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ABSTRACT

N-nitrosamines are considered human carcinogens and have been found in cured meats,
seafood, vegetables, apples, beer, drinking water, waste water, tobacco products and rubber
products. Lamited studies exist on the effects of low dose exposure to multiple N-nitrosamines
compounds. The objectives of this study were to investigate the cellular mechanisms of action by
which N-nitrosamines exhibit toxicity resulting in liver tumors and other effects. Hep2(G human
liver cells (ATCC HTB-37) was cbtained from the American Type Culture Collection (ATCC,
Manassas, VA). For assay, 5x10* Hep2Q cells/well were seeded in a 24 well culture plate and
incubated at 37°C and 7% CO, until development of a monolayer. Cells were incubated with a
combination of selected N-nitrosamines at selected concentrations (O, 4, 8, 16, 32, 64 mM) for
12 and 24 h. Lactate dehydrogenase (LDH) release (% cytotoxicity), histone-related DINA
fragmentation and detoxification enzymes were determined. After 12 and 24 h incubation with
N-nitrosamines,% cytotoxicity in Hep2G cells displayed a dose-dependent relationship at
concentrations of 4, 8 and 16 mM. Cytotoxicity peaked at 16 mM for both time periods and then
decreased with increasing concentration (64 mM) to 19.46 (12 h) and 55.75 (24 h). Overall, levels
of glutathione-S-transferase (GST), glutathione peroxidase (GPx), Glutathione Reductase (GR) and
Superoxide Dismutase (SOD) were higher with control compared to N-nitrosamines-treated cells.
Histone-related DNA fragmentation was highest in cells treated with 8 mM (24 h). Possible
mechanisms of action may be due to lower detoxification enzymes andfor an increase in H,O,
production, leading to cell death.
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INTRODUCTION

N-nitrosamines are a class of compounds formed endogencusly or during food processing
{Magee et al., 1976). They are a part of a larger group of compounds called N-nitroso compounds.
N-nitrosamine structure consists of R, R,-N-N-O, where R, and R,, are alkyl or acyl groups (Lijinsky,
1992; Rostkowska et al., 1998). Food products that have been asscciated with N-nitresamine
contamination have been divided into five major categories: foods preserved with addition of
nitrates or nitrites, foods preserved by smoking (Yurchenko and Malder, 2006; Griesenbeck et al.,
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2009), foods dried by combustion gas, pickled or salt-preserved food and foed stored or grown in
high humid eonditions (Griesenbeck et al., 2009). Preformed N-nitrosamines have been found in
cured meats (Miller et al., 1989; Lijinsky, 1999), seafcod (Montesano and Bartsch, 1976;
Yamamoto et al., 1984; Song and Hu, 1988), vegetables (Atawodi et @l., 1991; Mitacek et al., 19599),
apples (Rudell et al., 2005), beer (Goff and Fine, 1979), drinking water (Levallais ef al., 2000;
Boyd ef al., 2011; Ripolles ef al., 2011), waste water (Krauss et al., 2009; Boyd et al., 2011), tobacco
products (Jansson ef al., 2003; Levy et al., 2006) and rubber products (Sen ef al., 1989; Proksch,
2001).

More compounds have been tested and approximately 100 compounds in this class are
carcinogenic in one or more experimental animals: rats, mice, hamsters, rabbits, minks, dogs, pigs
and monkeys. Moreover, many N-nitrosamine compounds are reported to induce
hepatocarcinogenesis (Manivasagam ef al., 2008). The degree of tumor induction varies with
species. Researchers infer that IN-nitrosamines are equally ecarcincgenic in humans since the
compounds are metabolized in a similar way in human and animal tissue (Magee et al., 1976).

N-nitrosamines become toxic when they are activated by biotransformation enzyme CYP2E],
Phase [ hydroxylation and alkylation reactions yield nitrogen and a carbonium ion. The extremely
reactive carbonium ion attacks DNA bases, causing methylation. Human studies using esophageal
cells showed the formation of DNA adducts Of-methylguanine, 3-methylguanine and
T-methylguanine (Autrup et al., 1984). The formation of O° methylguanine leads to a AT-GC
transition mutation in the DINA sequence. This specific DNA adduct is most respensible for the
mutagenecity of N-nitrosamines (Jagerstad and Skog, 2005). However, 7T-methylguanine 1s used
as a biomarker because it 18 not mutagenic and is present at 10 times the amount of
OS%methylguanine and therefore easier to measure. Lack of DINA repair, constitutes the first stage
of carcinogenesis called initiation (Sutandyo, 2010).

In addition to alkylation of DINA, evidence exists of CYP2KE1 metabolism producing reactive
oxygen species and free radicals (Bansal ef al., 1996; Ogunlade ef al., 2012). These compounds are
associated with cancer, heart disease and degenerative diseases. Other cellular effects from
N-nitrosamines exposure include apoptosis, enabling DNA repair and cell cycle blockage
{(Verghese et al., 2006).

Toxic effects of N-nitrosamines may cause cell death by either necrosis or apoptosis. Studies
(Montesano and Bartsch, 1976; Autrup ef al., 1984; MNitacek et al., 1999) report that
N-nitrosamines cause necrosis of liver cells. However, other (Garcia et al., 2009) studies report
apoptosis being the mechanism of cell death when exposed to single N-nitrosamines compounds,
in various human cell lines including, Hep2G (Garcia ef al., 2009), erythrocytes (Bansal et al.,
1996), leukemia cells (Garecia et al., 2007), Cacol (Robichova and Slamenova, 2002). Necrosis is
characterized by cell swelling, leakage of cell membrane and blebbing. Apoptosis is characterized
by the formation of apoptotic bodies or budding and elimination by phagocytosis (Khan, 2010).

Studies report multiple N-nitrosamine compounds occurring in food at low dose. However,
limited studies exist on the effects of low doses exposure of a combination of N-nitrosamine in a cell
culture model. Therefore , the aim of this study was to investigate the cellular mechanisms of action
in which a combination of N-nitrosamine compounds exhibit toxicity in a cell culture model,
including or {(a) cytotoxicity, (b) detoxification and antioxidant enzymes, {c) DNA fragmentation
and (d) morphological changes.

MATERIALS AND METHODS
General procedures: Hep2G human hver cells (ATCC HTB-37) was cbtained from the American
Type Culture Collection (ATCC, Manassas, VA). Cells were maintained in Dulbecco’s modified
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Kagles Media (DMEM) with 10% fetal bovine serum. For assay, 5x10* Hep2G cells/well were
seeded in a 24 well culture plate and incubated at 37°C and 7% CO, until development of a
monolayer. After the development of a monolayer, 400 pl. of fresh media (DMEM serum free) were
added to the wells. N-nitrosamine mixtures (IN-nitrosodimethylamine, N-nitrosopyrrolidine, N-
nitrosodiethylamine, N-nitrosodipropylamine, N-nitrosodibutylamine, N-nitrosopiperidine, N-
nitrosomethylethylamine) were made up to 100 pL with saline at various concentrations (4, 8, 16,
32, 64 mM), added and incubated for 12 and 24 h.

Determination of lactase dehydrogenase (LDH): The cytotoxic effects of N-nitrosamines were
measured by the release of lactase dehydrogenase (LDH) from the HepZ2G cells into the culture
supernatant. The cells were incubated with the extracts for 12 and 24 h. A 10% triton-X solution
was used as a positive control and the supernatant was collected. LDH was quantified by
colorimetric cytotoxicity detection kit (LDH) (Roche Diagnostics, Indianapolis, IN) according to the
manufacturer’s instructions. The absorbance was read at 490/600 nm.

Glutathione-S-transferase activity in cell lysates: Hep2G cells were incubated using N-
nitrosamines for 12 and 24 h. The supernatant was collected and centrifuged at 10,000 xg for
10 min in PBS buffer (pH 7) and used for GST assay using a microplate reader (BioTek Synergy
HT) and kinetic absorbances were read at 340 nm at 5 min intervals.

Determination of catalase activity: Cell catalase activity was determined using a microplate
reader (BioTek Synergy HT) at 240 nm as described by Aebi (1984). The reaction mixture {1 mlL)
contained 0.02 ml suitably diluted eytosol in phosphate buffer (50 mM, pH 7.0) and 0.1 mL of
30 mM H.O, in phosphate buffer. The specific activity of catalase was expressed as moles of H,O,
reduced per min per mg protein.

Determination of superoxide dismutase (SOD), glutathione peroxidase (GPx),
glutathione reductase (GR) activity: Superoxide dismutase, glutathione, glutathione
peroxidase and glutathione reductase enzymes were estimated using assay kits according to
manufacturer's instructions (Cayman Chemicals, Ann Arbor, MI).

Protein determination: Protein was determined according to manufacturer’s instructions using
a bicinchoninic acid (BCA) protein assay kit (Thermo Scientific, Rockford, IL).

DNA fragmentation: Tc determine the effect of N-nitrosamines in induction of apoptosis, 1x10*
Hep2G cells were treated with N-nitrosamines for 12 and 24 h. After treatment, cells were washed
with PBS and cell lysates were prepared using cell lysis buffer and centrifuged at 200 xg for
10 min. Apoptosis was determined by measuring internucleosomal DNA fragmentation by using
a cell death detection KLISA kit (Cell Death Detection ELISA, Roche Molecular Biochemicals,
Indianapolis, IN) according to the instructions provided by the manufacturer. Spectrophotometric
analysis was carried out using an ELISA plate reader at 405 nm for the histone related DNA
fragmentation.

Statistical analysis: Statistical analysis was conducted using SAS 9.1, 2004 (SAS Institute Inc.,
Cary, NC) using analysis of the variance (One-Way ANOVA) to determine any significant
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differences among the groups. A separate analysis was used for each time pericd. Results were
presented as MeanstStandard Error Mean (SEM). Where significant, means were separated using

Tukey’s studentized range test. The level of significance was set at p<0.05.

RESULTS

Effect of N-nitrosamines on cytotoxicity in Hep2G cells: Percent cytotoxicity (LDH release)
compared to the control 1s shown in Fig. 1. After 12 h incubation,% cytotoxicity displayed a dose-
dependent relationship at concentrations of 4, 8 and 16 mM. At these concentrations, LDH release
{%) ranged from 15.66 to 66.74 (12 h). The% cytotoxicity peaked at 16 mM for both time periods
and then decreased at the highest concentration (64 mM) to 19.46 (12 h) and 55.73 (24 h).

Overall, the greatest cytotoxicity (%) was seen at 16 mM-24 h (98.32) which was significantly
(p<0.05) higher compared to all other treatments except 32 mM-24 h (90.20). However, %
cytotoxicity at 4 mM-24 h, 8 mM-24 h, 16 mM-12 h (concentration-time) were similar. Furthermore,
cells incubated with 8 mM (12 h) and 32 mM (12 h); 32 mM (12 h) and 64 mM (24 h) and 4 mM
{12 h) and 84 mM (12 h) had similar cytotoxicity as shown by the release of LDH. In cells treated
with N-nitrosoamines, incubation with 4 mM (12 h) and 64 mM (24 h) resulted in the lowest
cytotoxicity. There were no significant differences in cytotoxicity (%) at the lower concentrations
{4 and 8 mM) in cells incubated for 24 h. This trend was also observed in cells treated with 16 and
32 mM for a 24 h period.

There were significant (p<0.05) differences between incubation times of 12 and 24 h at each
individual concentration which indicated a time-dependent effect. At 4 mM, the% cytotoxicity at
24 h was almost 4-fold higher than that seen at 12 h. The% cytotoxicity at 24 h for 8, 16, 32 and
64 mM was over 1.5-fold higher than the % cytotoxicity at 12 h, at the respective concentrations.

After 12 h incubation, % cytotoxicity at 16 mM was significantly (p<0.05) higher compared to
all other treatments at the same incubation period. However, there were no significant differences
in LDH release among 8 mM (45.48%) and 32 mM (48.50%) and 4 mM (15.67%) and 64 mM
{19.46%) at the 12 h time period. After 24 h incubation, the highest LIDH release (%) was seen at,
N-nitrosamine concentration of 16 mM which was significantly (p<0.05) higher compared to 4, 8
and 64 mM (55.73-72.56). There were no significant differences in % cytotoxicity, between 4 and
8 mM at 24 h and 16 mM at 12 h. The lowest % cytotoxicity at 24 h was seen with incubation of
N-nitrosamines at 64 mM (55.73%).
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Fig. 1. Percent cytotoxicity of N-nitresamine-treated Hep2( cells, Bars means with same letter are
not significantly different by Tukey’s studentized range test (p<0.05)
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Effect of N-nitrosamines on glutathione-S-transferase activity: Glutathione-S-transferase
activity (nmol/mg protein) (GST) in N-nitrosamine-treated Hep2G cells is shown in Fig. 2. Overall,
the control (untreated cells) had significantly (p<0.05) higher GST activity at both time pericds
(12 and 24 h), GST activity (nmol/mg protein) ranged from to a low of 1.12 (64 mM-12 h) to a high
of 8.21 (control-24 h). After 12 h incubation, GST activity decreased in the treated cells (3.81-1.12).
Cells treated (12 h) with 4, 8, 18, 32 and 64 mM N-nitrosamines had a 53, 68, 80, 83 and 86% lower
ST activity compared to the control (untreated cells). At the 24 h incubation time, there were no
differences in GST activity for cells treated with IN-nitrosamines {4-64 mM) (1.77-2.09). Cells
treated (24 h) with 4, 8, 16, 32 and 64 mM had a 74, 76, 67, 78 and 77% lower GST activity,
respectively, compared to the control. The GST activity was higher after 12 h incubation in cells
treated with 4 and 8 mM compared to 24 h. However, in cells treated with 16, 32 and 64 mM N-
nitrosamines, GST activity was higher at 24 h compared to 12 h incubation. The GST activity was
45 and 23% higher at 12 h compared to 24 h in cells treated with N-nitrosamines at low
concentrations (4 and 8 mM). However, at concentrations of 16, 32 and 64 mM, GST activity was
41, 24 and 42% lower at 12 h compared to 24 h incubation.

Effect of N-nitrosamines on glutathione reductase (GR) activity: Glutathione Reductase
(GR) activity in cells treated with N-nitrosoamines for 12 and 24 h is shown in Fig. 3. GR activity
{(nmol/mg protein) ranged from a low of 7.11 (32 mM-24 h) te a high of 16.67 (Control, 24 h). The
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Fig. 2. Glutathione-5S-transferase activity in N-nitrosamine-treated Hep2@G cells, Bars means with
same letter are not significantly different by Tukey’s studentized range test (p<0.05)
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Fig. 3: Glutathione reductase activity in N-nitrosamine-treated Hep2G cells, Bars means with same
letter are not significantly different by Tukey's studentized range test (p<0.05)
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control cells-24 h (16.67) had a significantly (p<0.05) higher GR activity compared to 8 mM (24 h),
16 mM (12 and 24 h), 32 mM (24 h) and 64 mM (12 and 24 h).

At 12 h incubation, treatment with N-nitrosamines at 4, 8, 16, 32 and 64 mM resulted in a 24,
17,35, 17 and 30% lower GR activity compared to the control, with values ranging from 7.63-9.68.
In addition, the GR activity of the control (11.68) was significantly (p<0.05) higher compared to the
cells treated with 16 and 64 mM (7.63-8.18) for the same time period (12 h).

After 24 h incubation, GR activity decreased, leveling off at 8 mM. Treatment with 4, 8, 16, 32
and 64 mM of N-nitresamines resulted in a 19, b5, 57, 62 and 58% lower GR activity compared to
the control.

The GR activity in the control {untreated) and 4 mM N-nitrosamine treated cells were higher
at 24 h compared to 12 h incubation. However, in cells treated with 8, 16, 22 and 64 mM, GR
activity was higher at 12 h compared to 24 h (with 23, 7, 33 and 15% reductions).

Effect of N-nitrosamines on glutathione peroxidase (GPx) activity: Glutathione peroxidase
{(GPx) activity in cells treated with N-nitrosamines (12 and 24 h) is shown in Fig. 4. GPx (nmol/mg
protein) activities (12.23-22.68) were similar to the control except in cells treated with 16 mM
N-nitrosamines (24 h). After 12 h incubation, GPx activity was highest in the control (22.17) and
lowest at 32 mM (13.77) N-nitresamine concentration. At 24 h, the control (22.68) had the highest,
while cells treated with 16 mM (12.23) N-nitrosamines had the lowest GPx activity.

The GPx activity was lower at 12 h compared to 24 h incubation for untreated (control) cells
and cells treated with 4 and 32 mM N-nitrosamines. At higher concentrations (8-64 mM), except
32 mM, GPx activity was higher at 12 h compared to 24 h incubation.

Effect of N-nitrosamines on superoxide dismutase (SOD) activity: Superoxide dismutase
(SOD) activity is shown in Fig. 5. SOD activity (U mg™! protein) was dose-dependent in control, 4,
8 and 16 mM treated cells and ranged from 6.68 to 10.20 for 12 h and 5.23 to 7.92 for 24 h. At
32 mM concentration (12 h), SOD activity was similar to the control. After 12 h, treatment with
N-nitrosamines at 4, 8 and 16 mM resulted in 20, 29 and 35% lower 50D activity, respectively
compared to the control. After 24 h incubation, values decreased by 11, 25 and 34% for 4, 8 and
16 mM treated cells, respectively, compared to the control (untreated cells). Cells treated with 8 mM
(5.91) and 16 mM (5.23) at 24 h had significantly (p <0.05) lower SOD activity compared to selected
control (12 h) and 32 mM (12 h).
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Fig. 4. Glutathione peroxidase activity in N-mitrosamine-treated Hep2G cells, Bars means with
same letter are not significantly different by Tukey’s studentized range test (p<0.05)
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Fig. 5: Superoxide dismutase activity in N-nitrosamine-treated Hep2( cells, Bars means with same
letter are not significantly different by Tukey's studentized range test (p<0.05)
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Fig. 6: Catalase activity in N-nitrosamine-treated Hep2G cells, Bars means with same letter are not
significantly different by Tukey’s studentized range test (p<0.05)

S0D activity was lower in all cells (treated and untreated) after 24 h incubation compared to
12 h. Among the treated cells (4-64 mM), those treated with 32 mM at 12 h had the highest SOD
activity. SOD activity was 14, 18, 21, 35 and 5% lower at 24 h compared to 12 h in cells treated
with N-nitrosamines (4-64 mM).

Effect of N-nitrosamines on catalase (CAT) activity: CAT activity in control and treated cells
is shown 1n Fig. 8. Cells treated with 64 mM (12 h) (81.85) had significantly (p<0.05) higher CAT
activity compared to other treatment groups (12.55-51.36). After 12 h incubation, enzyme activity
was significantly (p<0.05) lower (by 59%) 1in 4 mM treated cells compared to the control. At higher
concentrations (16-64 mM), CAT activity (32.66-81.86) was significantly {p<0.05) higher at 12 h
compared to 24 h incubation. However, CAT activity was not significantly different in cells treated
with 8, 16 and 32 mM (12 h). After 24 h incubation, CAT activity for 4, 8 16, 32 and 64 mM
treated cells was 12, 34, 75, 60 and 64% lower, respectively compared to the contrel. CAT activity
in cells treated with 4 and 8 mM N-nitrosamines was higher at 24 h compared to incubation at
12 h. At higher concentrations (16-64 mM), CAT activity was significantly higher at 12 h compared
to 24 h incubation.

CAT activity was 62, 57 and 77% lower at 24 h compared to 12 h in cells treated with
N-nitrosamines at higher concentrations (16-64 mM). However, at 4 and 8 mM, CAT activity was
over 2-fold and 17% higher at 24 h compared to 12 h incubation.
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Fig. 7a: Trend analysis of enzyme activities after 12 h incubation. GST: Glutathione-S-transferase,
GR: Glutathione reductase, GPx: Glutathione peroxidase, SOD: Superoxide dismutase,
CAT: Catalase
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Fig. Tb: Trend analysis of enzyme activities after 24 h incubation. GST: Glutathione-S-transferase,
GR: Glutathione reductase, GPx: Glutathione peroxidase, SOD: Superoxide dismutase,
CAT: Catalase

Comparison of enzyme activity after 12 h and 24 h incubation: Trend analysis of enzyme
activities after 12 h incubation 1s shown in Fig. 7a. Comparing all the enzyme activities,
CAT activity was highest in control and IN-nitrosamine treated cells {12 h). There seemed to
be a dose response increase in CAT activity with a steady increase seen in 4-64 mM treated
cells. GPx activity was higher compared toe GR in control and N-nitrosamine treated cells.
Furthermaore, 50D activity was lower than CAT activity in control and N-nitrosamine treated
cells.

Trend analysis of enzyme activities after 24 h incubation is shown in Fig. Tb. CAT activity was
again higher compared to other enzyme activities in control and treated cells at all concentrations
except 32 mM. There was a dose response decrease seen in cells treated with 4, 8 and 16 mM
N-nitrosamines compared to untreated cells. GPx activity was higher than GR activity in control
and N-nitrosamine treated cells. The GPx and GR activities were lower at 4, 8, 16 and 64 mM
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Fig. 8 Effect of N-nitroesamines on histone-related DNA fragmentation in Hep2( cells, Bars
means with same letter are not significantly different by Tukey’s studentized range test
(p<0.05)

compared to the control {untreated cells). However, GPx activity was higher at 32 mM while GRE
had no significant change at the same concentrations. SOD activity was lower than CAT activity
in control and N-nitrosamine treated cells.

Histone-related DNA fragmentation in Hep2G cells: Histone-related DNA fragmentation
{enrichment factor) with respect to the control is shown in Fig. 8. Ovwverall, cells incubated with
8 mM (24 h) N-nitrosamines had significantly (p<0.05) higher enrichment factor (4.97) compared
to all other N-nitrosamine treated cells (0.41-2.24). The enrichment factor at lower doses (4-8 mM)
was also higher than those at selected higher doses (16 and 32 mM). At all concentrations, cells
incubated for 24 h had higher enrichment factors compared to those incubated for 12 h.
Enrichment factors for N-nitrosamine treated cells at 24 h (4-64 mM) were over 2-, 12-, 1.6-, 1.2-
and 1.8-fold, respectively higher compared to the enrichment factors at 12 h,

At 12 h incubation, the enrichment factor showed a steady increase in cells treated with
N-nitrosamines (8-64 mM) with values ranging from 0.41 to 1.39. Cells treated with 16 and 32 mM
N-nmtrosamines had similar enrichment factors at both 12 and 24 h incubation pericds.

After 24 h incubation, enrichment factor ranged from 0.82 to 4.97. Cells treated with 64 mM
{24 h) and 4 mM (24 h) of N-nitrosamines had similar enrichment factors. The enrichment factor
was higher at 24 h incubation compared to 12 h incubation for all cells treated with N-nitrosamines
at selected concentrations (4-64 mM). The enrichment factors were 2-, 1.2-, 1.6-, 1.2- and 1.8-fold
higher at 24 h compared to 12 h at the selected concentrations (4-64 mM).

DISCUSSION

N-nitrosamines have shown to be potent hepatotoxins mainly due to their activation by CYP
2E1 metabelizing enzymes in the liver. This study evaluated the effects of treatment of
N-ntrosamines (N-nitrodimethylamine, N-nitrosodiethylamine, N-nitrosodipropylamine, N-
nitrosodibutylamine, N-nitrosopiperidine, N-nitrosopyrrolidine) in a human liver cell line Hep2G.
Effects studied include cytotoxicity (LDH release), detoxification and antioxidative enzymes,
apoptosis by histone-related DNA fragmentation {apoptosis) and morphological changes.

Percent cytotoxicity was determined by measuring LDH release. LDH is an enzyme present
in nearly all cells and is released from the cytosol of damaged cells (Shirazi et al., 2006;
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Verghese et al., 2008). Results showed the highest LDH release at 16 mM at both 12 and 24 h
incubation, followed by a dechine. This decrease in release of LDH indicated an increase in the
number of dead cells since LIDH 15 only released from cells can be explained by the decline in
detoxification and antioxidative enzyme activity. Jevachandran et al. (2007) reported a 42%
increase in alkaline phosphatase release after exposure to nitrosodiethylamine, compared to the
control.

Glutathione-S-transferase, glutathione reductase and glutathione peroxidase are classes of
glutathione-linked enzymes that play a rcle in eliminating active molecules, thus decreasing
toxicity and toxic effects (Williams et al., 2008). Glutathione-S-transferase i1s a Phase II
detoxification enzyme that conjugates electrophillic molecules with sulfyhydryl groups using
glutathione as a substrate (Liska et al., 2006). Glutathione reductase catalyzes the reduction of
glutathione disulfide (GSSH) to GSH which is a cellular antioxidant. In turn GSH is used in the
reduction of hpid peroxides and H,O, to water (Comporti, 1987, Bansal ef al., 1996). This reduction
is catalyzed by glutathione peroxidase.

The two antioxidative enzymes studied were superoxide dismutase (SOD) and catalase (CAT).
50D eonverts O,-to H,O, (Gajula et al, 2010) which is then decomposed to H,O by catalase
{(Fridovich, 1975; Bansal et al., 19986).

Enzyme activity (GST, GR, SOD, CAT) showed a decrease, indicating inhibition activities. Some
in vivo and in vitro studies have reported N-nitrosamines inducing detoxification and antioxidative
enzymes (Sheweita and Mostafa, 1995; Bansal ef al., 1996). These studies test the effect of single
N-nitrosamine compounds (.e., NDMA, NDEA) on the enzyme systems. In our study, Hep2G cells
were treated with a combination of seven N-nitrosamine compounds. Thus, a dose-dependent
decrease in enzyme activity was probably due to competitive inhibition which occurs when there
are many compounds completing for several detoxification enzymes, causing an increase in toxic
load (Liska et al., 2006). Our enzyme data correlates with the LDH release data in that the highest
% cytotoxicity and lowest detoxification enzyme activities were seen at 16 mM.

CAT activity at 12 h incubation, increased dose-dependently. This trend implies that there was
an increase in H,O, production and CAT was responsible for its decomposition into water
(Bansal et al., 1996). Studies have found H,0, to be a metabolite of N-nitrosamine
biotransformation (Kushida ef al., 2009; Hebels et al., 2010) which would further explain the
dose-dependent increase in CAT activity after 12 h incubation (Fig. 6). GPx converts H,O, to
decrease toxicity; however, the reaction takes place only when GSH is available as a cofactor
{Sheweita and Mostafa, 1998). A dose-dependent decrease with other glutathione-linked enzymes
implies that GSH may be depleted with increasing concentrations. Similar depletion of glutathione
occurred with increasing dose exposure to heavy metals (El-Enany, 2000). Therefore, after 12 h
incubation, a decrease in H,O, in the cell was due to the action of CAT.

CAT and 80D work together to decrease toxic effect of compounds (Fridovich, 1975;
Bansal et al., 1996). A slight decrease in SOD activity after 12 h incubation (4-16 mM) is an
indication of limited amount of O,-production. However, higher SOD activity at 32 mM indicates
an increase in H,O, which resulted in a higher CAT activity also seen at 64 mM (12 h).

Internucleosomal degradation (ladder) of genomic DNA is a classic characteristic of apoptosis
(Arends et al., 1990; Corcoran et al., 1994; Hockenbery, 1995, Darzynkiewicz et al., 1997,
Dhanasekaran and Ganapathy, 2011). Our results (Fig. 8) indicate highest DNA fragmentation
occurring in cells treated with lower doses (4-8 mM) of N-nitrosamines. In contrast, other studies
repart. no DNA cleavage at lower doses of NDMA (1 mM) (Lin et al., 1999), NPIP, NPYR and NDMA
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{0.1-4 mM) (Garcia et al., 2007, 2009). A high enrichment factor at low concentrations 1s probably
due to an additive effect of exposure to the combination of N-nitrosamine compounds
{(Bartsch et al., 1989).

DNA fragmentation at higher doses (16-64 mM) was lower than that at lower doses (4-8 mM).
This implies that necrosis is a plausible mechanism at higher concentrations of exposure.
Arranz et al. (2007) reported NDMA, NPIFP, NDBA and NPYR inducing apoptosis in both Hep2(x
and HL 60 cell lines when treated singly (Arranz et al., 2007). In our study, at higher
concentrations, cell death is probably due to additive or synergistic effects causing increased cell
damage, leading to death by necrosis. It is possible that apoptosis is occurring at higher
concentration even in the absence of DNA fragmentation. Studies have shown that morphological
changes characteristic of apoptosis cccur without an indication of internucleosomal DNA

fragmentation (Cohen et al., 1992; Collins ef al., 1992; Lin ef al., 1999).

CONCLUSION

In coneclusion, this study has shown that treating Hep2G cells with multiple N-nitrosamines
causes cell damage and affects the detoxification mechanisms of the cell. These characteristics may
be due to lower detoxification enzymes and an increase in oxidative stress (H,O, production),
leading to cell death by apoptosis (at low doses) or necrosis (at high doses).
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