JJOURNAL O

AGRICULTURAL AND
FOOD CHEMISTRY

J. Agric. Food Chem. 2004, 52, 5759-5763 5759

Inhibition of Malonaldehyde Formation in Oxidized Calf Thymus
DNA with Synthetic and Natural Antioxidants

HIROSHI MATSUFUJIT AND TAKAYUKI SHIBAMOTO*

Department of Environmental Toxicology, University of California—Davis, One Shields Avenue,
Davis, California 95616

Calf thymus DNA was oxidized by Fenton’s reagent with or without synthetic antioxidants (Trolox
and DMPO) and natural antioxidants—quercetin, apigenin, 2'"-O-glycosylisovitexin (2'"-O-GIV),
(+)-catechin, cyanidin, pelargonidin, keracyanin, and callistephin. Malonaldehyde (MA) formed in
oxidized DNA was analyzed using gas chromatography. MA formed from oxidized DNA without anti-
oxidants was 4.0 + 0.53 nmol/mg of DNA in buffer solution, 3.7 £+ 0.34 nmol/mg of DNA in NaOH
solution, and 4.6 + 0.19 nmol/mg of DNA in HCI solution. MA formed from DNA with antioxidants (at
the level of 0.1 umol/mL) ranged from 1.90 + 0.18 (catechin) to 4.10 £+ 0.18 nmol/mg of DNA
(cyanidin). Trolox and DMPO inhibited MA formation from DNA by 41.2% and 18.6%, respectively,
at the level of 0.1 umol/mL. Trolox (water-soluble vitamin E) exhibited dose-dependent inhibition. The
decreasing order of inhibitory effect by flavonoids at the level of 0.1 umol/mL was catechin (48.5%)
> quercetin (47.1%) > 2"-O-GIV (40.5%) > apigenin (29.9%) and by the anthocyanins at the level
of 0.1 umol/mL was callistephin (45%) > keracyanin (33.2%) > pelargonidin (25.1%) > cyanidin (10.2%).
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INTRODUCTION hydroxyl radical, which was induced by the Fenton reaction,
Oxidative damage of protein, lipid, and DNA by reactive produced malqnaldehyde via the forma.tion.of base propenals
oxygen species (ROSs) has been known to play an importantUPon degradation of the 2-deoxr|_bose unit of |_so_lated DII@) (
role in the pathogenesis of a number of human diseases,"When 16 mmol of 2deoxyguanosine, Zleoxycytidine, 2deoxy-
including cancer, atherosclerosis, cardiovascular diseases, Alzhe@denosine, and thymidine were each oxidized by Fenton's
imer's disease, arthritis, and diabet&s 8). In particular, DNA ~ réagent, 213, 130, 85, and 84 nmol of MA were forma)(
base oxidation is considered to be a key event associated with _The reactive carbonyl compounds, such as MA, formed from
disease initiation and progression in humaf#)s|¢ is becoming biological substances (lipid, protein, DNA, and sugar) by
clear that endogenous generation of oxidants, such as hydroxyl0Xidation have been analyzed as a biomarker of oxidative
radicals, leads to oxidation of DN/G). Occurrence of cancer ~damage. Among these chemicals, MA as thiobarbituric acid
among individuals with no obvious exposure to cancer-causing "éactive substances (TBARs) has been most widely and com-
agents may be due to these oxidative DNA damages promoted™only used as a marker of oxidative damage. However, methods
by ROSs. DNA is one of the target sites of ROSs, particularly that measure.total products reacted WI'[h. thiobarbituric acid
the hydroxyl radical (¢OH). It is well known that attacks on always result in overestimating MA formation and are, more-
DNA cause several types of damage, including single- and OVer, not specific to MA12). Recently, we developed a highly
double-strand breaks, release of free DNA bases, chemicalSPecific and sensitive gas chromatographic (GC) method for
changes to the bases, and sugar modificatiépg)( Therefore, ~ MA analysis in biological samplesi{). This method involves
determination of oxidized products, such as malonaldehyde derivatization of MA into more stable nitrogen-containing
(MA), from DNA will provide theoretical and practical informa- ~ 1-methylpyrazole (1-MP) witiN-methylhydrazine, after which
tion on the mechanisms of DNA oxidation following DNA 1-MP is analyzed by a gas chromatograph (GC) with a
damage. Furthermore, this information could help to develop a Nitrogen—phosphorus detector (NPD).
way to prevent DNA damage caused by oxidation. In the present study MA formed from calf thymus DNA

Among the many products of oxidative damage, dicarbonyl oxidized by Fenton’s reagent with various antioxidants was

compounds, such as MA, have received much attention as the2n@lyzed by the above newly developed GC/NPD method to

chemicals implicated in various diseas8sY). For example, a investigate oxidative damage of DNA caused by a hydroxyl

radical.
*To whom correspondence should be addressed. Phee530-752- MATERIALS AND METHODS
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Figure 1. Structures of antioxidants tested in the present study.

Antioxidants: 2-pyrrole, 3,4-dihydro-2,2-dimethyl-1-oxide (DMPO);

2H-1-benzopyran-2-carboxylic acid, 3,4-dihydro-6-hydroxy-2,5,7,8-

tetramethyl-(9Cl) (Trolox); #-1-benzopyran-4-one, 2-(3,4-dihydroxy-
phenyl)-3,5,7-trihydroxy-(9Cl) (quercetin)H41-benzopyran-4-one, 5,7-
dihydroxy-2-(4-hydroxyphenyl)-(9Cl) (apigenin); anti2-benzopyran-
3,5,7-triol, 2-(3,4-dihydroxyphenyl)-3,4-dihydro-(2R,3S)-(9Cl) [(+)-

catechin] were purchased from Sigma-Aldrich (St. Louis, MO).

1-Benzopyrylium, 2-(3,4-dihydroxyphenyl)3,5,7-trinydroxy-, chloride
(9Cl) (cyanidin chloride); 1-benzopyrylium, 3,5,7-trihydroxy-2-(4-
hydroxyphenyl)-, chloride (9CI) (pelargonidin chloride); 1-benzo-
pyrylium, 3 6-O-(6-deoxyl-c:L.-mannopyranosylp-p-glucopyranosyl-
oxyl]-2-(3,4-dihydroxyphenyl)-5,7-dihydroxy-, chloride (9Cl) (kera-
cyanin chloride); and 1-benzopyrylium, B-p-glucopyranosyloxy)-

(1) A 5 mL aqueous phosphate buffer solution (a9ol/mL, pH
7.4) containing 0.5 mg/mL of DNA, 0.tmol/mL of H,O,, 1.0 umol/
mL of FeC}, and 0.1umol/mL of antioxidant (Trolox and DMPO)
was incubated at 37C for 30 min. A solution containing exactly the
same chemicals but with different amounts of Trolox (0.06, 0.1, 0.2,
or 0.6umol/mL) was also incubated at 3T for 30 min for the dose-
dependent study.

(2) A 5 mL aqueous NaOH solution (@mol/mL) containing 0.5
mg/mL of DNA, 0.5umol/mL of H,O,, 1.0 umol/mL of FeC}, and
0.1umol/mL of antioxidant (quercetin, apigeniri;-©-GIV, or catechin)
was incubated at 37C for 30 min.

(3) A 5 mL aqueous HCI solution (0.2mol/mL) containing 0.5
mg/mL of DNA, 0.5umol/mL of H,O,, 1.0 umol/mL of FeC}, and

5,7-dihydroxy-2-(4-hydroxyphenyl)-, chloride (9Cl) (callistephin chloride) 1 ,mol/mL of antioxidant (pelargonidin, keracyanin, or callistephin)
were bought from Extrasynthese Co. (Genay Cedex, France). Chemicalas incubated at 37C for 30 min. A buffer, NaOH, or HCI solution

names are CA index names, and their structures are shokigune 1.

2""-O-Glycosylisovitexin (2-O-GIV) was isolated from young green
barley leavesHordiumuwulgare L.var. nudum Hookharvested 2 weeks
after germination by a previously reported method (13).

(5 mL) containing exactly the same chemicals as the above without
antioxidants was incubated at 3C for 30 min and used as a control.
After the reaction mixtures cooled to room temperature, oxidation of
the samples was stopped by adding 2.5 mL of an aqueous solution

Authentic 1-methylpyrazole (1-MP) was synthesized according to a containing 10umol/mL of thiourea, 3Qumol/mL of EDTA, and 0.6

previously reported method (14).
A stock solution of DNA was prepared by dissolving 1 mg of DNA

into 1 mL of phosphate buffer (pH 7.4). All reagents used in the

umol/mL of sodium acetate, after which MA was analyzed by gas
chromatography.
Analysis of MA as 1-Methylpyrazole (1-MP). MA formed in

oxidative reactions were prepared in Chelex-treated water. DNA, oxidized DNA was analyzed as previously reportad)(with slight

phosphate buffer, and 9, solutions were also treated with Chelex.
FeCk was used immediately after the preparation.

modification. A 100uL amount ofN-methylhydrazine solution (50%,
v/v) was added to the above sample solutions. Immediately after the

All other analytical-grade chemicals, reagents, and solvents were solutions were incubated at 3T for 30 min, they were placed into

obtained from reliable sources.
Sample Preparation of Oxidized DNA with or without Antioxi-
dant. Three types of reaction solutions were prepared.

Bond Elut C18 cartridges (Varian, Inc., Harbor City, CA) connected
to a vacuum manifold. After eluting the sample solutions, the cartridges
were washed with 3 mL of deionized water twice, and then 1-MP was
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Figure 2. MA formed in the samples with synthetic antioxidants and their
inhibitory effects.
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Figure 3. MA formed in the samples with flavonoids and their inhibitory
effects.

eluted with 3 mL of ethyl acetate twice. The ethyl acetate solution
was dried over anhydrous sodium sulfate for 30 min. After removal of

the sodium sulfate, the solvent was evaporated under a purified nitrogen
stream. The volume of the sample solution was then brought to 0.5

mL with ethyl acetate. A 20uL amount of standard solution,

J. Agric. Food Chem., Vol. 52, No. 18, 2004 5761

[ Inhibitory Effect (%)
20

30 40 50

Cyanidin

Pelargonidin

Keracyanin

Callistephin

Control

0 ) 2 3 4 5
B Amount of MA (nmol/mg of DNA)

Figure 4. MA formed in the samples with anthocyanins and their inhibitory
effects.
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Figure 5. Inhibitory effect of Trolox at various levels.

MA formed in the control was 4.@& 0.53 nmol/mg in the
buffer solution, 3.7 0.34 nmol/mg in the NaOH solution, and
4.6 + 0.19 nmol/mg in the HCI solution. Amounts of MA
formed from DNA with the presence of antioxidants ranged
from 1.90+ 0.18 (catechin) to 4.16 0.18 nmol/mg (cyanidin).

2-methylpyrazine (1 mg/mL), was added to the sample as an internal The inhibitory effect (%) of antioxidants was calculated as

standard prior to GC analysis.

The resulting 1-MP was analyzed by a previously reported method

(11). A Hewlett-Packard model 6890A GC equipped with an NPD and
a 30 mx 0.25 mm i.d. ¢ = 1 um) DB—Wax bonded-phased fused
silica capillary column (J&W Scientific, Folsom, CA) was used. The
detector and injector temperatures were 260The linear velocity of
the helium carrier gas was 25 cm/s with a split ratio of 8:1. The oven
temperature was programmed from 60 to 280at 3°C/min and 130

to 200°C (5 min held) at 10C/min.

RESULTS AND DISCUSSION

A total of 10 antioxidants were examined for their inhibitory
activity toward MA formation from DNA upon oxidation. The
antioxidants were divided into three groups according to their
solubility in water. The results of MA formed from DNA
samples with 10 different antioxidants are showfigure 2,
synthetic antioxidant group examined in buffer solutidrigure
3, flavonoid group examined in NaOH, afigure 4, antho-
cyanin group examined in HCI solutions. The values in the
figures are meant standard deviation (s 3). Addition of
NaOH or HCI solution did not change the pH (7.4) of the
reaction solutions.

follows

(amount of MA formed in controt-
amount of MA formed in sampl

amount of MA formed in control x 100

effect=

Trolox (water-soluble vitamin E) inhibited MA formation
more (41.2%) than DMPO (18.6%) did (sEigure 2) at a level
of 0.1 umol/mL. Figure 5 shows the results of the dose-
dependent study using Trolox. The values are meatandard
deviation (n= 3). The effect of inhibition (%) and exponential
Trolox concentration exhibited a linear relationshiR2(=
0.976). The highest inhibition of MA formation with Trolox
was 78.2% at a level of 0,6mol/mL in the present study.

DMPO is one of the most widely used spin-trapping agents
in biological systems. It forms an adduct with a hydroxyl radical
(15). Trolox has been reported to function as an antioxidant
which prevents oxidative DNA damage; for example, Trolox
exhibited dose- and time-dependent inhibition of 8-hydroxy-
deoxyguanosine formation in calf thymus DNA (16), and
oxidation induced by peroxynitrite in rat thymocytes was
lowered by Trolox (17).
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The decreasing order of inhibitory effect by flavonoids was
(refer to Figure 3) catechin (48.5%) quercetin (47.1%)
2"-O-GIV (40.5%) > apigenin (29.9%). Flavonoid compounds,
which are widely distributed in the plant kingdom, show various
pharmacological activities, including an antioxidative effect.
Among the flavonoids tested, catechin and quercetin inhibited
MA formation nearly 50%. Catechin is one of the major

Matsufuji and Shibamoto

containing one hydroxyl group on the B-ring (25.1%) did. There
was a slight difference in activity between quercetin (47.1%)
and catechin (48.5%). There is no consistent correlation between
2 and 3 unsaturation (quercetin) and antioxidant acti\8§).(
Generally, aglycones exhibit higher antioxidative activity than
their corresponding glycosides d8§; 39). However, it was
also reported that depending on the anthocyanidin, different

components of green tea and is associated with the healthglycosylation patterns either enhanced or diminished the anti-
benefits of green tea. Catechin has been known to posses®Xxidative activity. When anthocyanins were tested in bulk oil,
various chemical biological functions, including eliminating free the glycosides were more effective than the aglycoB63. (n
radicals, decreasing cholesterol levels in blood, preventing the present study, aglycone (cyanidin, 10.2%) showed lower
arterial sclerosis, and antibacterial and antivirus characteristicsactivity than its glycosideskeracyanin (33.2%) and callistephin
(18). Catechin protected in a dose-dependent manner againsf45.0%) (seerigures 1 and4).

the cytotoxicity of high levels of reactive oxygen speci8)( Flavonoids containing 5-OH and 4-oxa groups, such as
On the other hand, catechin induced metal-depende@, H quercetin and 2"-O-GlIV, trapped Feby forming a chelate
generation during the redox reactions and subsequent damagé&omplex and consequently suppressed the activity of Fenton’s
to cellular and isolated DNA2Q). Quercetin inhibited hydrogen- ~ reaction 40). In the present study, quercetin (47.1%) and
peroxide-mediated DNA damage in human lymhocytes, sug- 2"-O-GIV (40.5%) exhibited relatively higher antioxidative
gesting that quercetin possesses some protective effect againdictivity than other chemicals tested. The structiaetioxidative
oxidation of DNA 1), which is consistent with the results of ~ activity relationships of flavonoid or anthocyanins must involve
the present study. However, quercetin showed carcinogenicmany factors in addition to the ones described above. Therefore,
activity in the kidney of the male ragg). Therefore, catechin it is difficult to explain activity differences among flavonoids
and quercetin may have both anticarcinogenic and carcinogenic(Figure 1, llI=VI) and anthocyanins EFigure 1, VII—X)
potentials, even though the present study showed that theyaccording to the structures of the chemicals tested in the present
inhibited oxidation of DNA. 2-O-GIV exhibited potent anti-  Study.

oxidative activity against the oxidation of lipids, such as ethyl It has been hypothesized that toxicity caused by oxidation is
esters of fatty acids2@), phospholipids (24), and-3 poly- due to secondary products, such as MA, rather than reactive
unsaturated fatty acid®%). In addition, 2-O-GIV inhibited oxygen species (4142) because some secondary products,
MA formation from blood plasma at a level of 2 mmol/mL of ~ including MA, exhibited mutagenicity (43). In addition, it was
plasma by 60% (26). In the present stud§;Q@-GIV inhibited suggegted that secondary products were associated with cancer
MA formation from DNA at a level of 40 mmol/mg of DNA  formation (46) because they, including MA, formed an adduct
by 40.5%. The inhibitory activity of ‘20-GIV against MA with DNA (44, 45). Therefore, investigation of MA formation
formation from DNA was comparable to those of catechin and @nd inhibition from DNA may be one avenue to clarify the
quercetin. However, there is no report on the toxicity of damage caused by oxidation.
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