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It has been demonstrated that reactive oxygen species, free radicals, and oxidative products, such
as lipid hydroperoxides, participate in tissue injuries and in the onset and progression of degenerative
diseases in humans. Studies were conducted using Caco-2 colon carcinoma cells to evaluate cellular
damage caused by exposing cells for 30 min to oleic acid hydroperoxides (OAHPX) at concentrations
varying from 0 to 25 uM. Cell membrane damage and DNA damage were significantly high even at
the lowest concentration of 2.5 uM OAHPx compared to the control. Cell lipid peroxidation, indicated
by conjugated diene concentration, increased exponentially with increasing OAHPx concentration.
Antioxidant mechanisms in Caco-2 cells were evaluated by measuring catalase, superoxide dismutase
(SOD), and glutathione peroxidase (GPx) activities. Cellular catalase and GPx activities were not
significantly different from each other at 0 to 25 uM OAHPXx concentrations. SOD activity decreased
with increasing OAHPx concentration. These results show that existing enzymatic antioxidant
mechanisms are not sufficient for complete detoxification of 5—25 M lipid hydroperoxides.
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INTRODUCTION can be as low as 0-10.6 pmol/L (13). However, in the intestinal
mucosa, these levels are much higher and could reach micro-
molar levels because lipid hydroperoxides may also be generated

pathological conditions in humans, such as candgrand during food digestion in the acidic gastric fluid that contains
atherosclerosi<2j. Lipid hydroperoxides in the body are derived abso?bed oxygen (14) Furthermorg oxidation of dietary fats
from peroxidized unsaturated fatty acids that are present in cell . ) :

S R in the stomach can be enhanced by the presence of metal
memt_)ranes (3) and n dle_tary fat) ( Excessive “p'd hydro- catalysts that are abundant in foods4( 15). At low-pH
peroxide concentrations in the gut can contribute to the 2 S S . .
impairment of mucosal detoxification pathways and enterocyte condl'Flpns, ayallablllty O.f ron 1ons 1S mcrgqsed .due.to Increased
dysfunction (4), leading to the development of digestive tract sol_ub|I|ty, which V.VOUIC.i in turn enhance I”.O'd OX|d_at|omQ): In
disease conditions such as inflammati&j &énd colon cancer asimulated ge}strlc fluid S.VSFeF“ (pH 3), wrtﬁ; h ofincubation,

(6, 7). Lipid hydroperoxides activate lipoxygenase and cy- 8 and 6-fold Increases in lipid hy_droperomdes were ob_sgrved
clooxygenase, which are involved in cellular lipid peroxidation in a heated muscle Flssue and. in heated soybean oil in the
and prostaglandin biosynthesis, respectively, and can act ag’réSence of myoglobin, respectively (14).
signal molecules for apoptotic cell deat).( Although toxic concentrations of lipid hydroperoxides rel-
Dietary sources of lipid hydroperoxides include cooked fats €vant to lumen conditions have not been reported in humans,
and oils, meat, fish, milk and milk products, and ed8s (ipid the fact tha_t |ntal_<e of OX|d_|zed polyun_saturgted fgtty _aC|ds can
peroxide levels (as thiobarbituric acid reactive substances)disturb the integrity of the intestine by inducing oxidative stress
present in common foods are25—150 nmol/g 9), and an and disrupting re_dpx balance is r_ecognlzﬂ])(Agonce_ntratlon
intake of 84 g of dietary fat per day could contribute to as much ©f 100—200uM lipid hydroperoxides has been identified to be
as 1.4 mmol of lipid hydroperoxide4@). In reality these levels ~ cytotoxic (L8), whereas 18-25uM lipid hydroperoxides induce
are expected to be higher because the estimated average dailPOPtosis (19). Physiologically relevant levels of lipid hydro-
intake of fat in the American diet is2106.7 g (1). Direct ~ Peroxides that are as low as-% «M have also been known to
duodenal infusion of peroxidized lipids in rats resulted in 0.4 induce mild oxidative stress in the intestir0j.
uM lipid hydroperoxides in their intestinal mucosa, liver, and The intestinal epithelium has a very rapid cell turnover rate
kidneys (12), whereas plasma levels of lipid hydroperoxides (21). Because the tissue homeostasis is balanced by cell
proliferation and cell death, inducing shifts in the redox balance
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Lipid hydroperoxides have been associated with many
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peroxy and hydroxyl fatty acids in rats stimulated DNA Cell Membrane Damage.Cells were grown to confluence in 25
synthesis and induced ornithine carboxylase activity consistentcn? culture flasks and washed with PBS prior to use. Different
with enhanced cellular proliferation2?). Moreover, rats  concentrations of OAHPx (625 uM) in PBS supplemented with 1%

developed mucosal hypertrophy of the colon when given L-glutamine and 1% nonessential amino acids were used to induce
peroxidized ethy! linoleate (23). oxidation. After 30 min of exposure, PBS from each flask was collected.

To ensure cellular integrity and tissue homeostasis, the Damage to cell membrane by OAHPx was studied by measuring the
. . _ y . .~ 7 release of lactic acid dehydrogenase (LDH) from injured cells. LDH
intestine exhibits se\(eral defense mechgn|§ms, such as maintaingaage into PBS and total LDH activity (LDH leakage to PBS plus
ing high concentrations of cellular antioxidant enzyme levels | pH in remaining cells) were measured with an in vitro cytotoxicity
and inducing cell death by apoptosis to discard injured entero- assay kit, lactate dehydrogenase based TOX-7 (Sigma ChemicalCo.),
cytes (9). According to Aw et al.1@), mucosal glutathione  and corrected by the activity already present in the medium of untreated
(GSH) plays a major role in removing hydroperoxides from the cells. The assay is based on the reduction of NAD to NADH by LDH.
intestine. In a healthy system where GSH levels are sufficient, NADH is utilized to convert a tetrazolium dye in the assay kit to a
intracellular metabolism of absorbed hydroperoxides is in- colored compound with an absorption maximum at 490 nm. The

creased, thereby reducing luminal retention of hydroperoxides intensity of the color is indicative of LDH activity in the assay medium,
(24). Bile is a rich source for GSH, which helps maintain and the LDH activity was measured spectrophotometrically (Beckman

. . : . Iter D rophotometer, Beckman Iter Inc., Fullerton,
mucosal GSH to promote peroxide removal in the intestine (25). Coulter DUBOO spectrophotometer, Beckman Cou "

oL . . N CA) at 490 nm. LDH activity in the PBS supernatant was determined
The susceptibility of the gastrointestinal tract to oxidative ,q 5 percentage of the total LDH activity.

damage is determined by its antioxidant status and the imbalance Preparation of Cell Lysates. Culture medium was decanted, and
in oxidant/antioxidant content in gastric mucosa. Although the .q|is were washed with 5—10 mL of PBS. The cells were harvested

imeSti_ne i_S the primary site ‘?f action for die_ta_ry oxidative agents, py a brief trypsinization. Cell suspensions were centrifuged ag200
very little information is available on how lipid hydroperoxides for 5 min and washed twice with 5 mL of PBS. Supernatants were
affect the cellular antioxidant mechanisms in the intestine. discarded and cell pellets resuspended in 5 mL of PBS %@ and
Previously we reported the damaging effects of hydrogen then placed on ice. Cells were lysed using a minibead beater (Biospec
peroxide to the human intestin@g) using the human colon  Products, Bartlesvillle, OK) for 10 s at 4200 rpm. The lysates were
carcinoma cell line, Caco-2. This study is focused on evaluating centrifuged (Beckman GS-15R centrifuge) at 149@r 10 min at 4

the extent of damage caused by lipid hydroperoxides2& °C and supernatants immediately used for lipid peroxidation and
uM) and the changes in cellular antioxidant enzymes in responseam'ox'dam ENzyme assays.

to the oxidative stress induced in the intestine. 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 283t (
MATERIALS AND METHODS One milliliter of cell lysate in PBS was mixed thoroughly with 5 mL

A human colon carcinoma cell line (Caco-2) was obtained from the of chloroform/methanol (2:1) solution, followed by centrifugation
American Type Culture Collection (Rockville, MD). Dulbecco’'s (Beckman GS-15R centrifuge) at 1@@r 5 min until phase separation
modified Eagle medium (DMEM) and fetal bovine serum (FBS) were was achieved. Most of the upper layer was removed by suction, and 3
purchased from Invitrogen Corp. (Carlsbad, CAJslutamine, penicil- mL of the lower chloroform layer was transferred to a test tube. The
lin with streptomycin, trypsin with ethylenediaminetetraacetic acid chloroform layer was removed under nitrogen infusion, and the lipid
(EDTA), and phosphate-buffered saline (PBS) were purchased from residue was dissolved in 1.5 mL of cyclohexane. The absorbance of
Fisher Scientific (Fair Lawn, NJ). Trypan blue, nonessential amino acid the solution at 233 nm was measured (Beckman Coulter DU800
solution, xanthine, hypoxanthine, nitro blue tetrazolium, diethylenetri- spectrophotometer) against a cyclohexane blank at 233 nm. Conjugated
aminepentaacetic acid, lactate dehydrogenase (LDH) based TOX-7 kit,dienes were reported as absorbance at 233 nm.

and glutathione peroxidase cellular activity assay kit CGP-1 were  Catalase AssayCatalase was assayed spectrophotometrically at 25
obtained from Sigma Chemical Co. (St. Louis, MO). Hydrogen ec py following the extinction of KO, at 240 nm 29). The catalase
peroxide, chloroform, cyclohexane, and ethanol were purchased from activity per milliliter of the cell lysate was calculated as the reduction
VWR International (Bridgeport, NJ). The Micro BCA protein assay of H,0, (mmol mint mL~2). Nonenzymatic KO, decomposition

kit was purchased from Pierce Biotechnology (Rockford, IL). (baseline) was subtracted from each determination.

_ Culture and Oxidation of_ Caco-2 Cells.Caco-2 C(_ells were grown Superoxide Dismutase (SOD) AssayA modified version of the
in DMEM supplemented with 20% FBS, 1%glutamine, 1% nones-  Nishikimi et al. @0) method was used to detect SOD activity in cell

sential am_ino acids, and 50 unlts/rr_lL Pe”'c'”'” W'tE 5%{?_‘"({ lysates. In this method, superoxide radicals were generated using a
streptomycin. The cell cultures were maintained atGh a humidifie xanthine oxidase/hypoxanthine system, and the potential of the cell

atmc:;phere with 5% C{and were Seeded. onto collagen-co_ated 25 or lysates to scavenge superoxide radicals was measured spectrophoto-
75 cn area culture ﬂa_sks. QX|dat|0n was_mduced by eXposing Caco-2 metrically. The reaction mixture contained 1 mL of 3 mM hypoxanthine,
cells to 2.5-2%M oleic acid hydr_operomdes (QAHPX) in FBS-free 3 ) of 100 mIU xanthine oxidase, 1 mL of 12 mM diethylenetri-
DME.M or _PBS' _supplementec_l with 1%glutamine and 1% nones- aminepentaacetic acid, 1 mL of 178/ nitro blue tetrazolium, and 1
sential amino acids, for 30 min on the fourth day of culturing after /" ¢ o cell lysate. All solutions were prepared in PBS. The
CO”"P‘?”CV_ had been reached._ Cells were harvested by a brief (_6 miNn) ahsorbance of the mixtures at 560 nm was recorded initially at 0 min
trypsinization and then centrifuged (Beckman GS-15R centrifuge, and thereafter at 5 min intervals up to 30 min. Superoxide radical-

Beckman, I?alo Alto, CA) at 200@" R m_in_. . scavenging capacities (percent) of the cell lysates at the end of 30 min
Preparation of OAHPx Solutions. Lipid hydroperoxides were were calculated with the equation

generated by oxidation of oleic acid under fluorescent light for 21 days.
The total hydroperoxide content was quantified using the peroxide value
of oxidized oleic acid27). Preliminary studies showed that oxidation
products other than lipid hydroperoxides were extremely low and were
not in significant amounts in the oxidized oleic acid samples. Stock WhereY = percentage of superoxide radicals scavenges; absor-
solution of peroxidized lipid emulsions was prepared by sonicating 80 bance of the medium containing cell lysate at 30 min, dhe=
umol of oxidized oleic acid in PBS at pH 7.4 containing 19 mmotL  absorbance of the medium without cell lysate at 30 min (blank).
sodium taurocholate (12). The stock emulsion was diluted with FBS-  Glutathione Peroxidase (GPx) AssayGPx activity was measured
free DMEM before exposure to cells to attain needed OAHPx using the GPx cellular activity assay kit CGP-1 (Sigma Chemical Co.).
concentrations. The final sodium taurocholate content of the medium This kit uses an indirect method, based on the oxidation of glutathione
in all treatments was adjusted to be the same. (GSH) to oxidized glutathione (GSSG) catalyzed by GPx, which is

Y=[1- (A/B)] x 100
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then coupled with recycling GSSG back to GSH utilizing glutathione  Tapje 1. Lactate Dehydrogenase (LDH) Activity in the Culture Medium
reductase (GR) and NADPH. The decrease in NADPH at 340 nm during of caco-2 Cells Treated with Oleic Acid Hydroperoxide (OAHPX)

oxidation of NADPH to NADP is indicative of GPx activity. The

activity of GPx per milliliter of the cell lysate was calculated as the OAHPx LDH activity (%)
decrease in NADPH (umol mirt mL™%). conen («M) in culture medium?
DNA Damage by Comet AssayThe comet assay was performed 0 0a
using Trevigen's comet assay reagent kit for single-cell electrophoresis 1 0a
assay (Trevigen Inc., Gaithersberg, MD). Cells £ 10°) were 2 22+02a
suspended in 1 mL of ice-cold PBS. Fifty microliters of the cell 25 57+06b
suspension was combined with 500 of prewarmed low melting point 3 8.2+0.6bc
(LMP) agarose, and 7L of this mixture was immediately pipetted 4 11.7£06 cd
onto a CometSlide. Slides were placed flat &G4in the dark for 30 35 ég'gfgdze
min for gelling. After completion of gelling, slides were transferred 10 1184411
into a prechilled lysis solution (2.5 M sodium chloride, 100 mM EDTA, 125 483+42g
pH 10, 10 mM Tris base, 1% sodium lauryl sarcosinate, and 1% Triton 15 50.7+45¢
X-100) and placed at 4C for 50 min. Slides were then incubated in 20 50.8+38(
a fresh electrophoresis buffer (0.3 M NaOH, 1 mM EDTA, pH 13) for 25 51.1+45¢g

40 min at room temperature to allow unwinding of DNA. Electro-
phoresis was carried out at room temperature in fresh electrophoresis  avalyes are the mean + SD of four determinations. Means having different
buffer for 40 min at 1 V/cm and 300 mA. After electrophoresis, slides |etters are significantly (p < 0.05) different from one another.

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 60
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, and DNA damage was quantified by measuring
the taill moment using NIH Image software available at http://
rsb.info.nih.gov/ij/. About 106150 cells were scored per sample.
Damage is represented by an increase of DNA fragments that have
migrated out of the cell nucleus in the form of a characteristic streak 0 . . . . . .
similar to the tail of a comet (31). DNA damage can be assessed using 0 25 5 175 10 125 15
different parameters, such as tail length, relative tail fluorescence
intensity, and tail moment (3132).

Statistical Design.A general linear fixed effects model blocked by ~ Figure 1. LDH activity in the culture medium (as a percentage of total
cell passage number, which corresponds to the age of cells, was usedell LDH activity) of Caco-2 cell cultures incubated with different
in all test systems. All experiments were repeated four times. Statistical concentrations of OAHPx as depicted by a four-parameter logistic model.
analysis was conducted using Statistical Analysis System (SAS) Each point represents the mean = SD of four determinations.
software version 8.02 (SAS Institute Inc., Cary, NC) with analysis of
variance (ANOVA) followed by Tukey’s HSD test for significant

45

30 -

15 1

LDH Activity (%)

Oleic acid hydroperoxide (UM)

differences. Ap value of <0.05 was considered to be statistically 0.35 -
significant unless stated otherwise. Nonlinear modeling was used to g
explain cellular damage and antioxidant enzyme activity. Parameter @ 0.28 1
estimation was performed using the Marquardt’s Compromise method Q
(33). The best model that fits the data was chosen by comparing 5 0211
Akaike’s Information Criterion (AIC),—2 log likelihood, Bayesian § 0.14
Information Criterion (BIC), and mean squared error (MSE) obtained £ T
for each model. The significance of parameters was confirmed by § 0.07 4
calculating their 95% confidence intervals and the correlation matrix. <
0 13 L) L] 1
5 10 15 20 25

RESULTS
Oleic acid hydroperoxide (UM)

Cell Damgge.Lac_tic a_lcid d_ehydrogenase enzyme activity in Figure 2. Conjugated dienes (
culture medium, which is an indicator of a leaky cell membrane
due to damage, was significantly higher than that of the control
at 2.5uM OAHPx (Table 1). Cell treatments up to 3,4M
OAHPx showed<10% of LDH activity. Concentrations 5
uM OAHPX resulted in an LDH activity of 15%. A maximum Production of conjugated dienes at35uM OAHPX increased
of 50% LDH activity was attained at 16M OAHPx. The exponentially [Y= o(exp(xX))] as shown irFigure 2. The
increase in LDH activity with increasing concentrations of model predicts a maximum 0.0236 increase in absorbance at
OAHPXx followed a four-parameter logistic mod&{ 6 + (a 233 nm per 5uM increment of OAHPx.Table 2 shows the
— 9)/(1 + exp(—«(X— 1)))] (Figure 1). The model shows a  model equations developed to predict cell damage.
maximum rate of LDH leakage (r) at 6.4 uM OAHPX. In other DNA Damage. Strand breaks of DNA, as measured by the
words, the increments by which the rate of LDH activity tail moments using the comet assay, increased with increasing
increases with increased OAHPx concentration become smallerOAHPx concentrations (Figure 3). Significant DNA damage
after 6.4uM OAHPXx. The corresponding LDH activity at this compared to the control was detected in cells treated with
point is 24%. Conjugated dienes, which are indicators of cell OAHPx at levels as low as 2.aM OAHPX, which also
lipid peroxidation, continuously increased with increasing corresponded with the observed LDH damage. Damage to DNA
OAHPXx concentrations. A significant increase compared to that in cultures treated with 1525 uM OAHPx was significantly
of the control was detected at the ;8 OAHPXx level. higher than that at 2:510 uM OAHPXx concentrations. The

absorbance at 233 nm) in Caco-2 cell
cultures incubated with different concentrations of OAHPx as depicted by
an exponential model. Each point represents the mean = SD of four
determinations.
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Table 2. Model Equations Developed To Depict Cell Damage and DISCUSSION
SOD Activity Induced by Oleic Acid Hydroperoxide?

Lipid peroxides, which are primary products of lipid oxida-

predicted model pseudo R2 tion, have been associated with the toxicity of oxidized
LDH activity” Y = —4.236 + (52,516 + 4.236)/[1 + 0.9994 polyunsatL_Jrated fatty ac_|d§4). Althoug_h direct consumption
exp((—0.408) x (X - 6.4223))] of cytotoxic hydroperoxide concentrations (100—2@¥) is
conjugated dienest Y = 0.1326 x exp(0.0236X) 0.9999 an unlikely event in humans, high intake of polyunsaturated
SOD activity? Y=18.314 +(26.7102 - 18.314)/[1 + 10 fatty acids together with foods containing metal catalysts could
exp((5.501) x (Z-3.013))] give rise to the accumulation of hydroperoxide levels capable
of generating oxidative stress in the lumé#)( Oxidative stress
a X = oleic acid hydroperoxide concentration («M). ? Y = LDH activity in the is an important physiological stimulus that affects the redox

culture medium as a % of total cell LDH activity. ¢ Y = conjugated dienes as the
absorbance at 233 nm. Y = SOD activity as the % of superoxide radicals
scavenged and Z = log value of oleic acid hydroperoxide concentration («M).

status in a cell, which then can lead to cell transitions from a
quiescent state to a proliferative or an apoptotic s&fg Earlier
studies (20) show that exposing Caco-2 cells to subtoxic low
15 - levels (1-5uM) of lipid hydroperoxides for 6 h induced cell

transition from a quiescent state to a proliferative state that was
g2 127 mediated by peroxide-induced disruption of cellular redox
g3 bal H i ing th ti 24 h lted
35 o- alance. However, increasing the exposure time to resulte
8 z in growth arrest 20). Similarly, exposure of Caco-2 cells to
z 2 67 5—25 uM lipid hydroperoxides for 1 h disrupted intestinal
235 3 homeostasis, contributing to cell apoptosis, which could not be
reversed even after recovery of redox balance to normal levels
0 (19). These studies collectively showed that exposure of cells
0 25 5 10 15 20 25 to shorter durations of low levels of hydroperoxides stimulates
Oleic acid hydroperoxide (LM) cell proliferation, whereas prolonged mild stress induced by low
Figure 3. DNA damage (tail moments) measured by comet assay in levels of hydroperoxides, or short duration severe oxidative
Caco-2 cell cultures incubated with different concentrations of OAHPx. stress induced by high concentrations of hydroperoxide, caused
Each point represents the mean + SD of four determinations. Different the progression of cell apoptosis. In the current study, severe
letters indicate significantly different observations (p < 0.05). membrane damage occurred at lower OAHPX concentrations,
such as 1Q:M. These results suggest that levels uM can
Table 3. Antioxidant Enzyme Activity in Caco-2 Cells Treated with give rise to cell death by necrosis rather than apoptosis.
Oleic Acid Hydroperoxides A defective cell membrane cannot prevent toxic components
OAHPX (M) catalase activity? SOD acivity® GPx activity? from entering the ceII._ I_ncreases in cell !|p|d _perOX|dat|on _and
5 0820052 %2126a CEla2000a extracellular LDH activity as observed in this study confirm
5 10840072 26.7+14b 0.513 + 0.037 a that cell exposure to OAHPX results in a leaky cell membrane.
10 116+00la 265+14b 0.506 + 0.018 a DNA damage, as quantified by the comet assay that measures
15 1.06 +0.04a 254+13b 0.505 + 0.007 a the single- and double-strand breaks of DN3YL), positively
20 094 +0.04a 227+12bc 046600252 correlated with the increase in lipid peroxidation as shown in
25 093+0.02a 20.4+12¢c 0.437+0.009a

our results. This increased DNA damage with increasing
concentrations of OAHPXx suggests the capacity of hydroper-
within a column having different letters are significantly (p < 0.05) different from OXIdeS.to ml.tlate genetic mUtatIOnS.'. Due to th.e rapid tum.over
one another. ? Decrease in H,O, (mmol L=t min~! mL~Y). ¢ Superoxide radical rate of intestinal celisD), the pOS_SIbIIIty of carrying a defective
scavenged (%).  Decrease in NADPH (umol L=t min~t mL™Y). DNA to the next cell generation is more probable compared to
cells with low turnover rates. To prevent defective DNA from
moving into the next generation, cells exhibit preventative
mechanisms, such as arresting cell growth to allow time for
DNA repair or inducing apoptosig86). This prevents propaga-

2 Results are mean values of four determinations + standard deviation. Means

observed increase of DNA damage and conjugated diene
production followed similar patterns with a 0.97 correlation

coefficient (r). tion of damaged DNA in the cell cycle.

Antioxidant Enzyme Activity. Catalase, SOD, and GPXx |, 5 hyman gastric system that contains effective antioxidant
enzyme responses were different from each other dependlngenzyme systems37), GPx is the most important enzyme in
on OAHPx concentrations as shownTable 3. Catalase and  removing lipid hydroperoxides (4). During the reduction of
GPx enzymes did not show changes in activities in cultures py§roperoxides, reduced GSH is first oxidized to glutathione
treated with 5-254M OAHPx compared to those of the control  gisyifide (GSSG) and then regenerated via glutathione reductase
cultures. SOD activity was significantly reduced atu®! (GR) at the expense of NADPI). Therefore, the activity of
OAHPx compared to that of the control, and it continued to Gpx depends on the availability of cellular GSH and NADPH
decrease with increasing concentrations of OAHPXx. Although and the activity of GR. Antioxidant enzymes have been shown
there were no diStingUiShab'e differences in SOD aCtiVity in to vary among individuals depending on their age and 39)( (
cells treated with 520 uM OAHPX, a significant decrease was  dietary intakes40), lifestyle habits, such as smoking and alcohol

observed at 2aM OAHPx compared to that of 15M OAHPX. consumption41, 42), level of physical activity43), and health
The decrease in SOD activity could be explained using a four- condition @4). Enzyme activities have also been shown to differ
parameter logistic model¥[= 6 + (o — 8)/(1 + exp(—«(X— among tissues within an individug87). GPx, compared to SOD

7)))] (Table 2) developed with nonlinear regression. The model and catalase, is the enzyme most affected by dietary supplements
predicted a 7% decrease. (- J) in SOD activity when the and smoking40). This implies that intake of dietary antioxidant
OAHPXx concentration was increased from 5 to/#4 and a supplements or foods containing high antioxidant levels may
maximum rate of decrease in SOD activity at 2Q:84 OAHPX. enhance the activity of GPx, making hydroperoxide detoxifi-
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cation activities more effective. The effect of dietary supple-  (6) Udilova, N.; Jurek, D.; Marian B.; Gille, L.; Schulte-Hermann,

ments may also be due to the presence of selenium, which is R; Nohl, H. Induction of lipid peroxidation in biomembranes
needed for GPx activity (45). by dietary oil componentgood Chem. ToxicoR003 41, 1481~
It was observed in this study that in Caco-2 cells treated with 1489.

5—25uM OAHPX, the activity of GPx did not show significant ™ laawg' T|_'|; ﬁk"?‘(;ke' T lKidg.' Kl fF”k“Sh.ig.‘a’ dY';'I Takggri, K.;
differences when compared to that of the control that had no vaeda, H. LIpid peroxy! radicas from oxidized ofls and heme-
lipid hydroperoxides in the medium. However, when subjected iron: implication of a high-fat diet in colon carcinogenesis.

; o . . Cancer Epidemiol. Biomarkers Pre1998,7, 1007—1012.
to hydrogen peroxide, GPx activity gradually increased with (8) Addis, P. B. Occurrence of lipid oxidation products in foods.

increasing concentrgtiqns of.8, (26). Fur.th.e.rmore, despite Food ChemXToxicol. 1986,24, 1021—1030.

the unchanged antioxidant enzyme activities, Caco-2 cells (9) Aw, T. Y. Molecular and cellular responses to oxidative stress
showed significant cell lipid peroxidation, membrane damage, and changes in oxidation—reduction imbalance in the intestine.
and DNA damage by 525uM hydroperoxides. Concentrations Am. J. Clin. Nutr.1999,70, 557—565.

as low as 1uM produced extensive membrane damage as (10) Wolff, S. P.; Nourooz-Zadeh, J. Hypothesis: UK consumption
indicated by LDH leakage. These results show that existing of dietary lipid hydroperoxidesa possible contributory factor
antioxidant enzyme mechanisms are not capable of completely to atherosclerosisitherosclerosi€ 996,119, 261-263. .
detoxifying 5—25 uM lipid hydroperoxide concentrations. ~ (11) U.S. Department of Agriculture, Economic Research Service.
However, it should be noted that although Caco-2 cells mimic Food Availability spreadsheets, 2005; http://www.ers.usda.gov/

data/food consumption/Food AvailSpreadsheets.

the intestinal environment, they do not represent exact conditions (12) Aw, T. Y. Willams, M. W.- Gray, L. Absorption and lymphatic

found in the intestinal epithelium because of the absence of transport of peroxidized lipids by rat small intestine in vivo: role

nervous and endocrine functions. _ of mucosal GSHAM. J. Physiol1992,262, G99—G106.
Catalase, which is responsible for removing hydrogen per- (13) Singh, R. B.; Niaz, M. A.; Agarwal, P.; Begom, R.; Rastogi, S.

oxide, did not show any significant differences in activity when S. Effect of antioxidant-rich foods on plasma ascorbic acid,
treated with OAHPx compared to that of the control, whereas cardiac enzyme, and lipid peroxide levels in patients hospitalized
catalase activity increased in Caco-2 cells when exposege H with acute myocardial infarctiord. Am. Diet. Assacl995,95,
(26). SOD, the enzyme responsible for removing superoxide 775-780.

radicals in living systems, showed a significant decrease when (14) Kanner, J.; Lapidot, T. The stomach as a bioreactor: dietary
treated with OAHPXx and continued to decrease with increasing lipid peroxidation in the gastric fluid and the effects of plant-
OAHPx concentrations. This could be due to the effects of derived antioxidantsree Radical BiolMed.2001,31, 1388—
breakdown products of lipid hydroperoxides. A similar effect 1395.

(15) Halliwell, B.; Zhao, K.; Whiteman, M. The gastrointestinal
tract: a major site of antioxidant actioffee Radical Re200Q
33, 819—-830.

(16) Schafer, F. Q.; Buettner, G. R. Acidic pH amplifies iron mediated
lipid peroxidation in cellsFree Radical Biol. Med2000, 28,

on SOD activity was also observed when cells were exposed
to HyO,, but the decreasing effect was explained by a three-
parameter polynomial mode26), whereas with OAHPx oxida-
tion a logistic model was a better fit to explain the cellular SOD

activity. 1175-1181.

In biological systems, lipid hydroperoxide can undergo (17) Aw, T. Y. Intestinal glutathione: determinant of mucosal
decomposition, forming peroxyl, hydroxyl, and alkoxyl radicals peroxide transport, metabolism, and oxidative susceptibility.
in the presence of superoxide and other free radicals and metal Toxicol. Appl. Pharmacol2005,204, 320—328.
ions (46). The combined effects of these free radicals and lipid (18) Cepinskas, G.; Kvietys, P. R.; Aw, T. Ya3-Lipid peroxides
hydroperoxides together would determine the activities of the injure Caco-2 cells: relationship to the development of reduced
antioxidant enzymes in living cells. Further research is necessary glutathione antioxidant system&astroenterologyl994, 107,

80—86.

(19) Wang, T.-G.; Gotoh, Y.; Jennings, M. H.; Rhoads, C. A.; Aw,
T. Y. Lipid hydroperoxide-induced apoptosis in human colonic
Caco-2 cells associated with an early loss of cellular redox

to determine the mechanisms underlying the observed changes
in enzyme activity induced by OAHPX.
In summary, this study showed extensive cellular damage as

indicated by increased LDH leakage, c_eII lipid perqxidation, balanceFASEB J.2000, 14, 1567—1576.
and DNA damage by-525uM hydroperoxides. The antioxidant 20y Gotoh, Y.; Noda, T.; Iwakiri, R.; Fujimoto, K.; Rhoads, C. A.;
enzyme catalase and glutathione peroxidase activities did not Aw, T. Y. Lipid peroxide-induced redox imbalance differentially
significantly change, whereas superoxide dismutase decreased mediates Caco-2 cell proliferation and growth arr€tll Prolif.
with increasing hydroperoxide concentrations, indicating that 2002,35, 221—-235.
self-defense enzymatic antioxidant mechanisms are insufficient (21) Leedham, S. J.; Brittan, M.; McDonald, S. A. C.; Wright, N. A.
to protect the intestine from lipid hydroperoxide-mediated Intestinal stem cells). Cell. Mol. Med.2005,9, 11-24.
oxidative injury. (22) Bull, A. W.; Nigro, N. D.; Golembieski, W. A.; Crissman, J.
D.; Marnett, L. J. In vivo stimulation of DNA synthesis and
induction of ornithine carboxylase in rat colon by fatty acid
LITERATURE CITED hydroperoxides, autoxidation products of unsaturated fatty acids.
(1) Blair, I. A. Lipid hydroperoxide-mediated DNA damagexp. Cancer Res1984,44, 4924—4928.
Gerontol.2001,36, 1473—1481. (23) Hara, H.; Miyashita, K.; Ito, S.; Kasai, T. Oxidized ethyl linoleate
(2) Sies, H.; Stahl, W.; Sevanian, A. Nutritional, dietary and induces mucosal hypertrophy of the large intestine and affects
postprandial oxidative stres3. Nutr. 2005,135, 969—972. cecal fermentation of dietary fibers in ratk.Nutr. 1996,126,
(3) Girotti, A. W. Lipid hydroperoxide generation, turnover, and 800—806.
effector action in biological systemisipid Res 1998 39, 1529~ (24) Aw, T.Y. Cellular and molecular responses to peroxide-induced
1542. oxidative stress and redox imbalance in the intestin@xidative
(4) Aw, T. Y. Determinants of intestinal detoxication of lipid Stress and Digestive Diseases; Yoshikawa, T., Ed.; Karger:
hydroperoxidesFree Radical Res1998,28, 637—646. Basel, Switzerland, 2001; pp 1—12.
(5) Imai, H.; Nakagawa, Y. Biological significance of phospholipid ~ (25) Aw, T. Y. Biliary glutathione promotes the mucosal metabolism
hydroperoxide glutathione peroxidase (PHGPx, GPx4) in mam- of luminal peroxidized lipids by rat small intestine in vivd.

malian cells.Free Radical Biol. Med2003,34, 145—169. Clin. Invest.1994,94, 1218—1225.



Oxidative Stress Damage in Caco-2 Human Colon Cells

(26) Wijeratne, S. S. K.; Cuppett, S. L.; Schlegel, V. Hydrogen
peroxide induced oxidative stress damages and antioxidant
enzyme responses in Caco-2 human colon céllggric. Food
Chem.2005,53, 8768—8774.

(27) AOAC. Official Methods of Analysis, 14th ed.; Association of
Official Analytical Chemists: Arlington, VA, 1984.

(28) Buege, J. A.; Aust, S. D. Microsomal lipid peroxidatitethods
Enzymol.1978,52, 302—310.

(29) Beers, R. F.; Sizer, I. W. A spectrophotometric method for
measuring the breakdown of hydrogen peroxide by catalase
Biol. Chem.1952,195, 133—140.

(30) Nishikimi, M.; Rao, N. A.; Yagi, K. The occurrence of

superoxide anion in the reaction of reduced phenazine metho-

sulphate and molecular oxygeBiochem. Biophys. Res. Com-

mun.1972,46, 849—854.

Ross, G. M.; McMillan, T. J.; Wilcox, P.; Collins, A. R. The

single cell microgel electrophoresis assay (comet assay): techni-

cal aspects and applications. Report on the 5th L. H. Gray Trust

Workshop, Institute of Cancer Researbtutat. Res1995 337,

57-60.

Collins, A.; Dusinska, M.; Franklin, M.; Somorovska, M.;

Petrovska, H.; Duthie, S.; Fillion, L.; Panayiotidis, M.; Raslova,

K.; Vaughan, N. Comet assay in human biomonitoring studies:

reliability, validation and application&nviron. Mol. Mutagen.

1997,30, 139—146.

(33) Bates, D. M.; Watts, D. QNonlinear Regression Analysis and
Its Applications; Wiley: New York, 1988.

(34) Hageman, G.; Kikken, R.; Ten Hoor, F.; Kleinjans, J. Linoleic
acid hydroperoxide concentration in relation to mutagenicity of
repeatedly used deep-frying fatspids 1989,24, 899—902.

(35) Flores, S. C.; McCord, J. M. Redox regulation by the HIV-1
Tat transcriptional factor. IDxidative Stress and Biology of
Antioxidant Defense$candalios, J. G., Ed.; Cold Spring Harbor
Laboratory Press: Cold Spring Harbor, NY, 1997; pp-1138.

(36) Jackson, S. P. Sensing and repairing DNA double-strand breaks
Carcinogenesi®002,23, 687—696.

(37) Grisham, M. B.; Macdermott, R. P.; Deitch, E. A. Oxidant
defense mechanisms in the human collmflammation1990,

14, 669—680.

(38) LeGrand, T. S.; Aw, T. Y. Intestinal absorption of lipid

hydroperoxides. Inntestinal Lipid Metabolism; Mansbach, C.,

(E1Y)

(32

J. Agric. Food Chem., Vol. 54, No. 12, 2006 4481

Kuksis, A., Tso, P., Eds.; Plenum Publishing: New York, 2001;
pp 351—366.

(39) Saraymen, R.; Kilic, E.; Yazar, S.; Cetin, M. Influence of sex
and age on the activity of antioxidant enzymes of polymorpho-
nuclear leukocytes in healthy subjectansei MedJ. 2003,44,
9-14.

(40) Andersen, H. R.; Nielsen, J. B.; Nielsen, F.; Grandjean, P.
Antioxidative enzyme activities in human erythrocyt€in.
Chem.1997,43, 562—568.

(41) Ozguner, F.; Koyu, A.; Cesur, G. Active smoking causes

oxidative stress and decreases blood melatonin leVelscol.

Ind. Health2005,21, 21-26.

Akkus, I.; Gultekin, F.; Akoz, M.; Caglayan, O.; Bahcaci, S.;

Can, U. G.; Ay, M.; Gurel, A. Effect of moderate alcohol intake

on lipid peroxidation in plasma, erythrocyte and leukocyte and

on some antioxidant enzymeslin. Chim Acta 1997, 266, 141—

147.

Banerjee, A. K.; Mandal, A.; Chanda, D.; Chakraborti, S.

Oxidant, antioxidant and physical exercisol. Cell. Biochem

2003,253, 307—312.

Carmeli, E.; Coleman, R.; Berner, Y. N. Activities of antioxidant

scavenger enzymes (superoxide dismutase and glutathione per-

oxidase) in erythrocytes in adult women with and without type

Il diabetes.Exp. Diabesity Re2004,5, 171—175.

Deshpande, S. S.; Deshpande, U. S.; Salunkhe, D. K. Nutritional

and health aspects of food antioxidantsHood Antioxidants:

Technological Toxicological and Health Perspeet Madhavi,

D. L., Deshpande, S. S., Salunkhe, D. K., Eds.; Dekker: New

York, 1996; pp 361—469.

Schaich, K. M. Free radical initiation in proteins and amino acids

by ionizing radiation and ultra violet radiations and lipid

oxidation—part Ill: free radical transfer from oxidized lipids.

CRC Crit. Rev. Food Sci. Nutd 980,13, 189—244.

(42)

(43)

(44)

(45)

(46)

Received for review February 16, 2006. Revised manuscript received
April 12, 2006. Accepted April 19, 2006. Contribution of the University
of Nebraska Agricultural Research Division, Lincoln, NE. Journal Series
15116.

JF060475V



