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Abstract

Oxidation of polyunsaturated fatty acids (PUFAS) releases a., p-unsaturated aldehydes that modify
deoxyguanosine (dG) to form cyclic 1, A2-propanodeoxyguanosine adducts. One of the major
adducts detected /7 vivois acrolein-derived 1, A-propanodeoxyguanosine (Acr-dG). We used a
chemical model system to examine the effects of four antioxidants known to inhibit fatty acid
oxidation on the formation of Acr-dG and 8-oxodeoxyguaonsine (8-oxodG) from the PUFA
docosahexaenoic acid (DHA) under oxidative conditions. We found that epigallocatechin gallate
(EGCG) and dihydrolipoic acid (DHLA) inhibit both Acr-dG and 8-oxodG formation. In contrast,
ascorbic acid and a-tocopherol actually increase Acr-dG at high concentrations and do not show a
concentration-dependant inhibition of 8-oxodG. We also studied their effects on blocking Acr-dG
formation directly from Acr. EGCG and DHLA can both effectively block Acr-dG formation, but
ascorbic acid and a-tocopherol show weak or little effect. These results highlight the complexity
of antioxidant mechanisms and also reveal that EGCG and DHLA are effective at suppressing
lipid-peroxidation induced Acr-dG and 8-oxodG formation as well as blocking the reaction of dG
with Acr.

Introduction

The oxidation of cellular membrane polyunsaturated fatty acids (PUFAS) produces a variety
of reactive a, p-unsaturated aldehydes (enals) that can cause DNA and protein damage (1,
2). For example, enals can react directly with DNA or proteins to form pro-mutagenic cyclic
adducts or protein carbonyls, both of which have been detected in tissues of rodents and
humans. The damage to DNA and protein caused by enals is believed to be etiologically
involved in degenerative diseases like atherosclerosis, cancer and aging (3-5).

Acrolein (Acr) is one of the most reactive aldehyde products of lipid peroxidation (6). The
chemical reaction of Acr and deoxyguanosine (dG) has been well studied (7). This reaction
yields three isomers of cyclic 1, A2-propanodeoxyguanosine (Acr-dG): Acr-dG 1 and 2, later
designated as a-hydroxy Acr-dG (a-OH-Acr-dG), and Acr-dG 3, later designated as -y-
hydroxy Acr-dG (y-OH-Acr-dG) (7, Fig. 1). y-OH-Acr-dG was the predominant adduct
detected in rodent and human tissues by an HPLC-based 32P-postlabeling method (8). Under
oxidative conditions, reactions of docosahexaenoic acid (DHA) and arachidonic acid (AA)
with dG in Tris buffer yielded Acr-dG as a major product, although DHA produced more
Acr than AA (9). Consistent with /n vivoresults, y-OH-Acr-dG was the predominant isomer
formed in the reactions (9). The reason for the preferential formation of one isomer over the
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other is presently unclear. However, it should be noted that a recent study using an HPLC/
tandem mass spectrometry method detected more a-OH-Acr-dG than -y-OH-Acr-dG in lung
DNA of smokers and ex-smokers (10).

Acr was mutagenic in Salmonella tester strains TA 100 and 104, and Acr-dG adducts were
detected in the DNA isolated from these strains under the conditions in which mutation
occurred (11, 12). Acr adducts were also detected by immunoassay in the DNA of Chinese
hamster ovary cells incubated with Acr (13). Site-specific mutagenesis studies have shown
that 1, A2-propanodG adducts are pro-mutagenic, leading to base substitution and frame-shift
mutations (14). However, evidence also shows that y-OH-Acr-dG incorporated into £. coli
DNA does not miscode due to opening of the propano ring and subsequent excision by
nucleotide excision repair (15, 16). While y-isomer was not mutagenic in £. colJ, it was in
mammalian cells in single-, but not double-stranded DNA (14-16). Results from the in vitro
studies are likely to depend on many factors, such as structures of adducts, sequence context,
single- vs. double-stranded DNA and the host system used. Acr has been shown to induce
urinary bladder cancer in rats (17). A metabolite of cyclophosphamide, a widely used cancer
therapeutic agent, Acr is thought to be the causative agent for the secondary bladder cancer
in humans (18). In addition, Acr is a major component of tobacco smoke (19) and the levels
of Acr-dG are significantly higher in the oral tissues of smokers than non-smokers (20).
More recently, it has been shown that Acr preferentially binds to human p53 gene at the
mutational hotspots detected in human lung cancer (21). Together, these results suggest that
Acr and its cyclic DNA adducts may play an etiological role in certain human cancers.

Limited information is available regarding the effect of antioxidants on the formation of
cyclic adducts from lipid peroxidation. In this study, we investigated the effects of four
different classes of antioxidants on the formation of Acr-dG from DHA as a source of Acr
under oxidative conditions. These compounds are shown in Fig. 2. Epigallocatechin gallate
(EGCG), the most abundant green tea catechin, is believed to be beneficial to human health
due to its strong antioxidant activities (22). Ascorbic acid (water soluble) and a.-tocopherol
(fat soluble) are two of the most studied antioxidant vitamins. Dihydrolipoic acid (DHLA),
the reduced form of lipoic acid, has been shown to exhibit chelating activity, inhibit lipid
peroxidation and increase intracellular glutathione (GSH) (23). We examined their effects
on the formation of Acr-dG and 8-oxodeoxyguanosine (8-oxodG), a commonly used marker
for oxidative DNA damage from DHA. In addition to their antioxidant activities, the ability
of these compounds to directly block the reaction of dG with Acr was also investigated.

Materials and Methods

Materials

Acr was purchased from Alpha Aesar (Ward Hill, MA), Chelex 100 resin was purchased
from Bio-Rad Laboratories (Hercules, CA), DHA was purchased from Cayman Chemical
Company (Ann Arbor, MI), and 8-oxodG was purchased from Sigma-Aldrich Co. (St.
Louis, MO). EGCG was a generous gift from Dr. C. T. Ho (Rutgers University, Piscataway,
New Jersey). All other chemicals and reagents were from Sigma-Aldrich Co. (St. Louis,
MO) and Fisher Chemical (Fair Lawn, NJ). Acr-dG standard was synthesized and its
identity confirmed using previously published procedures (7).

HPLC systems

The HPLC system used in adduct analysis consisted of two LC-10 AD VP pumps, an
SCL-10A VP controller, a SPD-M10A VP photodiode array detector with the detection
wavelength at 254 nm (Shimadzu, Kyoto, Japan), and a Prodigy ODS 3 C18 reversed-phase
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column (5 wm, 250 mm x 4.6 mm; Phenomenex Torrance, CA) eluted with a linear gradient
program.

The solvent systems used were as follows: System 1: (A) 50 mM NaH,POy4, pH 5.8, (B)
MeOH-H,0 (3:1); the flow rate was 1 mL/min; the solvent gradient was 30% B in 40 min,
System 2: (A) 5.0 mM sodium citrate, pH 6.0, (B) MeOH-H,O (1:1); the flow rate was 0.7
mL/min; the solvent gradient was 30% B in 75 min, System 3: (A) 5.0 mM sodium citrate,
pH 6.0, (B) MeOH-H,0 (1:1); the flow rate was 0.7 mL/min; the solvent gradient was 45%
B in 60 min. In between analyses, the HPLC system was washed in 100% solvent B for 10
min.

Incubation of DHA and FeSO,4 with dG in the presence of antioxidants

Various amounts of EGCG (in water), ascorbic acid (in water), a-tocopherol (in DMSO), or
DHLA (in DMSO) were added to a reaction mixture containing 3 mM DHA, 15 mM dG, 25
M FeSO4 and 50 L DMSO. The total reaction volume was made up to one mL by adding
Chelex-treated tris-HCI (100 mM, pH 7.4). The mixture was incubated in a 37°C shaking
water bath for 18 h. After removal from the water bath, the reaction mixtures were extracted
with 2 mL chloroform for 5 min, centrifuged in a microcentrifuge at 12,000 rpm for 10 min,
and the aqueous phase separated and stored at -20°C until analysis.

Reaction of Acr with dG in the presence of antioxidants

Various amounts of EGCG, ascorbic acid, a-tocopherol or DHLA were added to 0.5 mM
Acr and 0.5 mM dG. Total reaction volume was made up to one mL with Chelex-treated
phosphate buffer (100 mM, pH 7.4). The mixture was incubated in a 37°C shaking water
bath for 18 h and stored at -20°C until analysis.

HPLC analysis of Acr-dG and 8-oxodG

For quantification of dG adducts, 100 p.L of the extract from the reaction mixture were
analyzed using HPLC System 1, with the exception of reaction with DHLA. Analysis of the
extract from the reaction with DHLA using HPLC System 1 showed an interference peak
near Acr-dG which hindered its accurate quantification. Therefore, the DHLA samples were
analyzed by HPLC System 2. For the analysis of the reaction mixtures of Acr and dG, an
aliquot of 250 pL was analyzed using HPLC System 3. This aliquot was not extracted
because only a small amount of Acr was used in the reaction. In all analyses, the Acr-dG and
8-0xodG adduct peaks were detected by UV at 254 nm and identified by comparing their
retention times and characteristic UV spectra with those of the standards. The adduct levels
were quantified using the peak areas and compared to those from known amounts of
standards.

Statistical analysis

Results

Adduct levels are expressed as mean + standard deviation. Statistical analysis was carried
out using Student's t-test.

Formation of Acr-dG and 8-oxodG in reactions with DHA in the presence of FeSOy4

We detected Acr-dG and 8-oxodG formation only when both DHA and FeSOy, are present in
the reaction, suggesting that these adducts are originated from lipid peroxidation. Both were
well-separated using HPLC System 1 with retention times at 33.3 and 26.7 min, respectively
(Fig. 3A). The identities of these products were confirmed by comparing their retention
times and characteristic UV spectra with those of the standards. Typical yields under the
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reaction conditions ranged from 6 to 8 nmol for Acr-dG and 22 to 38 nmol for 8-oxodG. The
predominant Acr-dG isomer detected in these reactions was -y-OH-Acr-dG with little or no
a-OH-Acr-dG, as previously reported (9).

Effects of antioxidants on the formation of Acr-dG and 8-oxodG from DHA

Addition of EGCG to the reaction mixture in a concentration range from 0 to 250 M
caused a concentration-dependent decrease in Acr-dG formation (Fig. 4A). At 250 pM,
EGCG completely inhibited the formation of Acr-dG from DHA. However, ascorbic acid up
to 100 M did not affect Acr-dG formation and it actually significantly enhanced Acr-dG
formation at higher concentrations (250 to 800 wM, Fig. 4B). Similarly, higher
concentrations of a.-tocopherol (=400.M) also increased Acr-dG formation. However, from
12.5 to 100 uM, a.-tocopherol significantly reduced Acr-dG formation by 28.2 to 48.7% in a
concentration-independent manner (Fig. 4C). Like EGCG, DHLA exerted a concentration-
related antioxidant effect on Acr-dG formation, but was considerably weaker than EGCG.
Only at concentrations greater than 100 M did DHLA cause a significant decrease in the
formation of Acr-dG (Fig. 4D). Interestingly, the formation of Acr-dG was sharply
decreased by 87% with DHLA at 800 pM.

The effects of antioxidants on 8-oxodG formation from DHA were examined in the same
reaction mixtures. Again, EGCG caused a concentration-dependent inhibition of 8-oxodG.
The yields of 8-oxodG were reduced from 38 nmol without EGCG to 6 nmol with 250 .M
EGCG (Fig. 5A). While ascorbic acid had no effect on 8-0xodG levels with concentrations
up to 400 wmol, it caused a small, yet significant, inhibition at 800 M (Fig. 5B). a-
Tocopherol in the same concentration range significantly decreased 8-oxodG formation by
27.3 t0 42.3% (Fig. 5C), but the inhibition was not concentration-dependent. Similarly,
DHLA inhibited 8-oxodG formation (Fig. 5D) without a clear concentration effect. The
results showed that among the antioxidants studied, EGCG was the most potent inhibitor
against the formation of both dG adducts derived from DHA.

The blocking effects of antioxidants on the formation of Acr-dG from Acr

As nucleophiles, the antioxidants could conjugate directly with Acr via Michael addition
reaction. Therefore, an important question is whether the antioxidants can block Acr-dG
formation directly from Acr. Antioxidant was added to the reaction mixture containing Acr
and dG in pH 7.4 phosphate buffer. Under these conditions, dG reacts with Acr yielding
both a-OH-Acr-dG and y-OH-Acr-dG in almost equal amounts, shown in Fig. 3B, as
previously reported (7). The first two peaks at 45.0 and 48.2 min were identified as a.-OH-
Acr-dG and the third peak at 49.5 min as y-OH-Acr-dG by comparing their retention times
and UV spectra with those of the standards.

Because we found that the direct blocking effects of antioxidants toward Acr-dG formation
were not stereo-specific, the yields of a-OH Acr-dG and y-OH Acr-dG in the reactions
were combined. EGCG showed the most effective blockage with a clear concentration-
dependent inhibition showing complete inhibition at 500 wM (Fig. 6A). Interestingly,
ascorbic acid, a known scavenger of Acr (24), did not show any significant decrease until its
concentration reached 500 wM (Fig. 6B). In contrast, a-tocopherol had little or no blocking
effect on Acr-dG formation (Fig. 6C). As expected, DHLA, a strong nucleophile containing
sulfhydryls, effectively reduced the formation of Acr-dG with a nearly complete inhibition
at the high concentrations (Fig. 6D).
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Discussion

Both Acr-dG and 8-oxodG are potential pro-mutagenic DNA lesions that can be formed
from lipid peroxidation (14-16, 25). The discovery of antioxidants that protect against their
formation provides useful tools for studying the roles of these DNA adducts in cancer. It is
hoped that the promising compounds may eventually apply to cancer prevention. The
purpose of this study is to better understand the effects of antioxidants on these endogenous
DNA damages in a well-defined chemical system using DHA as a source of Acr. The results
show that not all antioxidants behave in the same manner toward the formation of Acr-dG
and 8-oxodG by lipid peroxidation. While EGCG and DHLA effectively inhibited the
formation of both adducts over a wide concentration range, ascorbic acid had little inhibitory
effect. On the contrary, ascorbic acid induced Acr-dG formation at higher concentrations.
This observation is not entirely unexpected, as it has been reported that ascorbic acid can act
as a prooxidant under certain reaction conditions (26). It is possible that at higher
concentrations, ascorbic acid actually stimulates the oxidation of DHA. An intriguing
observation is the biphasic effect of a-tocopherol on Acr-dG; while the Acr-dG formation
was inhibited by a-tocopherol at lower concentrations, its formation was enhanced at higher
concentrations. The dual role of a-tocopherol as antioxidant vs. prooxidant toward lipid
peroxidation has been reported previously (27). In fact, EGCG has also been shown to have
prooxidant effects (28). However, under the conditions we used, such prooxidant effects
were not observed. Another important finding is that EGCG and DHLA can effectively
block the formation of Acr-dG from Acr, presumably by its conjugation via Michael
addition reaction. Our studies show that EGCG and DHLA are versatile compounds; they
can not only inhibit oxidative DNA damages as antioxidants, but also block DNA adduction
directly from Acr. These results suggest the potential of both compounds to inhibit DNA
damage caused by Acr from endogenous lipid peroxidation as well as environmental
sources, such as cigarette smoke.

It seems paradoxical that ascorbic acid increased DHA-derived Acr-dG formation at
concentrations where it blocked Acr-dG formation directly from Acr. However, the results
may be explained by the fact that ascorbic acid can also act as a prooxidant in the presence
of ferrous ion and once reduced, ascorbic acid is no longer able to conjugate with Acr. It is
possible that only when the concentration of ascorbic acid reached 500 LM is there excess
unreduced form to block Acr-dG by Acr. Furthermore, the lack of or weak inhibitory effect
of ascorbic acid on 8-oxodG formation suggests that two distinct pathways may be involved
in the formation of 8-oxodG and Acr-dG from lipid peroxidation. This notion is also
supported by the finding that a-tocopherol was a relatively weak inhibitor of 8-oxodG
formation while it displayed a clear biphasic effect on Acr-dG formation from DHA. A
similar pattern of increase in Acr-dG formation from DHA caused by ascorbic acid and a-
tocopherol at concentration range of 200 to 800 wM (Fig. 4B and Fig. 4C) suggests a
comparable prooxidant potency of these two compounds under these conditions. Like
ascorbic acid, a-tocopherol inhibited Acr-dG formation directly from Acr only when its
concentration reached 1000 M. However, its blocking effect was much weaker compared
with that of ascorbic acid. This observation again suggests that while a-tocopherol can
block the reaction of Acr with dG, at lower concentrations it primarily acts as an antioxidant.
Although DHLA and EGCG have also been reported to possess prooxidant activity under
certain conditions (23, 28, 29), they did not show a biphasic effect in the concentration range
we studied. Taken together, our results underscore the complexity in the mechanisms of
these agents as antioxidants to suppress lipid-peroxidation induced DNA damage.

Although the exact mechanism by which DHA generates Acr under oxidative conditions is
not fully understood, one of the first steps appears to involve the formation of several mono
and polyhydroperoxides of DHA (30). In the presence of iron, fatty acid hydroperoxides are
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capable of initiating the formation of enals and other reactive species such as epoxides (31).
It is conceivable that antioxidants could decrease DNA damage by several mechanisms,
including blocking one or more steps during fatty acid oxidation, scavenging reactive
oxygen species and aldehydes and chelating iron. EGCG and DHLA are known to chelate
metal ions and ascorbic acid has been shown to bind to Acr (22, 23, 24). It was also reported
that EGCG effectively binds to and removes a, f-unsaturated aldehydes like Acr and 4-
hydroxynonenal as conjugates (32). Furthermore, a notable difference in our reactions with
DHA vs. Acr was the formation of sterecisomers of Acr-dG; the former yielded
predominantly y-OH-Acr-dG, while the latter produced an almost equal amount of both a
and -y isomers. The reason for the preferential formation of -y stereoisomer with DHA is
presently unclear. It is plausible that this stereoselectivity is due to the different buffers used
in these reactions because it has been shown that Tris buffer has a profound effect on dG
adducts formed by malondialdehyde (33).

We used 25 .M FeSOy in our reactions to mimic the concentrations in human plasma
(34,35). We did not use H,O5 because studies in cells enriched with DHA showed that iron-
oxygen complexes are more potent than H,O in initiating free radical-mediated oxidation
(36). Although a chemical model system was used in this study, it may be of interest to
compare the concentrations of antioxidants to those found in human plasma. It should be
noted that the EGCG concentrations used in our study are considerably higher than those
found in human plasma after drinking green tea (37). However, ascorbic acid, a-tocopherol
and lipoic acid levels in plasma after supplementation were comparable to the lower
concentrations that we used (38-40). Studies have shown that concentrations of ascorbic acid
and a-tocopherol could be higher in tissues than in plasma (41, 42). Therefore, the
antioxidant concentrations used in the present study may be considered relevant to those
found in cells or tissues. Cells are adapted to protect against reactive oxygen species through
endogenous antioxidants like GSH, glutathione peroxidase, superoxide dismutase and
catalase. Evidence shows that these endogenous antioxidants act in concert with dietary
antioxidants to protect DNA and other macromolecules from damage (43). Although our
model studies do not provide information on the intricate interplay of exogenous and
endogenous antioxidants and other dietary substances, they do generate useful and
potentially important data regarding the effects of antioxidants on two major types of
endogenous DNA damages induced by lipid peroxidation. Like other /n vitro studies,
caution needs to be taken in extrapolating the results to cells or tissues. Nevertheless, we
have shown for the first time how these widely used antioxidants in their distinct manners
affect the cyclic Acr-dG adduct formation from DHA or Acr, a ubiquitous environmental
pollutant. Because EGCG and DHLA are effective inhibitors against both Acr-dG and 8-
oxodG formation over a wide range of concentration, studies /n7 vivo using these two
compounds seem warranted.
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Fig. 1.
Structures of a-OH-Acr-dG, y-OH-Acr-dG and 8-oxodG.
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Structures of the antioxidant compounds studied.
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Typical HPLC chromatograms showing the analysis of the reaction mixture of DHA (3 mM)
and dG (15 mM) in the presence of FeSO,4 (Panel A) using System 1. The peaks at 26.7 and

33.3 min represent 8-oxodG and -y-OH-Acr-dG, respectively. a-OH-Acr-dG was not

detected in this reaction. Panel B shows the analysis of the reaction mixture of Acr (0.5 mM)
and dG (0.5 mM) using HPLC System 3. The peaks at 45.0 and 48.2 and 49.5 min represent
a-OH-Acr-dG and y-OH-Acr-dG, respectively.
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Fig. 4.

Effects of various concentrations of EGCG (A), ascorbic acid (B), a-tocopherol (C) and
DHLA (D) on the formation of -y-OH-Acr-dG in the reaction of DHA with dG in the
presence of FeSOg4. The values are mean + standard deviation from 3-4 experiments.
*significantly different from the control; n.d., not detectable
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Effects of various concentrations of EGCG (A), ascorbic acid (B), a-tocopherol (C) and
DHLA (D) on the formation of 8-oxodG in the reaction of DHA with dG in the presence of
FeSOy4. The values are mean * standard deviation from 3-4 experiments. *significantly
different from the control
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Fig. 6.

Effects of various concentrations of EGCG (A), ascorbic acid (B), a-tocopherol (C) and
DHLA (D) on the formation of Acr-dG adducts (total of a-OH-Acr-dG and y-OH-Acr-dG)
in the reaction of Acr with dG. The values are mean + standard deviation from 3-4
experiments. *significantly different from the control; n.d., not detected
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