3.9. Total, oxidized and reduced glutathione levels

Fig. 6 shows the cytoplasmic and nuclear GSH and GSSG levels
of the study groups. Cytoplasmic total glutathione levels did not
change significantly in any of the groups. Both SS and SM supple-
mentations (after both 24 h and 72 h) provided marked decreases
in cytoplasmic GSSG levels. 3,5-DMAP treatment caused 300%
increase in GSSG levels vs. control. Both SS and SM with 3,5-DMAP
treatment at both of the supplementation periods supplied
decreases in GSSG levels in cytoplasm compared to 3,5-DMAP
group.

3,5-DMAP caused a significant increase of 456% in nuclear GSSG
levels compared to control (p < 0.05). SS and SM supplementations
with 3,5-DMAP treatment at both of the supplementation periods
provided significant decreases compared to 3,5-DMAP. After both
of the supplementation periods, the decrease in GSSG levels in
SS/DMAP group was �30% and in SM/DMAP group was �25% com-
pared to DMAP group.

SS supplementation for 24 h provided a significant increase of
26% in GSH levels while 3,5-DMAP treatment caused a significant
decrease of 35% in GSH levels when compared to the control. Along
with 3,5-DMAP treatment, 24 h SS supplementation supplied an
increase of 65% while 24 h SM supplementation provided signifi-
cant increment of 49% when compared to DMAP group.
3.10. Thiol groups, lipid peroxidation, and protein oxidation

Fig. 7 shows the levels of TBARS (A), carbonyl groups (B) and
thiol groups (C) in the study groups.

SS (42%) and SM (40%) supplementation provided significant
decreases in cytoplasmic TBARS levels after 24 h compared to their
control group. 3,5-DMAP caused an average of 175% increase in
cytoplasmic TBARS levels vs. control while both SS (75%) and SM
(70%) supplementations with 3,5-DMAP provided significant
decreases when compared to DMAP group.
Only 72 h supplementations with SS (25%) and SM (17%) were
effective in decreasing nuclear TBARS levels significantly (data
not shown). 3,5-DMAP treatment caused an average of 713% eleva-
tion in nuclear TBARS levels compared to control group while both
SS and SM supplementations with 3,5-DMAP treatment at both of
the supplementation periods provided significant decreases in LP
compared to DMAP group. The decrease in nuclear TBARS levels
in SS/DMAP group was 83% while the decrease in SM/DMAP group
was 82% vs. DMAP group (p < 0.05, both). However, no difference
was found between 24 h and 72 h SS and SM treatments against
the cytoplasmic and nuclear LP in 3,5-DMAP-treated groups.

3,5-DMAP treatment caused an elevation of 67% in cytoplasmic
protein oxidation compared to control group. Both SS and SM sup-
plementations with 3,5-DMAP application at both of the periods
(24 h and 72 h) provided decreases in protein carbonyls compared
to DMAP treatment. The decrease in SS/DMAP group was 56% while
the decrease in SM/DMAP group was 39% (vs. DMAP group,
p < 0.05, both).

Both SS (27%) and SM (26%) supplementations for 24 h were
effective in decreasing nuclear carbonyl group levels when com-
pared to control group (p < 0.05). Besides, 72 h supplementations
with both of the selenocompounds were also effective in reducing
nuclear protein oxidation (p < 0.05, vs. control). 3,5-DMAP treat-
ment caused an average of 62% increment in nuclear carbonyl
group levels compared to control. Both SS (33%) and SM (28%) sup-
plementations for 24 h with 3,5-DMAP provided significant
decreases in nuclear protein oxidation when compared to DMAP
group.

SS treatment provided marked increases in both cytoplasmic
and nuclear thiol levels at both of the supplementation periods
vs. control. However, SM supplementation only supplied a marked
increment in cytoplasmic thiol levels after 72 h of supplementation
(7% vs. control, p < 0.05, data not shown). Other than these
alterations, there were no changes in any of the groups in neither
cytoplasm nor nucleus.
3.11. Caspase 3 and caspase 8 activities

Fig. 8A and B shows cellular caspase 3 and caspase 8 activities in
the study groups. 3,5-DMAP treatment caused a marked increase of
34% in caspase 8 compared to control group while 24 h supple-
mentation with both SS and SM along with 3,5-DMAP treatment
provided decreases in the activity of caspase 8 vs. DMAP group.
Moreover, 3,5-DMAP treatment caused a marked increase of
104% in caspase 3 activity when compared to control. SS and SM
treatments with 3,5-DMAP treatment showed significant decreases
in the activity of caspase 3 vs. DMAP group. We observed almost
the same results with 72 h SS or SM supplementations.
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3.12. Alkaline Comet assay

Fig. 9 shows olive tail moment (OTM) results in the study
groups obtained from alkaline Comet assay. Both SS and SM did
not provide any decrease in OTM after both 24 h and 72 h supple-
mentations. However, 3,5-DMAP caused an increase of 299% in
OTM (p < 0.05 vs. control). SS (49%) and SM (27%) supplementa-
tions with 3,5-DMAP treatment supplied marked decreases in
OTM after 24 h supplementation (vs. DMAP group, p < 0.05, both).
However, the differences between 24 h and 72 h of both SS and SM
with 3,5-DMAP were not statistically significant.
4. Discussion

Worldwide, bladder cancer is one of the most common types of
cancer (Wu et al., 2010). The established risk factors are smoking,
occupational exposure to aromatic amines/alkylamines/alkylani-
lines, and genetics (Silverman et al., 2006; Skipper et al., 2010).
Though, clearly not as carcinogenic as multi-ring aromatic amines,
alkylanilines are a class of chemicals that may hold far more signif-
icance for human health than has yet been elucidated and they do
not have a well-clarified toxicity mechanism (Skipper et al., 2010).

Research has been moving towards utilizing different antioxi-
dants for preventing the genotoxic and carcinogenic effects of dif-
ferent environmental chemicals. Trace elements like Se are of
particular interest as it is the key component of antioxidant
enzymes like GPxs, which have essential roles in the cellular anti-
oxidant defense. In the physiological dosage range, Se appears to
function as an anti-mutagenic agent, preventing the malignant
transformation of normal cells and the activation of oncogenes
(Schrauzer, 2000). Se supplementation is protective against a wide
variety of environmental chemicals and several cancers, possibly
due to its effect on cellular redox equilibrium (Erkekoglu et al.,
2010a, 2010b; Bera et al., 2013). In the present study, we propose
Fig. 6. Oxidized glutathione and reduced glutathione levels in the study groups.
GSSG: oxidized glutathione; GSH: reduced glutathione, 3,5-DMAP, 3,5-dimethyl-
aminophenol; SM, selenomethionine; SS, sodium selenite, (Control): Control cells;
(SS): AS52 cells pre-treated with SS (30 nM) for 24 h; (SM): AS52 cells pre-treated
with SM (10 lM) for 24 h; (DMAP): AS52 cells for 24 h groups; cells were treated
with 25 lM of 3,5-DMAP (in serum free medium) for 1 h; (SS/DMAP): AS52 cells
were pre-treated with SS (30 nM) for 24 h; later cells were treated with 25 lM of
3,5-DMAP (in serum free medium) for 1 h; (SM/DMAP): AS52 cells pre-treated with
SM (10 lM) for 24 h; later cells were treated with 25 lM of 3,5-DMAP (in serum
free medium) for 1 h. Total, oxidized and reduced glutathione levels are expressed
in nmole/mg protein. Values are given as mean ± SD of n = 3 experiments and
duplicate measurements. * Indicates that the mean cytoplasmic GSH levels is
significantly different from Control group. � Indicates that the mean cytoplasmic
GSSG is significantly different from Control group. # Indicates that the mean nuclear
GSH levels is significantly different from Control group. § Indicates that the mean
nuclear GSSG levels is significantly different from Control group. p < 0.05 was
considered statistically significant.
a mechanism through which alkylanilines exert their toxicity in
CHO cells. In addition, we suggest that both organic and inorganic
selenocompounds are protective against their toxicity. The results
of this study can be discussed in three parts:

4.1. Effects of 3,5-dimethylaminophenol on the measured parameters

Excessive production of ROS may lead to cell function loss and
cell death (Imai and Nakagawa, 2003). 3,5-DMAP is the major
product of N-hydroxylation of 3,5-DMA. 3,5-DMAP was shown to
cause DNA damage, mutagenesis and carcinogenesis (Ye et al.,
2012; Chao et al., 2014). The increased intracellular ROS produc-
tion with 3,5-DMAP exposure in the current study, along with sub-
stantial changes in cellular antioxidant/oxidant parameters, is the
predominant evidence of a shift in the redox equilibrium towards
oxidation, thus occurrence of oxidative stress. We determined that
3,5-DMAP localizes and generates free radicals in the nuclei and
therefore we interrogated whether it would also cause an imbal-
ance of antioxidant/oxidant status in nucleus among changes in
the cytoplasm (Ye et al., 2012). Now, by measuring the activities
of antioxidants/oxidants in both fractions, we have observed that
3,5-DMAP exerts its toxicity on both fractions, where the nuclear
toxicity seems to be more pronounced.

In CHO cells, 3,5-DMAP toxicity was evidenced by changes in
both cytoplasmic and nuclear selenoenymes. Nuclear GPx1 activ-
ity, as well as cytoplasmic and nuclear TrxR activities markedly
decreased vs. control whereas cytoplasmic GPx1 activity was not
affected. It was shown that GPx1 was induced in order to overcome
the oxidative burden in different conditions (Kim et al., 2011;
Erkekoglu et al., 2014); however this is not the case in the present
study. Although 3,5-DMAP does not affect cytosolic GPx1 activity,
it causes induction of H2O2 (Chao et al., 2012, 2014). H2O2 can pro-
duce hydroxyl radical which is the most dangerous type of ROS.
Therefore, it is clear that oxidative stress might arise due to high
ROS production and the unchanged GPx1 actvity after 3,5-DMAP
exposure. On the other hand, 3,5-DMAP caused significant
decreases in both cytoplasmic and nuclear CAT activity, while
causing substantial elevations in SOD activity in the two fractions.
We can postulate that the superoxide production might be induced
by 3,5-DMAP, triggering the mechanism of superoxide dismutation
by SOD. The increased activity of SOD might be related to this
assumption, at least in part. However, other oxygen species like
H2O2 and. OH are also be induced by 3,5-DMAP as shown previ-
ously (Chao et al., 2014). As both nuclear CAT and GPx1 activity
decreases, the decomposition of H2O2 could not be achieved and
the increases in cellular ROS levels might have both cytotoxic
and genotoxic effects on CHO cells. GSH, the most important intra-
cellular thiol, is a substrate for the GPxs, and GSTs (Dolphin et al.,
1989). GR provides adequate levels of cellular GSH by reducing
GSSG (Dolphin et al., 1989). The increase was observed in GSSG
levels, and the significant decrease in GSH concentrations and cel-
lular redox ratio with 3,5-DMAP treatment might be related to the
decrease in GR activity.

The increased intracellular levels of LP is a good indicator of
intracellular oxidation (Alía et al., 2006; Mateos and Bravo,
2007). During LP, unstable hydroperoxides, resulting from peroxyl
radical-dependent chain reactions among unsaturated fatty acyl
moieties break down to smaller and more stable products [e.g.
aldehydes, such as acrolein, malonyldialdehyde (MDA) and 4-
hydroxynonenal (HNE)] (Emerit et al., 1991). These products can
attack several cellular targets, like proteins. Carbonyl groups may
be introduced into proteins by reactions with MDA or HNE.
Besides, direct oxidation of lysine, arginine, proline, and threonine
residues may yield carbonyl derivatives (Esterbauer et al., 1991;
Uchida et al., 1993; Winkler et al., 1984). Moreover, MDA and
HNE can interact with DNA, thereby inducing mutagenecity and



Fig. 7. Thiol groups, lipid peroxidation and protein oxidation levels in the study groups. (A) TBARS levels. (B) Carbonyl levels. (C) Thiol groups. TBARS: thiobarbituric acid
reactive substance. 3,5-DMAP, 3,5-dimethylaminophenol; SM, selenomethionine; SS, sodium selenite, (Control): Control cells; (SS): AS52 cells pre-treated with SS (30 nM) for
24 h; (SM): AS52 cells pre-treated with SM (10 lM) for 24 h; (DMAP): AS52 cells for 24 h groups; cells were treated with 25 lM of 3,5-DMAP (in serum free medium) for 1 h;
(SS/DMAP): AS52 cells were pre-treated with SS (30 nM) for 24 h; later cells were treated with 25 lM of 3,5-DMAP (in serum free medium) for 1 h; (SM/DMAP): AS52 cells
pre-treated with SM (10 lM) for 24 h; later cells were treated with 25 lM of 3,5-DMAP (in serum free medium) for 1 h. Values are given as mean ± SD of n = 3 experiments
and duplicate measurements. p < 0.05 was considered statistically significant. * Indicates that the mean cytoplasmic TBARS or carbonyl group level is significantly different
from Control group. � Indicates that the mean cytoplasmic TBARS or carbonyl group level is significantly different from DMAP group. # Indicates that the mean nuclear TBARS
or carbonyl group level is significantly different from control group. § Indicates that the mean nuclear TBARS or carbonyl group level is significantly different from DMAP
group. TBARS levels are expressed in lmole/g protein and carbonyl group levels were expressed in lmole/mg protein.
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carcinogenicity (de Zwart et al., 1999). Currently, both LP and
protein oxidation showed significant increases by 3,5-DMAP
treatment and we might suggest that LP might be one of the under-
lying factors for the increase in protein oxidation after 3,5-DMAP
treatment in AS52 cells (Reinheckel et al., 1998).

For genotoxicity determination, a high through-put ‘‘Comet
Chip’’ protocol is used with a newly developed automated image
analysis software. A limitation of the traditional assay is that each
sample requires a separate glass slide and image analysis is
laborious and data is intensive, thus reducing throughput. This
new technique uses micro-fabrication technologies to enable anal-
ysis of cells within a defined array, resulting in a >200 fold reduc-
tion in the area required per condition (Weingeist et al., 2013).
With this new technique, we had the opportunity to extensively
study the genotoxicity of 3,5-DMAP in AS52 and UV5 CHO cells
(Chao et al., 2012). We observed that both %tail DNA (data not
shown) and OTM increased significantly by 3,5-DMAP treatment,
indicating this particular alkylaniline induces genotoxicity in
CHO cells. To our knowledge, little is known regarding the mecha-
nism of genotoxicity of 3,5-DMA or 3,5-DMAP. However, there is
evidence that 3,5-DMA forms DNA adducts and has a greater car-
cinogenic potential than two other significant alkylanilines,
namely 2,6-DMA, and 3-EA (Skipper et al., 2006).

The concerted action of caspases is responsible for apoptosis.
There are two main caspase-activation cascades described for
apoptosis: the intrinsic and extrinsic apoptotic pathways (Dang,
2012). When activated, the extrinsic pathway, which includes the
action of initiator caspases, 8 and 10, cleave and activate the exe-
cutioner caspases 3 and 7 (Boatright and Salvesen, 2003). It was
demonstrated that oxidative stress can markedly activate caspase
8. Herein, we observe marked increases in both caspase 8 and 3
activities (Baumgartner et al., 2007), suggesting extrinsic caspase
pathway is induced by 3,5-DMAP. Therefore, we might postulate
that 3,5-DMAP triggers apoptosis in CHO AS52 cells, by inducing



Fig. 8. Caspase 3 and Caspase 8 activity. 3,5-DMAP, 3,5-dimethylaminophenol; SM,
selenomethionine; SS, sodium selenite, (Control): Control cells; (SS): AS52 cells pre-
treated with SS (30 nM) for 24 h; (SM): AS52 cells pre-treated with SM (10 lM) for
24 h; (DMAP): AS52 cells for 24 h groups; cells were treated with 25 lM of 3,5-
DMAP (in serum free medium) for 1 h; (SS/DMAP): AS52 cells were pre-treated with
SS (30 nM) for 24 h; later cells were treated with 25 lM of 3,5-DMAP (in serum free
medium) for 1 h; (SM/DMAP): AS52 cells pre-treated with SM (10 lM) for 24 h;
later cells were treated with 25 lM of 3,5-DMAP (in serum free medium) for 1 h.
Caspase 8 activity is expressed as nmole/p-NA/min/mg protein. Caspase 3 activity is
expressed as lmole/p-NA/min/mg protein. Values are given as mean ± SD of n = 3
experiments and duplicate measurements. p < 0.05 was considered statistically
significant.* Indicates that the mean is significantly different from C 24 group.
� Indicates that the mean is significantly different from DMAP 24 group.

Fig. 9. OTM values obtained from alkaline Comet assay. OTM, Olive Tail Moment,
3,5-DMAP, 3,5-dimethylaminophenol; SM, selenomethionine; SS, sodium selenite,
(Control) is Control cells; (SS): AS52 cells pre-treated with SS (30 nM) for 24 h;
(SM): AS52 cells pre-treated with SM (10 lM) for 24 h; (DMAP): AS52 cells for 24 h
groups; cells were treated with 25 lM of 3,5-DMAP (in serum free medium) for 1 h;
(SS/DMAP): AS52 cells were pre-treated with SS (30 nM) for 24 h; later cells were
treated with 25 lM of 3,5-DMAP (in serum free medium) for 1 h; (SM/DMAP): AS52
cells pre-treated with SM (10 lM) for 24 h; later cells were treated with 25 lM of
3,5-DMAP (in serum free medium) for 1 h. Values are given as mean ± SD of n = 3
experiments and duplicate measurements. p < 0.05 was considered statistically
significant. * Indicates that the mean is significantly different from C 24 group.
� Indicates that the mean is significantly different from DMAP 24 group.
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caspase 8 activity, which in turn induces caspase 3. We have also
shown that 3,5-DMAP induces pro-caspase 3 and pro-PARP expres-
sions before (Chao et al., 2014). We can suggest that oxidative
stress induced by 3,5-DMAP can be one of the underlying mecha-
nisms of genotoxicity as well as apoptotic cell death herein.

4.2. Effects of selenocompounds on measured parameters

Although most of its chemopreventive mechanisms of Se still
remain unclear, the protective effects of Se seem to be primarily
associated with its presence in GPxs, which are known to protect
DNA and other cellular components from damage by oxygen radicals
(Negro, 2008). Moreover, mammalian TrxR enzymes are also impor-
tant antioxidant selenoenzymes, that contain Se-containing pyri-
dine nucleotide-disulfide oxidoreductases with mechanistic and
sequence identity, including a conserved -Cys-Val-Asn-Val-Gly-
Cys- redox catalytic site, to GRs. TrxRs catalyze the NADPH-depen-
dent reduction of the redox protein thioredoxin (Trx) as well as of
a wide number of exogenous and endogenous compounds. The
importance of Trx to many aspects of cell function make it likely that
TrxRs also play a role in protection against oxidant injury, cell
growth and transformation, and the recycling of ascorbate from its
oxidized form (Mustacich and Powis, 2000). Therefore, Se plays sev-
eral roles in carcinogen metabolism (Schrauzer, 2000). Low dietary
Se intake makes the organism prone to oxidative stress-related con-
ditions, reduced fertility and immune functions (Ganther, 1999).
Moreover, epidemiological studies have shown an inverse relation-
ship between Se intake and cancer incidence, including bladder can-
cer (Rayman, 2005; Wallace et al., 2009). It appears that Se has
multi-layered effects on DNA integrity involving anti-oxidative
defenses, on oxidative stress, and DNA repair proteins (Hartwig
et al., 2003). However, Se is bimodal in nature whereby its beneficial
properties occur in a fairly narrow range of daily intake. At low
concentrations, Se compounds are antigenotoxic and anticarcino-
genic whereas at high concentrations, mutagenic and possibly
carcinogenic (Letavayová et al., 2006).

The protection efficiency of Se derivatives strongly depends on
the chemical form. SS is commonly used in cell culture and animal
studies, and SM is the most common in the diet. SM is converted to
H2Se through transulfuration and b-lyase cleavage, whereas SS
interacts with GSH to form GSSeSG which is subsequently reduced
to H2Se. H2Se derived via both pathways can be converted to sele-
nophosphate which is then used in the synthesis of selenoproteins.
This difference in Se metabolism is likely to account for the greater
efficiency of SS over SM, as has been reported for a variety of cell
types (Zhuo et al., 2009), thus providing lower dose supplementa-
tion with SS (30 nM), compared to SM (10 lM), with almost the
same increment in the selenoenzyme activities. Supplementation
of cells with physiologically relevant concentrations of SS and SM
was shown to protects against the cytotoxicity and genotoxicity;
however protection against other types of stress (i.e. alkylating
or radiating agents) could not be achieved by these selenocom-
pounds (Erkekoglu et al., 2010a, 2010b; de Rosa et al., 2012).

The concentrations of SS and SM used in this study were chosen
from preliminary experiments, considering maximum GPx1 induc-
tion after 24 h and 72 h. These concentrations were also in the
same ranges that were applied previously for several other cell
types (Chu et al., 1990; Bhamre et al., 2003; Mansur et al., 2000).
Both SS and SM supplied substantial increases in nuclear GPx1
and TrxR activities in both of the supplementation periods, where
the increases were much more prononced in 72 h. Se supplemen-
tation was also shown to increase GPx1 and TrxR activities in other
cell types after 72 h (Erkekoglu et al., 2010a, 2010b).

After treatment with both of the selenocompounds, we
observed that cytoplasmic SOD activity showed significant
decreases and cytoplasmic CAT activity showed marked increases
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compared to control cells. However, both nuclear SOD and nuclear
CAT activities did not show significant alterations after application
of SS or SM. Overall results suggest that both of the selenocom-
pounds provided increases in cellular redox ratio at both 24 and
72 h, providing higher GSH and lower GSSG levels, as well as higher
thiol groups. This might be according to increased GR activity
(although not significantly different vs. control). Additionally, LP
was significantly reduced by both SS and SM at both of the appli-
cation periods in cytoplasm while in nucleus only after 72 h, a
marked decrease in LP was achieved by both SS and SM supple-
mentations. However, in nucleus both SS and SM provided
decreases in protein oxidation at both of the supplementation
periods. No appreciable changes were observed in genotoxicity
and caspase activities with SS and SM. These results suggest that
both SS and SM were not toxic at the doses used and provided sig-
nificant recruitment in both cytoplasmic and nuclear antioxidant/
oxidant balance.

4.3. Effects of selenocompounds on 3,5-dimethylaminophenol toxicity

In both fractions, both SS and SM supplied increases in both
GPx1 and TrxR activities, compared to 3,5-DMAP, at 24 h and
72 h. Although 3,5-DMAP does not cause any change in cytoplas-
mic GPx1 activity, it still causes production of H2O2. When we
apply SS or SM with 3,5-DMAP, the GPx1 activity increases which
gives the cells the capacity to overcome the oxidative stress pro-
duced by this particular alkylaniline metabolite.

Both of the selenocompounds with 3,5-DMAP also provided
substantial increases in both CAT and GR in nucleus and cytoplasm,
vs. 3,5-DMAP. Besides, SOD activity decreased in both SS/DMAP
and SM/DMAP groups in both of the supplementation periods, pos-
sibly indicating a decrease in superoxide production in both cyto-
plasm and nucleus. Both of SS and SM plus 3,5-DMAP supplied
significantly higher GSH/GSSG redox ratio compared to 3,5-DMAP
group, by providing decreases in GSSG and increases in GSH in both
of the cellular fractions. The protection seems to be more pro-
nounced in the cytoplasm. Regarding total thiol groups, there were
no changes in the cellular concentration of thiol groups in DMAP-
treated cells. Although GSH is the dominant thiol within the cell,
other thiols are also present (thioredoxin, peroxiredoxin, cysteine
and cysteamine pools, pantethine, etc) (Akerboom and Sies,
1981). We might postulate that these thiols are not suppressed
by 3,5-DMAP. It was observed that elevated levels of thioredoxin
have also been observed in several human bladder and prostatic
cancer cell lines (Yokomizo et al., 1995) and this might point out
that in disease conditions or oxidative stress-related pathologies
thiols like thioredoxin might increase and in our case this might
compensate the decrease in GSH leading to no changes in total cel-
lular thiol concentration.

Prevention of LP plays an important role in maintaning tissue
integrity (Pamplona, 2008). On the other hand, LP as well as pro-
tein oxidation decreased in SS/DMAP and SM/DMAP groups when
they were compared to 3,5-DMAP group. Moreover, caspase activ-
ities decreased to almost the control levels, while OTM decreased
significantly in both SS/DMAP and SM/DMAP groups vs. 3,5-DMAP.
SS supplementation was more protective vs. SM treatment.

In conclusion, this is the first study showing the oxidative
potential of 3,5-DMAP in CHO AS52 cells, as well as providing evi-
dence that selenocompounds can be protective against its toxicity.
After 24 h of supplementation, both SS and SM provided substan-
tial changes in antioxidant/oxidant status of the 3,5-DMAP-treated
cells; however other than supplying higher GPx1 and TrxR activi-
ties, 72 h supplementation did not provide any advanced improve-
ment. Considering the cyto- and genotoxic effects of 3,5-DMAP, it
can be postulated that even mildly Se-deficient individuals might
be more susceptible to the adverse effects of alkylanilines.
Therefore, the results presented herein emphasize once more the
importance of Se status as a public health concern, and its impor-
tance with respect to the high probability of alkylaniline exposures
and their toxic effects.
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