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The oxidation of guanosine to 8-oxo-2'-deoxyguanosine (8-oxo-dG)
in DNA is closely associated with induction of various diseases,
but the endogenous oxidant species involved remains unclear.
Hydrogen peroxides (H,0,) have been considered to be the oxi-
dant, while lipid peroxides are another possible oxidant because
generated easily in bio-membranes surrounding DNA. The oxidant
potency was compared between lipid peroxides and H,0,. Linoleic
acid hydroperoxides (LOOH) formed 8-oxo-dG at a higher level
than H,0, in guanosine or double-stranded DNA. In the presence of
a physiological concentration of Fe?* to produce hydroxyl radicals,
LOOH was also a stronger oxidant. In a lipid micelle, LOOH
markedly produced 8-oxo-dG at a concentration one-tenth of that
of H,0,. Upon adding to rat hepatic mitochondria, phosphatidyl-
choline hydroperoxides produced 8-oxo-dG abundantly. Employing
HepG2 cells after pretreated with glutathione peroxidase inhibitor,
LOOH formed 8-oxo-dG more abundantly than H,O,. Then, anti-
oxidants to suppress the 8-oxo-dG formation were examined,
when the nuclei of pre-incubated HepG2 with antioxidants were
exposed to LOOH. Water-soluble ascorbic acid, trolox, and N-
acetyl cysteine showed no or weak antioxidant potency, while
lipid-soluble 2,6-dipalmitoyl ascorbic acid, a-tocopherol, and lipid-
soluble phytochemicals exhibited stronger potency. The present
study shows preferential formation of 8-oxo-dG upon LOOH and
the inhibition by lipid-soluble antioxidants.
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he oxidative injury of DNA is closely associated with the
induction of degenerative diseases including cancer. Among
DNA bases, deoxyguanosine (dG) is most easily oxidized and
forms 8-0x0-2'-deoxyguanosine (8-0x0-dG) because its 8-position
is substitutable and has very low redox potential.®"’ The formed 8-
0x0-dG can pair with adenine and lead to G:C—T:A transversion
mutations unless repaired before replication.*® Indeed, 8-0x0-dG
has been frequently detected in mutated genes, carcinomas, and
tumors cells,*® and the 8-0x0-dG levels have been adopted as a
biomarker of oxidative stress, which causes degenerative dis-
eases.'D Thus, the formation of 8-0x0-dG in DNA has been
considered to cause the induction of severe diseases. However,
some issues regarding the mechanism of formation of 8-oxo-dG
remain unclear and particularly the endogenous oxidants that
generate 8-0x0-dG are unclear.'>'” Knowledge of such endo-
genous oxidants will promote our understanding of antioxidants
that can prevent disease.
Endogenous oxidants are superoxide anion and its derivatives,
such as H,0,, lipid peroxides, OH radical, and peroxynitrite.(+'®
Another reactive oxygen species, singlet oxygen, is electronically
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excited molecular oxygen that is produced by photochemical
reactions or biological dark reactions with chloroperoxidase,
lactoperoxidase, and lipoxygenase, and is also generated in
humans but is not frequently.!”'® It has been generally recognized
that superoxide anion does not attack dG directly and that it can
attack guanosine after being dis-proportionated to H,O, and
decomposed to OH radical.!"” Peroxynitrite cannot so frequently
participate in the formation of 8-0x0-dG.?**» Thus, candidates for
the endogenous oxidants that form 8-oxo-dG would be H,0,, lipid
peroxides, and/or OH radical, generating it from peroxides, and
the formation of 8-0x0-dG by OH radical has been considered as
shown in Fig. 1.2

OH radical is generated endogenously through Fenton’s reac-
tion from H,0,. Fenton’s reaction requires transition metals such
as Cu' and Fe?*.®?Y Additionally, the half-life of the OH radical
generated is very short, approximately 107 s.?> These factors
indicate that transition metals and H,0O, should coexist near DNA
for 8-0x0-dG production, and such coexistence is highly limited in
living cells. In contrast, lipid peroxides are easily generated by
various reactive oxygen species and increase in the concentration
in membranous phospholipids, and their half-life is markedly
longer than that of OH radical, at 7 s.?*?” Additionally, the second
position of membranous phospholipids is composed abundantly of
polyunsaturated fatty acids. Thus, lipid peroxides can arise in
nuclear and mitochondrial membranes. Particularly in the inner
mitochondrial membrane, the mitochondrial electron transfer
system easily generates superoxide anion and peroxidizes mem-
branous lipid.!"*!9 The lipid peroxides generated are assumed to
attack mitochondrial DNA readily because of being located close
by in the inner membrane. Hruszkewycz et al.®® showed that
isolated mitochondria produced 8-oxo-dG by the induction of
lipid peroxidation. Park er al.®® showed that calf thymus DNA
produced 8-0x0-dG when mixed with peroxidizing lipids. Addi-
tionally, in our previous study, the formation of 8-0x0-dG from
dG required the coexistence of thymidine and the formation of
peroxide on the C-5 methyl of thymidine.'¥ Thus, the lipid per-
oxides may be the strongest candidate for an endogenous oxidant
to produce 8-0xo-dG.

In the present study, we prepared linoleic acid hydroperoxides
(LOOH) and phosphatidylcholine hydroperoxides (PCOOH) for
the lipid peroxides, and compared them in terms of the production
potency of 8-0x0-dG with H,0,. In addition, dietary bioavailable
antioxidants were examined in terms of suppressing the formation
of 8-ox0-dG.
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Formation of 8-oxo-2'-deoxyguanosine (8-oxo-dG) from 2'-deoxyguanosine by OH radicals. C8-OH-adduct radical that formed by an attack

of OH radical to 2'-deoxyguanosine is followed by oxidation to 8-OHdG or its tautomer 8-oxo-dG.

Materials and Methods

Chemicals. dG was purchased from Wako Pure Chem. Ind.,
Ltd. (Osaka, Japan), which contained 8-oxo-dG at a level of
0.60 £ 0.15 per 10° dG. Standard 8-0x0-dG and calf thymus DNA
(type 1, highly polymerized) were obtained from Sigma (St. Louis,
MO). Ascorbic acid, DL-o-tocopherol, and N-acetyl-L-cysteine
(NAC) were purchased from Nacalai Tesque (Kyoto, Japan).
All other reagents used were of the highest grade available from
commercial sources.

Preparation of lipid peroxides. LOOH was prepared from
auto-oxidized linoleic acid, as mentioned previously.“” Briefly,
the auto-oxidized linoleic acid was first purified by silica gel
column chromatography and then HPLC equipped with a column
of SILICA (5 pm mesh and ¢ 4.6 x 250 mm, SG120; Shiseido,
Tokyo, Japan) eluting with a mixed mobile solvent of 97.3%
n-hexane, 2.5% isopropyl alcohol, and 0.2% acetic acid (v/v).
The fraction of four LOOH isomers, 13-hydroperoxy-(9Z,11E)-
and 13-hydroperoxy-(9E,11FE)-octadeca-9,11-dienoic acid, and 9-
hydroperoxy-(10E,12Z)- and 9-hydroperoxy-(10FE,12F)-octadeca-
10,12-dienoic acid, were collected, and they were characterized in
terms of the peroxide value (PV) and UV absorption at 233 nm for
conjugated diene after drying under a nitrogen gas stream.%3D
The PV was 3.32 peg/kg in 0.16 mg of dried LOOH (M.W., 294)
and the concentration of conjugated diene was 0.53 pmol/L in
0.16 mg; the purity of LOOH was thus calculated to be more than
97% as linoleic acid hydroperoxides. LOOH at a concentration of
100 mmol/L in methanol was stored at —30°C in the dark until use.

Phosphatidylcholine hydroperoxides (PCOOH) were prepared
and purified according to the method of Wrona.®? Briefly,
phosphatidylcholine at 20 mg was dissolved in 2 ml of chloroform/
methanol (1:1) and autoxidized at 37°C for 5 days. After being
dried and dissolved in 1 ml of methanol, the autoxidized phos-
phatidylcholine was purified by HPLC under the following
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conditions: column, Capcell pak C18 MG maintained at 35°C;
mobile phase, a mixed solvent of 95% methanol and 5% water;
and flow rate, 2.0 ml/min. The collected fraction of PCOOH was
characterized by PV and UV spectrophotometry similarly to LOOH
and determined to be more than 96% pure.

Exposure of dG and calf thymus DNA to oxidants. dG at
250 umol/L or calf thymus DNA at 10 pg was added to 1 ml of
TE buffer (10 mM Tris-HCI containing 1 mM EDTA at pH 7.4)
and 1 mM ethylene diamine tetraacetate (EDTA) and mixed in
50 umol/L LOOH or H,0,, followed by incubation with or
without FeSO, at 37°C for 1 h. The dG mixture was subsequently
subjected to determination of the production of 8-oxo-dG by
HPLC. In the case of calf thymus mixture, the DNA was precipi-
tated by adding 110 pul of 1 M Nal and 750 ul of ice-cold 2-
propanol and centrifuged at 20,600 x g for 15 min at 4°C after the
1 h incubation. The precipitate was washed with 70% ethanol
twice and then stored at —80°C until analysis.

Oxidation of dG in a lipid micelle containing oxidants.

A lipid micelle was prepared according to a method described
previously.®® Briefly, 19.4 mg of taurocholic acid sodium salt
hydrate in 500 pl of ethanol was dried under a nitrogen gas stream
and added to a mixture of 100 pl of potassium phosphate buffer
(10 mM, pH 7.4) containing 12.5 mmol/L lysophosphatidylcholine,
25 mmol/L mono-olein, and 10 pl of methanol solution containing
150 mmol/L oleic acid or linoleic acid, or a mixture of 145 mmol/L
linoleic acid and 5.0 mmol/L LOOH. This mixture was added to
50 pl of 250 pumol/L dG in 10 mM potassium phosphate buffer
(pH 7.4) and with or without FeSO, and 1.0 mmol/L H,0,, and
was then vortexed for 1 min and filled up to 1 ml with n-hexane.
After incubation at 37°C for 1h, the micelle suspension was
extracted with 250 pl of TE buffer and a 25 pl aliquot of it was
analyzed by HPLC to determine 8-ox0-dG.

Treatment of rat hepatic mitochondria with oxidants.
The animal study was approved by the Institutional Animal Care
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and Use Committee (permission number 22-05-27) and carried
out according to Kobe University Animal Experimentation
Regulations. Male Wistar-ST rats, 11 weeks old, 320-340 g in
body weight, were obtained from Japan SLC (Shizuoka, Japan)
and housed under a 12 h light/dark cycle at a constant temperature
of 22 + 2°C for 1 week, allowing free access to a rodent diet (PMI
Nutrition International, St. Louis, MO) and water. After anesthesia
with 5% pentobarbital, the liver was isolated and perfused with
ice-cold 1.15% KCI, and immediately frozen in liquid nitrogen and
stored at —80°C until the following mitochondrial experiments.

The hepatic mitochondria were prepared at 4°C according to a
previously described method.®? Around 2 g of liver was cut into
small pieces and homogenized in 12 ml of sucrose buffer con-
taining 0.25 M sucrose, 5 mM N-(2-hydroxyethyl)piperazine-N'-
(2-ethanesulfonic acid) (HEPES), and 0.5 mM ethylene glycol-
bis(B-aminoethyl ether)NV,N,N',N'-tetraacetic acid (pH 7.5) using
Multi-Beads shocker (YASUI KIKAI, Osaka, Japan), and then
centrifuged at 100 x g for 5 min. The supernatant was centrifuged
again at 600 x g for 10 min, and the supernatant was further
centrifuged at 5,500 x g for 20 min. The pellet was suspended in
5 ml of sucrose buffer and washed with centrifugation at 6,000 x g
for 20 min twice. Then, the pellet was incubated with 100 pmol/L
LOOH or H,0, in 1 ml of HEPES buffer containing 10 mM
HEPES and 0.15M NaCl (pH 7.4) at 37°C for 1h, and then
subjected to the following DNA preparation.

The mitochondria were suspended in 200 pl of buffer of 50 mM
glucose and 25 mM Tris-HCI containing 10 mM EDTA (pH 8.0)
onice, and mixed in 400 pl of 0.2 M NaOH containing 1% sodium
dodecyl sulfate (SDS), stirring thoroughly. After standing on ice for
5 min, the mitochondria were added to 300 pl of 3 M potassium
acetate and allowed to stand at —80°C for 2 min. The suspension
was centrifuged at 10,000 x g for 10 min, and 750 pl of clear
supernatant was mixed in 750 pl of 2-propanol standing at —80°C
for 5 min. The precipitated DNA was collected by centrifugation
at 20,600 x g for 15 min and washed with 70% ethanol twice, and
then was stored at —80°C until 8-0x0-dG determination.

Treatment of HepG2 cells with oxidants. The human
hepatocarcinoma cell line HepG2 was cultured in Dulbecco’s
modified Eagle’s medium (DMEM; Nissui Pharmaceutical Co.,
Tokyo, Japan), seeded at a density of 5 x 10° cells/ml on a 100-
mm dish, and cultured for 3 days, as described previously.®> The
medium was changed to fresh serum-free medium containing
100 pmol/L LOOH or H,O, for 2 h at 37°C, and then the cells
were harvested with 0.25% trypsin and suspended in 800 pl of
0.5M HEPES-KOH buffer (pH 8.0) including 2M KCI and
0.5 M MgCl,. The suspension was placed on ice for 10 min and
homogenized gently using a pellet mixer. After centrifugation at
1,300 x g for 5 min at 4°C, the pellet was re-suspended in 5 ml of
0.25 M sucrose buffer containing 2 M Tris-HCI (pH 7.9), 0.5 M
MgCl,, and 10% TritonX-100 and centrifuged at 1,300 x g for
5 min at 4°C. The precipitated nuclei were subjected to 8-oxo-dG
determinations.

Alternatively, 3-day-cultured cells were pre-incubated with
500 umol/L mercaptosuccinic acid, an inhibitor of glutathione
peroxidase (GPx),*® in fresh medium containing 2% FBS for
24 h, and then were mixed in LOOH or H,0,.

In cells pre-treated with or without mercaptosuccinate, GPx
activity was determined by a partly modified version of a method
described previously.®” Briefly, HepG2 cells were washed twice
with ice-cold PBS and scraped with 100 pl of 0.1 M potassium
phosphate buffer (pH 6.5) containing 1 mol/L phenylmethyl-
sulfonyl fluoride. After 5-s sonication with an ultrasonic cell dis-
ruptor (Microson, NY) on ice 6 times, the lysate was centrifuged
at 12,000 x g for 20 min at 4°C. A total of 100 pul of the superna-
tant was mixed with 1 ml of 0.1 M phosphate buffer (pH 7.0)
containing 4 mM EDTA, 1.2 ml of distilled water, 0.2 ml of
10 uM sodium azide, 0.2 ml of 10 uM glutathione, 0.2 ml of
1.5 mmol/L NADPH, and 6 pl of 250 U/ml glutathione reductase.

18

The mixture was incubated at 37°C for 1 min, and was added
to 0.1 ml of 1.5 mM #butyl hydroperoxide. Then, the oxidation
of NADPH was measured at 340 nm, and GPx activity was
expressed as nmoles of the oxidized NADPH per minute per mg
of protein after determining the protein amounts by the Lowry
method.

Evaluation of antioxidant potency in HepG2 cells. Four-
day-cultured HepG2 cells were pre-incubated with 10 pmol/L
ascorbic acid, a-tocopherol, NAC, or flavonoids, or 3 pmol/L
carotenoids in fresh serum-free medium for 1 h at 37°C, and the
nuclei were isolated. After treatment with 100 pmol/L LOOH in
PBS for another 1 h, the nuclei were washed twice with PBS and
lysed with 400 pl of TE buffer containing 0.5% SDS. The lysate
was treated with a final concentration of 0.5 mg/ml ribonuclease A
(Sigma) for 30 min at 50°C, followed by treatment with 0.5 mg/ml
proteinase K (Sigma) for 1 h at 50°C. DNA was precipitated with
0.7 M Nal and 50% 2-propanol, and centrifuged at 17,000 x g for
15 min at 4°C. The precipitated nuclei were subjected to §-oxo-dG
determinations.

Determination of 8-oxo-dG. Before subjecting 8-0x0-dG
to HPLC, calf thymus DNA, precipitated nuclei of HepG2 cells,
and precipitated DNA of mitochondria were treated as follows:
they were denatured in 200 pl of 1 mM EDTA by heating at 95°C
for 5 min and were immediately cooled on ice for 5 min. The DNA
was hydrolyzed with 2.5 units of nuclease P, (Wako) for 30 min at
37°C and the hydrolysis was stopped by mixing in 0.1 M Tris-HCl
(pH 7.4). Then, the DNA was treated with 3 units of alkaline
phosphatase (Sigma) for 1 h at 37°C and centrifuged at 17,000 x g
for 10 min at 4°C. The supernatant was filtered in a Vivaspin
500 microconcentrator (Sartorius Stedim Biotech, Goettingen,
Germany) by centrifugation at 15,000 x g for 20 min at 4°C. An
aliquot of 25 pl was subjected to the following HPLC.

8-0x0-dG was determined as described previously.®® Briefly,
the HPLC conditions were as follows: column, Capcell pak C18
UG120 (5 um mesh and ¢ 4.6 x 250 mm; Shiseido, Tokyo, Japan)
maintained at 35°C; mobile phase, 6.5% methanol and 93.5%
20 mM potassium phosphate buffer (pH 4.5) containing 0.1 mM
EDTA; and flow rate, 1.0 ml/min. 8-Ox0-dG was determined
with an electrochemical detector (Nanospace SI-2; Shiseido) at
+600 mV, and simultaneously dG was measured by the UV
detector (L-7420; Hitachi, Tokyo, Japan). In this analysis, the
determination limit was 2.5 pmol for 8-0x0-dG. The determined
8-0x0-dG levels are expressed as mean = SD of the number of
8-0x0-dG molecules per 10° dG.

Statistical analysis. The data are reported as the mean + SD.
Statistical analysis was performed using ANOVA and Tukey-
Kramer. Probability values of <0.05 were considered to be statis-
tically significant.

Results

Comparison of the oxidant potency between H,0, and
lipid peroxides. The oxidant species forming 8-0xo-dG has
been considered to be mainly H,O,, while lipid peroxides may also
be included among such oxidant species because bio-membrane
enclosing DNA has abundant polyunsaturated fatty acids that
can be frequently peroxidized to lipid peroxides. Thus, the oxidant
potency was compared between H,O, and LOOH.

Table 1 shows that LOOH oxidized dG to 8-0x0-dG at the level
of 3.35+0.65/10°dG and was a significantly stronger oxidant
than H,0, (1.91 £ 0.39/10° dG) at a concentration of 50 pmol/L.
The addition of Fe** for Fenton’s reaction at a physiological
concentration of 0.5 pmol/L significantly increased the oxidant
potency of LOOH but did not increase that of H,0,.6%*) The phys-
iologically excessive amount of Fe** of 10 umol/L increased the
formation by both LOOH and H,0,. Similarly, in Table 2 for calf
thymus double-stranded DNA, LOOH exhibited significantly
stronger potency as an oxidant than H,0, in the absence and
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Table 1. Production of 8-oxo-dG from dG by H,0, or LOOH with or without Fe*
Oxidant (50 pmol/L)

Substrate*

Fe?* (umol/L)

Vehicle H,0, LOOH
Produced number of 8-oxo-dG per 10° dG**
dG (250 pmol/L) 0 0.67 £ 0.30° 1.91+£0.39° 3.35+£0.65°
0.5 1.27 +0.06° 1.89 +0.202 3.59 +0.47°
10 5.04 +0.29¢ 11.55 +0.82¢ 8.73 +1.86¢

*dG was incubated with oxidants as shown in Materials and Methods. The commercial dG originally contained 8-oxo-dG at
levels of 0.58 £ 0.08 number per 10° dG, and the present results include the original amounts of 8-oxo-dG. **Values are
mean + SD (n = 6) and different superscript letters indicate statistically significant differences (p<0.05).

Table 2. Production of 8-oxo-dG in calf thymus DNA by H,0O, or LOOH with or without Fe?*
Oxidant (50 pmol/L)

Substrate* Fe?* (umol/L) -
Vehicle H,0, LOOH
Produced number of 8-oxo-dG per 10° dG**
Calf thymus DNA (10 pg/ml) 0 0.94 +0.232 9.28 +1.79° 27.16 + 1.88¢
0.5 0.67 +0.13 11.20 +£ 1.59° 31.29 £ 1.20°
10 1.62 £0.68° 56.64 +6.71¢ 62.10 £ 7.01¢

*Calf thymus DNA was incubated with oxidants as shown in Materials and Methods. The commercial calf thymus DNA originally
contained 8-oxo-dG at levels of 0.60 +0.15 number per 10° dG, and the present results include the original amounts of 8-oxo-dG.
**\/alues are mean £ SD (n = 6) and different superscript letters indicate statistically significant differences (p<0.05).

Table 3. Production of 8-oxo-dG by H,0, or LOOH in lipid micelles containing dG
Components of micelles?

Fe?* (umol/L) Linoleic acid (145 pmol/L)

and LOOH (5.0 pmol/L)
Produced number of 8-oxo-dG per 10° dG3

Oleic acid (150 umol/L) Linoleic acid (150 pmol/L) H,0, (50 umol/L)’

0 0.82 +0.15° 0.47 £0.07° 6.04 + 0.56° 2.17 £0.36°
0.5 0.97 +0.18° 0.70 +0.04° 11.34£0.38¢ 6.93 + 1.66°
10 — — 9.30 +2.21¢ 9.29 + 1.26¢

'FeSO, and H,0, were added to the liposomal mixture prepared as shown in Materials and Methods. 2Oleic acid, linoleic acid, or a mixture
of linoleic acid and LOOH was mixed in a suspension of lysophosphatidylcholine and mono-olein as shown in Materials and Methods.
3\alues are mean + SD (n = 6) and different letters indicate statistically significant differences (p<0.05). The commercial dG originally
contained 8-oxo-dG at levels of 0.58 + 0.08 number per 10° dG, and the present results include the original amounts of 8-oxo-dG.

Table 4. Production of 8-oxo-dG in mitochondria of rat hepatocytes upon exposure to oxidants

Oxidant (100 pmol/L)

Vehicle
H,0, LOOH PCOOH
Produced number of 8-oxo-dG per 10° dG'
ud? 23.96 + 8.54 34.43£10.18 75.55+71.3

Values are mean + SD (n = 6). 2“ud” shows that the number of 8-oxo-dG is under the detection limit of 2.5 pmol.

presence of a physiological concentration of Fe**, and produced an
amount of 8-0x0-dG similar to that of H,O, after the addition of a
physiologically excessive amount of Fe**. Thus, LOOH was a
stronger oxidant of dG and thymus DNA under physiological
conditions.

Bio-membranes enclosing DNA such as the nuclear membrane
and the mitochondrial membrane frequently contain lipid per-
oxides. Here, lipid micelles including oxidants were prepared
and compared in terms of their oxidant potency, as shown in
Table 3. A few 8-ox0-dG molecules were detected in the micelles
composed of a non-oxidized mono-unsaturated fatty acid, oleic
acid, and a di-unsaturated fatty acid, linoleic acid. The addition of
H,O, at 50 umol/L slightly increased the level of 8-0x0-dG. In
contrast, the addition of LOOH at one-tenth of that level (5 pumol/L)
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significantly enhanced the production of 8-oxo-dG compared
with that by H,0,. The presence of a physiological concentration
of Fe?* facilitated the production in LOOH micelles more than in
H,O, micelles.

Table 4 shows the 8-ox0-dG production in mitochondria pre-
pared from rat liver after treatment with 100 pmol/L H,0,, LOOH,
or PCOOH. Every oxidant produced considerable amounts of
8-0x0-dG compared with the vehicle controls. LOOH showed the
greater production than H,0,, and PCOOH produced even more
8-0x0-dG, but significant differences were not found among these
three oxidants.

Production of 8-o0x0-dG in HepG2 cell. As one of the
models of living cells, HepG2 cells were employed and treated
with H,0, or LOOH using the oxidants at the physiologically
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Table 5. Production of 8-oxo-dG by H,0, or LOOH in HepG2 cells

Oxidant (100 pmol/L)

Pretreatment with

Vehicle H,0, LOOH
Produced number of 8-oxo-dG per 10° dG'
None 0.08 + 0.04° 0.38 +£0.15° 0.23 £ 0.122b<d
Mercaptosuccinate? 0.11 +0.032¢ 0.34 +£0.11b¢ 0.61+0.04¢

'Walues are mean + SD (n = 6) and different letters indicate statistically significant differences (p<0.05) in the same
line. 2HepG2 cells were pre-incubated with 500 pmol/L mercaptosuccinate and then were exposed to H,0, or LOOH.

0
[
CH,OH CH,OC-CH,(CH,)4CHs
HS
HO 0 HO 0

o 0 COOH

_ . >,N

HO OH HO %F—CHACHZLACH3 o H

o)

Ascorbic acid

HO HO

d Y COOH

Trolox

Fig. 2.

excess concentrations, 100 pmol/L, in order to compare in their
oxidant potency. Table 5 shows that both oxidants slightly
increased 8-ox0-dG levels, and the production by H,O, was
significant while that by LOOH was not significant compared to
that of vehicle control. Living cells have been shown to possess
antioxidant enzymes that can remove peroxides such as GPx.(9
Thus, HepG2 cells were pretreated with an inhibitor of GPx,
mercaptosuccinate, before adding the oxidants. H,O, and LOOH
significantly elevated the levels of 8-0x0-dG in the cells, and
LOOH produced more 8-0xo0-dG than H,0,. Thus, LOOH was
preferential oxidant for the cellular production of 8-0x0-dG under
such conditions that GPx was not working.

Suppressing effects of dietary antioxidants on 8-oxo-dG
formation. Antioxidants were added to the HepG2 cells for 1 h,
and then the nuclei were isolated. After treated with 100 umol/L
LOOH, the nuclei were determined in the formed amounts of 8-
0x0-dG. First, using chemicals as shown in Fig. 2, the antioxidant
potency was compared between water-soluble and lipid-soluble
antioxidants. Fig.3 shows that water-soluble ascorbic acid,
torolox and NAC significantly suppressed 8-0xo-dG production
to 66%, 68% and 62%, respectively, compared to the production
of 8-0x0-dG in a control not treated with antioxidants. In contrast,
lipid-soluble 2,6-dipalmitoyl ascorbic acid and a-tocopherol
inhibited the production more, to 44% and 37%, respectively, than
the water-soluble antioxidants.

Fig. 4 shows the antioxidant potency of flavonoids as shown the
chemical structures in Fig. 5 on the 8-0x0-dG formation in nuclei
of HepG2 cells exposed to LOOH. Flavone having no OH groups
did not exhibit potency, while a flavonol, 3-OH flavone, signifi-
cantly suppressed the 8-0xo-dG formation to 56% compared to
the production in the control. Baicalein, a flavone with 5,6,7-OH
groups, and myricetin, a flavonol with 5,7,3',4',5'-OH groups, did

20

2,6-0O-dipaimitoyl ascorbic acid

N-acetyl-L-cysteine (NAC)

a-Tocopherol

Chemical structures of water- and lipid-soluble antioxidants employing in Fig. 3.

8-OHdG formation
(number per 10° dG)

Fig. 3. Suppressing activity of water- and lipid-soluble vitamins on
8-0x0-dG production induced by LOOH in HepG2 cells. HepG2 cells were
pre-incubated with 10 umol/L of the presented chemicals at 37°C for
1 h, and then the nuclei were isolated and exposed to 100 umol/L LOOH
for 1 h. The nuclei were determined in the produced 8-oxo-dG as
mentioned in Materials and Methods. Figures are mean + SD (n = 6) of
the number of 8-oxo-dG molecules per 10° dG. The most left bar is a
control when HepG2 cells were incubated with vehicle (7.08 + 0.07 per
10° dG). The different superscript letters indicate statistically significant
differences (p<0.05).
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Fig. 4. Suppressing activity of flavonoids on 8-oxo-dG production
induced by LOOH in HepG2 cells. After the HepG2 cells had been pre-
incubated with 10 umol/L of the presented flavonoids at 37°C for 1 h,
the nuclei were treated as mentioned in Fig. 1. Figures are mean + SD
(n = 6) of the number of 8-oxo-dG molecules per 10° dG. The most left
bar is a control when HepG2 cells were incubated with vehicle
(7.95+0.14 per 10°dG). The different superscript letters indicate
statistically significant differences (p<0.05).
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Chemical structure of flavonoid skeleton

Flavonoid name Substitution

Flavone no OH

Flavonol 3-OH

Apigenin 5,7,4'-OH
Baicalein 5,6,7-OH
Luteolin 5,7,3'4'-OH
Morin 3,5,7,2',4'-OH
Myricetin 3,5,7,3'4'5'-OH
Quercetin 3,5,7,3'4'-OH

Fig. 5. Chemical structures of flavonoids comparing in the antioxidant
potency in Fig. 4.

not exhibit the activity. Apigenin, a flavone with 5,7,4'-OH
groups, significantly suppressed it to 61%, while morin, a flavonol
with 5,7,2',4'-OH groups, did so to 72%, and luteolin, a flavone
with 5,7,3',4'-OH groups, and quercetin, a flavonol with 5,7,3',4'-
OH groups, exhibited significantly stronger suppression, to 36%
and 44%, respectively.

Fig. 6 shows the antioxidant potencies of carotenoids, showing
their chemical structures in Fig. 7. B-Carotene did not exhibit

K. Kanazawa et al.

8-0OHdG formation
(number per 10° dG)

Fig. 6. Suppressing activity of carotenes on 8-oxo-dG production
induced by LOOH in HepG2 cells. HepG2 cells were pre-incubated with
3 umol/L of the presented carotenoids at 37°C for 1 h, and the 8-oxo-dG
levels in nuclei were determined as mentioned in Fig. 1. Figures are
mean = SD (n =6) of the number of 8-oxo-dG molecules per 10° dG.
The most left bar is a control when HepG2 cells were incubated with
vehicle (7.85 + 0.52 per 10° dG). The different superscript letters indicate
statistically significant differences (p<0.05).
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Fig. 7. Chemical structures of carotenoids used in Fig. 6.

such activity, but xanthophylls, oxygen-containing carotenoids,
namely, astaxanthin, canthaxanthin, and zeaxanthin, showed weak
but significant antioxidant potency, with suppression to 68%,
70%, and 82%, respectively, compared to the production in the
control.
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Discussion

In living cells, H,O, has generally been considered to be the
most contributable oxidant species because it easily produces OH
radicals. On the other hand, lipid peroxides such as LOOH are
easily generated in polyunsaturated fatty acids of membranous
phospholipids.(*1%2® The present study compared the oxidant
potency between H,O, and LOOH, and found that LOOH
markedly oxidizes dG to 8-0xo0-dG in DNA, and that lipid-soluble
antioxidants could prevent such oxidation.

LOOH is a stronger oxidant for forming 8-0x0-dG than H,0,
on dG and double-stranded DNA (Table 1 and 2). Since H,0,
requires Cu® or Fe** to produce the stronger oxidant species of
OH radical,®?¥ Fe?* was added to the solutions of dG and DNA.
Surprisingly, H,O, produced little 8-0xo-dG but LOOH produced
significant amounts of it under conditions with 0.5 umol/L Fe*,
which is the physiological concentration of Fe**.¢%40 Under condi-
tions of physiologically excessive amounts of Fe?*, both H,0, and
LOOH produced considerable amounts of 8-oxo-dG. Then, lipid
micelles enclosing dG were prepared by adding the oxidants to the
micelles (Table 3). LOOH produced a large amount of 8-0xo-dG
at a concentration one-tenth of that of H,0O,, and thus was a more
reactive oxidant on dG than H,O, at a physiological concentration
of Fe?*. These results clearly demonstrate that lipid peroxides like
LOOH is preferential oxidant species for the formation of §-oxo-
dG. The preferential point for lipid peroxides as the endogenous
oxidants is considered to be more easily mixed in lipid membrane
than water-soluble H,0, and to approach to the guanosine residue
(Table 3). The formation mechanism of 8-ox0-dG is suggested to
be a direct addition of lipid peroxyl radicals on C8 position of
guanosine as reported in our previous paper,'® though the details
should be examined.

Next, the oxidant potency was compared in hepatic mitochondria
among lipid peroxides, LOOH and PCOOH, and H,0, (Table 4).
PCOOH produced large amounts of 8-0x0-dG, but the difference
was not significant, indicating that the lipid peroxides were more
reactive than H,0,. PCOOH generated in the mitochondrial
membranes seems likely to attack the mitochondrial DNA more
frequently than H,O, because the mitochondrial membranes
enclosing the DNA are composed of phospholipids such as PC and
easily form the peroxides of unsaturated fatty acids in the second
position of PC.(1416:28

As a living cell model to evaluate the oxidant potency, HepG2
cells were employed (Table 5). The addition of H,O, and LOOH
increased slightly 8-oxo-dG levels in the cells. Living cells have
been known to possess antioxidant enzymes such as GPx. Then,
the cells were pretreated with enzyme inhibitor before adding the
oxidants. LOOH produced significantly larger amounts of 8-oxo-
dG than H,0,, showing that the lipid peroxides oxidized DNA in
the cells but not H,O, under the conditions of decreasing anti-
oxidant enzyme activity. Enzyme activity has been recognized to
decrease or to exceed the capacity when living cells undergo
oxidative stress in which reactive oxygen species are excessively
generated. Such oxidative stress is induced under the following
conditions: excessive activity of the mitochondrial electron
transfer system after surplus intake and leakage of electrons to
oxygen,®" full production of superoxide anions by cytochrome
P450 monooxygenase for the detoxification of xenobiotics and/or
alcohol,***» and neutrophils removing invading pathogens using
reactive oxygen species such as perchloric acid formed by myelo-
peroxidase,** among others.“ Under oxidative stress conditions,
dG in DNA will be oxidized to 8-oxo-dG. Against this background,
next, the bioavailable antioxidants that can suppress the formation
of 8-0x0-dG were examined using HepG2 cells.

After HepG2 cells had been pre-incubated with the anti-
oxidants, their nuclei were isolated and treated with LOOH,
and then the formed amounts of 8-0x0-dG were compared among
the antioxidants. NAC is a water-soluble antioxidant, and trolox

22

is a modified chemical that becomes water-soluble by removing
the lipid-soluble side chain from o-tocopherol (Fig.2). 2,6-
Dipalmitoyl ascorbic acid is modified to be lipid-soluble by
esterification with palmitic acid on water-soluble ascorbic acid
(Fig. 2). Ascorbic acid, trolox, and NAC showed no or weak anti-
oxidant potency on the 8-0xo-dG formation induced by LOOH,
and 2,6-dipalmitoyl ascorbic acid and a-tocopherol exhibited
stronger antioxidant potency (Fig.3). Thus, lipid-soluble anti-
oxidants suppressed the 8-oxo-dG formation induced by lipid
peroxides more effectively than water-soluble ones.

Most flavonoids are not water-soluble, and especially flavones
and flavonols are insoluble in water and partially soluble in
lipids.“? In terms of the 8-0x0-dG formation inducing by lipid
peroxides, several flavones and flavonols are clear antioxidants
(Fig. 4). Flavone possessing no OH groups (Fig. 5), baicalein
with three OH groups, and myricetin with six OH groups did not
show antioxidant activity, while flavonol having one OH group,
apigenin with three, luteolin with four, morin with five, and
quercetin with five exhibited significant antioxidant potency.
Thus, the antioxidant activity of flavonoids did not depend on the
number of OH groups. Luteolin and quercetin exhibited greater
activity than the other flavonoids, and both flavonoids possess a
catechol structure in the B-ring of the flavonoid skeleton (Fig. 5).
Catechol flavonoids have been recognized to be strong anti-
oxidants,®® and quercetin has been reported to be a bioavailable
antioxidant, although the flavonoids when ingested undergo
conjugation in the intestinal absorption process.“® The conjuga-
tion is a masking reaction with glucuronide or sulfate and occurs
on one of the OH groups of the flavonoid skeleton. After under-
going the conjugation, flavonoids retaining the catechol structure
can exhibit antioxidant potency, and there is a probability of 2/3 of
quercetin retaining the catechol structure. Moon ef al.“” reported
that 2/3 of quercetin in plasma exhibited antioxidant activity
after quercetin had been ingested and incorporated into the blood
circulation.

Carotenoids have been considered to be quenchers of singlet
oxygen and to be weak antioxidants against lipid peroxides.®?
Astaxanthin, canthaxanthin, and zeaxanthin are oxygen-containing
carotenoids, namely, xanthophylls, and are lipid-soluble and
partially soluble in water. B-Carotene did not show antioxidant
potency, but the xanthophylls exhibited such activity on the 8-oxo-
dG formation induced by the lipid peroxides (Fig. 6). The xantho-
phylls possess one or two OH groups on their B-ionone ring
(Fig. 7), which seem to contribute to their antioxidant activity.®"
Dietary B-carotene has been recognized to be incorporated into
the blood circulation and then into the cells of the body.®? Dietary
xanthophylls have a lower incorporation rate, but can partly
circulate in the body.***> Xanthophylls are probably bioavailable
antioxidants acting against 8-0x0-dG production. Thus, several
lipid-soluble flavonoids and xanthophylls were able to suppress
the formation of 8-0x0-dG in the living cells, which was probably
attributable to ease of mixing with and entering into the bio-
membranes. 759

It is concluded that oxidative injury of DNA is induced more
abundantly by lipid peroxides than by H,O,, so lipid-soluble
antioxidants such as vitamin E, 2,6-dipalmitoyl vitamin C, quer-
cetin, and several xanthophylls could be available to prevent the
oxidative injury of DNA.
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