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Studies were conducted to evaluate the cell damage caused by exposing human colon carcinoma
cells, Caco-2, to hydrogen peroxide at concentrations varying from 0 to 250 µM for 30 min. Evaluation
of cell viability, as measured by trypan blue dye exclusion test, showed that the loss of viability was
<5% at concentrations up to 250 µM hydrogen peroxide. Cell membrane damage and DNA damage
as measured by the leakage of lactate dehydrogenase and the comet assay, respectively, were
significantly high at concentrations >100 µM hydrogen peroxide compared to those of the control.
Antioxidant mechanisms in Caco-2 cells were evaluated by measuring catalase, superoxide dismutase,
and glutathione peroxidase activities. Catalase activities remained constant in cells treated with 50-
250 µM hydrogen peroxide. Superoxide dismutase activity decreased, whereas glutathione peroxidase
activity increased in cells treated with H2O2 concentrations of >50 µM. This study showed that with
increasing hydrogen peroxide concentration, cell membrane leakage and DNA damage increased,
whereas the three antioxidant enzymes responded differently, as shown by mathematical models.
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INTRODUCTION

Oxidative stress occurs when the production of oxidizing
agents, free radicals and reactive oxygen species (ROS), exceeds
the antioxidant capacity of cellular antioxidants in a biological
system. This imbalance between oxidants and antioxidants leads
to tissue injuries and to the progression of degenerative diseases
in humans, such as coronary heart disease (1), cataracts (2),
muscle degeneration (3), aging (4), and cancer (5,6). The
American Cancer Society estimated in 2005 that>0.5 million
Americans will die from cancer. Approximately 56300 of these
deaths will be caused by colorectal cancer, the second major
cause of cancer deaths in the United States. In addition, 12000
will die due to stomach and small intestinal cancers (7).
Oxidative stress contributes to cancer development through
increasing cell proliferation and survival, increasing cellular
migration, and inducing DNA damage that leads to genetic
lesions (5). Oxidative stress also leads to the development of
other intestinal pathological conditions such as inflammatory
bowel disease and ischemic-reperfusion injury (8). Therefore,
it is important to study the damaging effects of oxidative stress
on the intestinal epithelium and to understand protective
mechanisms by which the cells respond to stress. Cell mem-
branes protect the integrity of cells by selectively regulating
cell permeability. Oxidative degradation of membrane lipids can
result in loss of membrane integrity, defective membrane

transport mechanisms, and increased permeability; thus, lesser
injury causes minor cell damage, whereas major injury leads
to cell death.

Mammalian cells possess inherent antioxidant mechanisms
to scavenge and/or neutralize ROS. These mechanisms are
mainly due to antioxidant enzymes that are presented inTable
1. Of these enzymes, superoxide dismutase (SOD), catalase, and
glutathione peroxidase (GPx) are considered to be the most
important (9). However, there is a lack of information on how
the activities of these enzymes differ in oxidatively stressed
intestinal cells compared to nonstressed cells.

The Caco-2 cell line has been widely used as an in vitro
model for the small intestine; the Caco-2 monolayer exhibits
features such as brush border microvilli, tight junctions, and
dome formation, which are characteristic of the intestinal
epithelium (10). In conjunction with oxidative stress studies
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Table 1. Detoxification Activities of Antioxidant Enzymes in Vivo

enzyme activity

superoxide dismutase dismutation of superoxide to H2O2

glutathione peroxidase (cellular) decomposition of H2O2 and free acid
hydroperoxide

glutathione peroxidase (plasma) decomposition of H2O2 and phospho-
lipid hydroperoxide

phospholipid hydroperoxide
glutathione peroxidase

decomposition of phospholipid
hydroperoxide

catalase decomposition of H2O2

glutathione-S-transferase decomposition of lipid hydroperoxide
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these cells have also been effectively used as an in vitro model
for many applications such as screening drugs for their intestinal
absorption potential (11), investigation of toxicants, food
mutagens, and their mechanisms (12, 13), and studying the
absorption of minerals and phenolics (14-16). It has been
observed that Caco-2 cells exhibit small but significantly
different antioxidant enzyme profiles with increasing time of
culturing (9). Therefore, for studies conducted to compare the
changes in enzymes at different stress levels, it is important to
maintain constant culture conditions throughout the study and
utilize cells on a predetermined day of culturing.

This paper presents the effects of oxidative damage and
changes in antioxidant enzymes in Caco-2 cells, induced by
hydrogen peroxide at various concentrations. Oxidative stress-
related cellular damage was investigated by assessing cell
viability, membrane integrity, lipid oxidation, and DNA damage.
Changes in antioxidant enzymes were evaluated by quantifying
activities of catalase, SOD, and GPx.

MATERIALS AND METHODS

Materials. A human colon carcinoma cell line (Caco-2) was obtained
from the American Type Culture Collection (Rockville, MD). Dul-
becco’s Modified Eagle Medium (DMEM) and fetal bovine serum
(FBS) were purchased from Invitrogen Corp. (Carlsbad, CA).L-
Glutamine, penicillin with streptomycin, trypsin with ethylenediamine-
tetraacetic acid (EDTA), and phosphate-buffered saline (PBS) were
purchased from Fisher Scientific (Fair Lawn, NJ). Trypan blue,
nonessential amino acid solution, xanthine, hypoxanthine, nitro blue
tetrazolium, diethylenetriaminepentaacetic acid, lactate dehydrogenase
(LDH) based TOX-7 kit, and glutathione peroxidase cellular activity
assay kit CGP-1 were obtained from Sigma Chemicals (St. Louis, MO).
Hydrogen peroxide, chloroform, cyclohexane, and ethanol were pur-
chased from VWR International (Bridgeport, NJ). Micro BCA protein
assay kit was purchased from Pierce Biotechnology (Rockford, IL).

Methods.Culture and Oxidation of Caco-2 Cells.Caco-2 cells were
grown in DMEM supplemented with 20% FBS, 1%L-glutamine, 1%
nonessential amino acids, and 50µg/mL penicillin with streptomycin.
The cell cultures were maintained at 37°C in a humidified atmosphere
with 5% CO2 and were seeded onto collagen-coated 25 or 75 cm2 area
culture flasks. Cells were harvested by a brief (6 min) trypsinization
and then centrifuged (Beckman GS-15R centrifuge, Beckman, Palo
Alto, CA) at 200g for 5 min. Oxidation was induced by exposing Caco-2
cells to 0-250µM hydrogen peroxide (H2O2) in FBS-free DMEM or
PBS, supplemented with 1%L-glutamine and 1% nonessential amino
acids, for 30 min on the fourth day of culturing after reaching
confluency. This time-concentration combination was chosen as the
oxidative treatment because the intention of this study was to determine
the cellular responses at stressed conditions without inducing cell death.
Preliminary studies indicated that incubating Caco-2 cells with H2O2

concentrations>500µM, for a period of 1 h ormore, caused cell death
or cell detachment from culture flasks.

Cell Viability. Cell viability was assessed using the trypan blue dye
exclusion method (17). A suspension of∼106 cells/mL was prepared
using brief trypsinization of treated and untreated cells. One hundred
microliters of the cell suspension was mixed with 100µL of trypan
blue and left for 5 min at room temperature. Approximately 20µL of
this mixture was transferred using a micropipet to the counting chamber
of a Neubauer hemocytometer (VWR Scientifics, West Chester, PA).
The stained (dead) cells and the total cells per square of a Neubauer
cell chamber (three squares per suspension) were counted after the
Neubauer hemocytometer had been placed under a microscope (Mi-
croscoptics IV900 series, VWR Scientifics). Depending on the cell titers,
generally 50-150 cells were visible in each square.

Cell Membrane Damage.Cells were grown to confluence in 25 cm2

culture flasks and washed with PBS prior to use. Different concentra-
tions of H2O2 (0-250µM) in PBS supplemented with 1%L-glutamine
and 1% nonessential amino acids were used to induce oxidation. After

30 min of exposure, PBS from each flask was collected. Damage to
plasma membrane by hydrogen peroxide was studied by measuring
the release of lactic acid dehydrogenase (LDH) from injured cells. LDH
leakage into PBS and total LDH activity (LDH leakage to PBS plus
LDH in remaining cells) were measured with an in vitro cytotoxocity
assay kit, lactate dehydrogenase based TOX-7 (Sigma Chemicals), and
corrected by the activity already present in the medium of untreated
cells. The assay is based on the reduction of NAD to NADH by LDH.
NADH is utilized to convert a tetrazolium dye in the assay kit to a
colored compound with an absorption maximum at 490 nm. The
intensity of the color is indicative of LDH activity in the assay medium,
and the LDH activity was measured spectrophotometrically (Beckman
Coulter DU800 spectrophotometer, Beckman Coulter Inc., Fullerton,
CA) at 490 nm. LDH activity in the PBS supernatant was determined
as a percentage of the total LDH activity.

Preparation of Cell Lysates.Culture medium was decanted, and cells
were washed with 5-10 mL of PBS. The cells were harvested by a
brief trypsinization. Cell suspensions were centrifuged at 200g for 5
min and washed twice with 5 mL of PBS. Supernatants were discarded
and cell pellets resuspended in 5 mL of PBS at 0°C and then placed
on ice. Cells were lysed using a mini-bead beater (Biospec Products,
Bartlesvillle, OK) for 10 s at 4200 rpm. The lysates were centrifuged
(Beckman GS-15R centrifuge) at 14000g for 10 min at 4 °C and
supernatants immediately used for lipid peroxidation and antioxidant
enzyme assays.

Lipid Peroxidation Assay.Lipid peroxidation was assayed by
measuring conjugated dienes in cell lysates. Conjugated dienes were
quantified according to the method described by Buege and Aust (18).
One milliliter of cell lysate in PBS was mixed thoroughly with 5 mL
of chloroform/methanol (2:1) solution, followed by centrifugation
(Beckman GS-15R centrifuge) at 1000g for 5 min until phase separation.
Most of the upper layer was removed by suction, and 3 mL of the
lower chloroform layer was transferred to a test tube. The chloroform
layer was removed under nitrogen infusion, and the lipid residue was
dissolved in 1.5 mL of cyclohexane. The absorbance of the solution at
233 nm was measured (Beckman Coulter DU800 spectrophotometer)
against a cyclohexane blank at 233 nm. Conjugated dienes were reported
as the optical density units at 233 nm.

Antioxidant Enzyme ActiVity. A modified version of the Nishikimi
et al. (19) method was used to detect superoxide dismutase activity in
cell lysates. Superoxide radicals were generated using a xanthine
oxidase/hypoxanthine system. The reaction mixture contained 1 mL
of 3 mM hypoxanthine, 1 mL of 100 mIU xanthine oxidase, 1 mL of
12 mM diethylenetriaminepentaacetic acid, 1 mL of 178µM nitro blue
tetrazolium, and 1 mL of the cell lysate. All solutions were prepared
in PBS. The absorbance of the mixtures at 560 nm was recorded initially
at 0 min and thereafter at 5 min intervals up to 30 min. Superoxide
radical-scavenging capacities (percent) of the cell lysates at the end of
30 min were calculated with the equation [1- (A/B)] × 100, where
A ) absorbance of the medium containing cell lysate at 30 min and
B ) absorbance of the medium without cell lysate at 30 min (blank).
Catalase was assayed spectrophotometrically at 25°C by following
the extinction of H2O2 at 240 nm (20). The catalase activity per milliliter
of the cell lysate was calculated as the reduction of H2O2 mmol L-1

min-1 mL-1. Nonenzymatic H2O2 decomposition (baseline) was
subtracted from each determination. The cell glutathione peroxidase
(GPx) activity was measured using the GPx cellular activity assay kit
CGP-1 (Sigma Chemicals). This kit uses an indirect method, based on
the oxidation of glutathione (GSH) to oxidized glutathione (GSSG)
catalyzed by GPx, which is then coupled with recycling GSSG back
to GSH utilizing glutathione reductase (GR) and NADPH. The decrease
in NADPH at 340 nm during oxidation of NADPH to NADP is
indicative of GPx activity. The activity of GPx per milliliter of the
cell lysate was calculated as the decrease in NADPHµmol min-1 mL-1.

DNA Damage by Comet Assay.The comet assay was performed
using Trevigen’s comet assay reagent kit for single-cell electrophoresis
assay (Trevigen Inc., Gaithersberg, MD). Cells (1× 105) were
suspended in 1 mL of ice-cold PBS. Fifty microliters of the cell
suspension was combined with 500µL of prewarmed low melting point
(LMP) agarose, and 75µL of this mixture was immediately pipetted
onto a CometSlide. Slides were placed flat at 4°C in the dark for 30
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min for gelling. After completion of gelling, slides were transferred to
a prechilled lysis solution (2.5 M sodium chloride, 100 mM EDTA,
pH 10, 10 mM Tris base, 1% sodium lauryl sarcosinate, and 1% Triton
X-100) and placed at 4°C for 50 min. Slides were then incubated in
a fresh electrophoresis buffer (0.3 M NaOH, 1 mM EDTA, pH 13) for
40 min at room temperature to allow unwinding of DNA. Electro-
phoresis was carried out at room temperature in fresh electrophoresis
buffer for 40 min at 1 V/cm and 300 mA. After electrophoresis, slides
were gently rinsed by dipping several times in distilled water and then
immersed in 70% ethanol for 5 min and air-dried. Slides were stored
with desiccant at room temperature prior to analysis. Slides were stained
with SYBR green and viewed by an Olympus AX70TRF microscope
digital camera system (Olympus Optical Co. Ltd.). Digital images of
DNA were analyzed using NIH Image software available at http://
rsb.info.nih.gov/ij/. About 100-150 cells were scored per sample.

Statistical Design.A randomized complete block design was used
in all test systems. All experiments were repeated at least four times.
Statistical analysis was conducted using Statistical Analysis System
(SAS) software (SAS Institute Inc., Cary, NC) with one-way analysis
of variance (ANOVA) followed by Tukey’s HSD test for significant
differences and to fit suitable models to explain antioxidant enzyme
activity. Unless stated otherwise, ap value ofe0.05 was considered
to be statistically significant.

RESULTS

Cell Damage.LDH release to culture medium (Figure 1)
was very low (<2%) in Caco-2 cells treated with 0-100µM
H2O2. A significant increase in LDH leakage, compared to
control cells (0µM H2O2), was detected in cells subjected to
150 µM H2O2 and further increased to 20% at 250µM H2O2.
However, cells maintained 95% viability, indicated by trypan
blue dye exclusion test, when treated with 0-250 µM H2O2

concentrations (data not shown). Conjugated dienes were
between 0.05 and 0.07 optical density units (data not shown),
which indicated there was no or very little cellular lipid
peroxidation in cells treated with 0-250µM H2O2.

DNA Damage.DNA damage of cells treated with 50-100
µM H2O2 was not significantly different from that of the control
cells (Figure 2). At higher concentrations, DNA damage
increased continuously with increasing H2O2 concentration.

Antioxidant Enzyme Activity. Catalase, SOD, and GPx
enzyme activities at different H2O2 concentrations are presented
in Table 2. Catalase activity was significantly higher than that
of the control in all cells treated with H2O2 up to 250µM. There
was no significant difference in catalase activity in cells treated
with 50-250 µM H2O2. SOD activity was highest in cells
treated with 50µM H2O2, and then its activity gradually

decreased with increasing H2O2 concentrations. However, SOD
activities at 75 and 100µM H2O2 concentrations were not
significantly different from that of the control. In contrast, GPx
activity of cells increased significantly beyond 100µM H2O2

and continued to increase, reaching a maximum at 250µM
H2O2. GPx activity of cells treated with 50, 75, and 100µM
H2O2 was not significantly different from that of the control.

Nonlinear regression was used to predict suitable models that
would depict the differences in the activities of these enzymes
in Caco-2 cells treated with 0-250µM H2O2. It was observed
that catalase (Figure 3) activity could be explained using a
monomolecular regression model [Y) R - (â × exp(-κX)],
whereas SOD activity (Figure 4) followed a third-order
polynomial response curve. A better fit for GPx activity (Figure

Figure 1. Lactic acid dehydrogenase activity in the assay medium as a
percentage of total cell LDH activity. Caco-2 cell cultures were incubated
with different concentrations of H2O2 (0, 10, 25, 50, 75, 100, 200, 250
µM). Each point represents the mean ± SD of four determinations. Different
letters indicate significantly different observations (p < 0.05).

Figure 2. DNA damage in Caco-2 cells as measured by comet assay.
Caco-2 cell cultures were incubated with different concentrations of H2O2

(0, 50, 75, 100, 200, 250 µM). Each point represents the mean ± SD of
four determinations. Different letters indicate significantly different observa-
tions (p < 0.05).

Table 2. Antioxidant Enzyme Activitya in Caco-2 Cells Treated with
Hydrogen Peroxide

H2O2 concn used to
treat cells (µM) catalase activityb SOD activityc GPx activityd

0 0.534 ± 0.004 a 28.8 ± 2.1 cd 0.31 ± 0.05 a
50 0.991 ± 0.033 b 36.2 ± 3.1 e 0.31 ± 0.04 a
75 0.983 ± 0.033 b 30.8 ± 1.5 d 0.31 ± 0.03 a

100 0.966 ± 0.017 b 26.5 ± 1.2 d 0.40 ± 0.03 ab
150 0.966 ± 0.014 b 18.5 ± 1.1 b 0.50 ± 0.03 bc
200 0.966 ± 0.012 b 15.2 ± 1.1 ab 0.55 ± 0.04 c
250 0.967 ± 0.011 b 13.2 ± 1.1 a 0.60 ± 0.05 c

a Results are mean values of four determinations ± standard deviation. Means
within a column having different letters are significantly (p < 0.05) different from
one another. b Decrease in H2O2 mmol L-1 min-1 mL-1. c Superoxide radical
scavenged (%). d Decrease in NADPH µmol L-1 min-1 mL-1.

Figure 3. Catalase activity (decrease in H2O2 mmol L-1 min-1 mL-1) in
Caco-2 cells as depicted by the monomolecular regression model. Caco-2
cell cultures were incubated with different concentrations of H2O2 (0, 50,
75, 100, 200, 250 µM). Each point represents the mean ± SD of four
determinations.
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5) was an inflection point logistic model [Y ) δ + (R - δ)/
(1 + exp(-κ(X - τ)))]. The model equations, and their
corresponding regression coefficient (R2) or pseudoR2 values
(21), for the activities of enzymes, catalase (YCAT), SOD (YSOD),
and GPx (YGPx), are given below.

X ) hydrogen peroxide concentrations from 0 to 250µM,
YCAT ) reduction of H2O2 mmol L-1 min-1 mL-1, YSOD )
percentage of scavenged superoxide radicals, andYGPx )
consumption of NADPHµmol L-1 min-1 mL-1.

These curves show that maximum activities of the three
antioxidant enzymes occur at different concentrations of H2O2.
Cellular catalase reached a maximum activity at 50µM H2O2

and remained constant throughout treatments up to 250µM
H2O2, whereas SOD showed a maximum activity at 35µM
H2O2. For GPx activity, the model shows a maximum activity
(R) at 250µM H2O2 and an occurrence of maximum rate of

activity at 126µM H2O2. In other words, the inflection point
(τ), the H2O2 concentration at which the rate of GPx activity
started to decrease, is 126µM H2O2. The intrinsic relative rate
(κ), that is, GPx activity when the effects of limiting factors
are negligible, is 0.034. The polynomial response curve for SOD
also showed a shift in enzyme activity near 100µM H2O2,
rendering it a critical concentration in terms of antioxidant
enzyme capabilities. Catalase activity, as explained by a
monomolecular model, shows that its activity is limited at a
reduction of 0.9732 H2O2 mmol L-1 min-1 mL-1. The activity
is bound at this level and could be due to many factors that
should be further investigated.

DISCUSSION

Hydrogen peroxide present in aerobic cells as a metabolite
in low concentrations is generated by nonenzymatic and
superoxide dismutase-catalyzed dismutation reactions (22). The
biologically significant reaction of H2O2 is its spontaneous
conversion, catalyzed by Fe2+ (Fenton reaction), to the highly
reactive hydroxyl radicals (HO•) that react instantaneously with
any biological molecule from which it can abstract a hydrogen
atom (23). As ingested foods frequently contain iron salts, and
reducing agents in gastric juice reduce iron to Fe2+ to facilitate
its absorption, the gastrointestinal (GI) tract is a major target
for damage by hydroxyl radicals generated by Fenton reaction
(24, 25). Several studies have also shown the involvement of
H2O2 in the progression of colon cancer (25-27).

H2O2 at higher concentrations (>100 µM) causes cell
membrane damage to Caco-2 cells as detected by increased
lactate dehydrogenase leakage, which indicates a change in
membrane permeability or cell necrosis. A change in membrane
permeability disturbs the structural integrity, which could lead
to the increased entry of toxins to cells, which eventually results
in cell death at a later stage. The changes in permeability of
Caco-2 cells exposed to H2O2 have been attributed to disruption
of paracellular junctional complexes resulting from tyrosine
phosphorylation of membrane proteins (28, 29). However, in
this study there was no indication of a loss of cell viability or
cell lipid peroxidation in cells treated for 30 min with 0-250
µM H2O2. When Caco-2 cells were treated withg250µM H2O2

for 90 min, a 3-fold increase in lipid peroxidation compared to
control cells was observed as measured by thiobarbituric acid
reactive substances (TBARS) (30). Higher doses of H2O2 (10
mM) on Caco-2 cells caused a decrease in cell viability and
also caused an increase in intracellular malondialdehyde content,
indicating the occurrence of lipid peroxidation (31). Similar
results (31) were shown when cells were treated with 100µM
H2O2 for 2 h (32). These results indicate that the effects of H2O2

on Caco-2 cells are both time and concentration dependent.
The comet assay, also known as single-cell gel electrophoresis

(SCG), is an electrophoresis technique used to detect DNA
damage in individual cells. Damage is represented by an increase
of DNA fragments that have migrated out of the cell nucleus
in the form of a characteristic streak similar to the tail of a comet
(33). The DNA fragments are generated by DNA double-strand
breaks, single-strand breaks, and/or strand breaks induced by
alkali-labile sites. In the alkaline version of the assay DNA
damage can be assessed using different parameters, such as the
tail length, relative tail fluorescent intensity, and tail moment
(33, 34). Results of this study showed DNA damage at 150-
250 µM H2O2, and it is known that DNA damage in Caco-2
cells by H2O2 at concentrations of<300µM H2O2 is dominated
by single-strand breaks (35). Unlike double-strand breaks, a

Figure 4. Superoxide dismutase activity (percent of scavenged superoxide
radicals) in Caco-2 cells as depicted by the third-order polynomial model.
Caco-2 cell cultures were incubated with different concentrations of H2O2

(0, 50, 75, 100, 200, 250 µM). Each point represents the mean ± SD of
four determinations.

Figure 5. Glutathione peroxidase activity (decrease in NADPH µmol L-1

min-1 mL-1) in Caco-2 cells as depicted by the inflection point logistic
model. Caco-2 cell cultures were incubated with different concentrations
of H2O2 (0, 50, 75, 100, 200, 250 µM). Each point represents the mean
± SD of four determinations.

YCAT ) 0.9732- (0.4392× exp(-0.5259X)

(psuedoR2 ) 0.9963)

YSOD ) -7E-08X4 + 4E-05X3 - 0.00842 +
0.4508X+ 28.893

(R2) 0.9965)

YGPx ) 0.3+ (0.5902- 0.2933)/

(1 + exp((-0.0341)(X- 126.3))

(psuedoR2 ) 0.9797)
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single-strand break in DNA is quickly repaired through simple
reinsertion of the complementary base using an unbroken strand
as a template. Properly repaired DNA will restore cells to their
normal state, whereas incorrect DNA repair will result in
mutations in DNA (36,37). Also, if damaged DNA replicates
before it is repaired, a permanent DNA alteration could occur,
again leading to carcinogenesis. Therefore, cells with rapid
turnover rates, such as intestinal epithelial cells, are more
susceptible to malignant transformations (38,39).

The susceptibility of a tissue to oxidative injuries depends
mainly on their antioxidant defense mechanisms. Lack of
antioxidant enzymes makes a tissue more susceptible to oxida-
tive damages. The antioxidant enzyme activity of cells is
determined by inherent characteristics of the cells, their
metabolic specialization, and environmental factors to which
the cells are exposed such as the level of oxygenation and the
presence of metabolites (40). As an example, the liver possesses
and maintains massive antioxidant machinery because it handles
oxidative metabolism of a variety of substrates, whereas the
colon, which does not engage extensively in such metabolic
processes, contains lower amounts of antioxidants (41). The
distribution of antioxidants within colonic tissue also varies
depending on what part of the tissue is more prone to oxidative
damage. Early investigators have shown that antioxidant
enzymes in colonic epithelial cells exhibit higher activity
compared to that of its mucosa (40, 41). Even with adequate
oxidant defense mechanisms, tissues such as gastrointestinal
epithelium can be overwhelmed by fluxes of oxidants. Therefore,
understanding tissue-mediated defense mechanisms and toler-
ance levels of enzymes to oxidative damage becomes more
important in deciding effective strategies to prevent or reduce
cellular oxidative damage.

Superoxide dismutase, catalase, and glutathione peroxidase
are considered to be the most important enzymes in protecting
oxidatively challenged tissues. Catalase, a porphyrin-containing
enzyme, converts hydrogen peroxide to water and oxygen (42),
and most of it is located in peroxisomes (43). Superoxide
dismutase converts superoxide anion to hydrogen peroxide (44).
In animal cells, Cu/Zn SOD is present both in cytosol and in
mitochondria, whereas Mn-SOD is present only in mitochondria.
Glutathione peroxidase is responsible for the removal of
hydrogen peroxide and other organic hydroperoxides (45) and
is abundant in cytosolic and mitochondrial compartments.
Catalase and SOD do not consume cofactors because they are
dismutases, but selenium-dependent GPX, which is a peroxidase,
requires NADPH to regenerate its reducing coenzyme (46).

In this study, GPx activity was elevated with increasing H2O2

concentrations, whereas catalase activity remained constant at
all tested H2O2 treatments, indicating that GPx was more active
than catalase in removing H2O2. Even in cells such as
erythrocytes where catalase contents are very high, H2O2 is
degraded by glutathione peroxidase (47). This is consistent with
the very highKm of catalase that is close to 1 M (43). SOD is
inhibited by H2O2 in a dose- and time-dependent manner (48,
49), and our study revealed that SOD activity in Caco-2 cells
was negatively affected by H2O2 at concentrations starting
around 35µM and became severe above 100µM. These results
agree with those of Liu and others (32), who found a significant
decrease in cell survival and SOD activity in intestinal epithelial
cells treated with 100µM H2O2 for 2 h. In contrast, pure SOD
in a noncellular system showed increased oxidation-reduction
capacity when exposed to 250-1000 µM H2O2 for 15 min.
However, SOD activity decreased dramatically with longer

exposure durations to H2O2 (50). In our study, Caco-2 cells still
showed some SOD activity at 250µM H2O2, suggesting that
total inhibition of SOD was not attained during the 30 min of
oxidative treatment. Inhibition of SOD by H2O2 could be
associated with the reduction of the active site (Cu2+) in SOD
to Cu+ (49), the destruction of histidine that is close to Cu2+

(48), and/or the structure alteration of SOD that restricts access
to Cu2+ (50).

Antioxidant enzymes exhibit synergistic interactions by
protecting each other from specific free radical attacks (48,51,
52). SOD protects catalase and GPx from inactivation by
superoxide radicals (51), whereas catalase and GPx protect SOD
from inactivation by hydroperoxides (48,52). The protective
effects by catalase and GPx may have been responsible for the
activity of SOD that was present in cells treated with higher
H2O2 concentrations. However, there could be other factors that
play a role in oxidative stress related enzymatic activities. In a
biological system the observed effect of an enzyme would thus
be the net effect all synergistic and antagonistic effects of other
enzymes and compounds present in the cellular environment.

In summary, this study showed that cells were able to
maintain their viability at 0-250µM H2O2, which could be
attributed to efficient antioxidant mechanisms, mediated by
catalase, GPx, and SOD present in the colon cells. Results
showed that 50-250µM H2O2 concentrations increased GPx
activity and decreased SOD activity but did not change catalase
activity in Caco-2 cells. This is the first study in which
mathematical models were applied to describe differences in
antioxidant enzyme activities due to stress induced by various
concentrations of H2O2. Using a high dose of H2O2 (>100µM)
on Caco-2 cells caused changes in membrane integrity and
significant DNA damage. This indicates that colon cells are
susceptible to oxidative activity of H2O2, emphasizing the fact
that the Caco-2 cell model is indeed an ideal system to conduct
studies related to oxidation stress. Future studies are directed
toward identifying antioxidants that can eliminate or reduce
oxidative stress in colon cells.
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