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a b s t r a c t

We quantified the damage yields produced in plasmid DNA by c-irradiation in the presence of low con- 
centrations (10–100 lM) of ascorbic acid, which is a major antioxidant in living systems, to clar ify 
whether it chemically repairs radiation damage in DNA. The yield of DNA single strand breaks induced 
by irradiation was analyzed with agarose gel electrophores is as conformational changes in closed circular 
plasmids. Base lesions and abasic sites were also observed as additional conformational changes by treat- 
ing irradiated samples with glycosylase proteins.

By comparing the suppression efficiencies to the induction of each DNA lesion, in addition to scaveng- 
ing of the OH radicals derived from water radiolysis, it was found that ascorbic acid promotes the chem- 
ical repair of precursors of AP-sites and base lesions more effectively than those of single strand breaks.
We estimated the efficiency of the chemical repair of each lesion using a kinetic model. Approximately 
50–60% of base lesions and AP-sites were repaired by 10 lM ascorbic acid, although strand breaks were 
largely unrepaired by ascorbic acid at low concentrations. The methods in this study will provide a route 
to understanding the mechanistic aspec ts of antioxidant activity in living systems.

� 2013 Elsevier Inc. All rights reserved.
1. Introductio n

Ascorbic acid (AA), in addition to some types of catechins de- 
rived from plants or animal cells, are antioxidants used in medical 
and pharmaceutical fields as well as the health food industry.
Many in vitro experiments have shown that antioxidant s play an
important role as scavengers of Reactive Oxygen Species (ROS),
such as hydroxyl (OH) and other free radicals [1–5]. ROS are pro- 
duced in cells by external physical or chemical stresses and are in- 
duced continuously by metabolic stresses, frequently causing 
irreversible molecula r changes in the cell structure (i.e., damage).
DNA damage includes strand breaks and base lesions. A double- 
strand break (DSB) consisting of two or more single-strand breaks 
(SSBs) in close proximity produced in genomic DNA is thought to
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be a harmful lesion that can cause serious biological effects, includ- 
ing cell lethality. On the other hand, base lesions can cause cell 
mutations that may contribute to the carcinogeni c process. Some 
antioxidant s are thought to protect our bodies from stresses, such 
as radiation, by scavenging ROS. Furthermore, it has been reported 
that injecting ocimum flavonoids or edaravone to mice exposed to
ionizing radiation increases the survival rate [6,7].

The radiopro tective effects of antioxidants are thought to be
due to their reactivity with OH radicals. The rate constants of the 
reactions of antioxidant s with OH radicals in aqueous solution 
have been established as 109–1010 M�1 s�1 [1,2], which are close 
to diffusion-contr olled reaction rates. On the other hand, most bio- 
molecule s are also known to show high reactivity with OH radicals.
Roots and Okada measured the average lifetime of OH radicals 
reacting with DNA in mammalian tissue. They determined the life- 
time to be about 4 � 10�9 s by measuring the amount of SSBs pro- 
duced by the reaction of DNA with OH radicals [8]. The scavenging 
capacity, given as the reciprocal of the lifetime, has been calculated 
to be 2.5 � 108 s�1 in the cell, suggestin g that antioxidant concen- 
trations of several tens or hundreds of millimolars are required for 
effective OH radical-scav enging in cell mimetic condition s. How- 
ever, it is reported that concentratio ns of catechins in human plas- 
ma reaches only a few micromol ars after ingestion of green tea [9].
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Thus, it is likely that, at such low concentrations of catechins, the 
health benefits of antioxidant s arise from another mechanism 
additional to their OH-scavenging propertie s.

Some sulfhydryl compounds, such as glutathione , reduce DNA 
radicals by hydrogen donation [10]. Mediated by some reducing 
agents, this process is called ‘‘chemical repair’’ [11]. Antioxidants 
generally react with free radicals by donating hydrogen (or elec- 
tron transfer reactions) from their hydroxyl groups. However , be- 
cause of the similarity of the reductive reactions of antioxidant s
to the chemical repair reactions of sulfhydryl compounds , antioxi- 
dants are also presumed to reduce DNA radicals by chemical repair.
It is reported that the yield of deoxyguanos ine monophos phate 
(dGMP) radical is reduced by an electron transfer reaction of AA
[12] and catechins [13]. Furthermor e, the lifetime of some DNA 
radicals is longer than that of OH radicals (several seconds 
[14,15] compared with only a few nanoseco nds in living cells [8],
respectively ). It is quite possible that antioxidant s, even at low 
concentratio ns, react with DNA radicals, which have long lifetimes 
in irradiated cells, in addition to scavenging OH radicals. However ,
it is not known whether the DNA radicals undergo chemical repair 
by antioxidant s, as in the case of dGMP radicals [12,13]. Anderson 
and co-workers concluded that DNA radicals, as precursor s of SSBs 
and base lesions of DNA induced by c-irradiation in aqueous solu- 
tions, undergo uniform chemical repair by catechins [16–18] but
they did not observe the chemical repair properties of AA. Their 
method, however, was based on competitive reactions for OH rad- 
icals between antioxidants and Tris, which was added as a radical 
scavenger to maintain the scavenging capacity of the solution at a
constant value. Thus, the results strongly depended on the accu- 
racy of the rate constants of the reactions of catechins or Tris with 
OH radicals and the rate constant values differ by two- or three- 
fold between reports. The rate constant used by Anderson for 
(+)-catechin was (1.5 ± 0.2) � 1010 M�1 s�1 but another report 
measuring the rate constant by Bors was 2.2 � 1010 M�1 s�1 [1].

In terms of a reduction in the frequenc y of mutations, it is impor- 
tant to reduce base lesions, which are generally produced several 
times more frequently than SSBs in aqueous conditions [19]. If anti- 
oxidants do repair base lesions as effectively as they reduce dGMP 
radicals, they could be operating as potent radioprotector s in living 
systems. Thus, to further understand their antioxidati ve effects, it is
important to reveal the chemical repair processes of antioxidant s. In
the present study, we investiga ted the chemical repair properties of
antioxidant s on DNA radicals from a different angle, which was 
independen t of the competitive reactions of the scavenge rs. Quali- 
tative verification of the chemical repair of base lesion precursors 
by antioxidant s was achieved by applying an enzymatic method 
to detect the base lesions and apurinic/apy rimidinic sites (AP-sites),
as well as SSBs. Comparing the suppression efficiency of this method 
on the induction of DNA lesions has highlighted the potential ability 
of antioxidant-med iated chemical repair on specific DNA radicals.
Diluted DNA solutions in the presence of low concentrations of AA
(10–100 lM) were irradiated by c-rays, and the suppression effi-
ciencies of induced DNA lesions were analyzed using biochemical 
assay and chemical kinetics analysis method.

2. Materials and methods 

2.1. Chemicals and enzymes 

AA was purchase d from Sigma–Aldrich (St. Louis, USA). Sodium 
dihydrogen phosphate dehydrate (NaH2PO4�2H2O), disodium 
hydrogen phosphate dodecahydrate (Na2HPO4�12H2O), Tris, boric 
acid, EDTA (ethylenediaminetetraace tic acid)�2Na�2H2O, sodium 
hydrate (NaOH), 1% bromophenol blue, and Orange G were 
purchased from Wako Pure Chemical Industries , Ltd. (Osaka, Japan).
Formamido pyrimidine-DN A glycosylase (Fpg), endonuc lease III
(Nth), and endouclease IV (Nfo), and reaction buffer solutions used 
for treatment of the enzymes were purchased from New England 
BioLabs Inc. (Ipswich, MA).

Stock solutions of the enzymes (concentrations were
10 units lL�1 for Nth and Nfo, and 8 units lL�1 for Fpg) and the
reaction buffers were stored at �20 �C. Nth protein mainly excises 
ring-satur ated pyrimidines (e.g., 5, 6-dihydrothymi ne [DHT]),
thymine glycol, and AP-sites. Fpg protein excises mainly 2,6-diami -
no-4-hydr oxy-5- N-methyl formamidopyri midine, 7,8-dihyd ro-8- 
oxo-20-deoxyguan ine (8-oxoGua), and AP-sites. Nfo protein excises 
various AP-sites. [20,21].

Phosphate buffer solutions (pH 6.9) were prepared from 
NaH2PO4�2H2O and Na2HPO4�12H2O. TBE buffer solutions con- 
sisted of 89 mM Tris, 89 mM boric acid, and 2 mM EDTA. The 
loading buffer solutions for electrophor esis consisted of 2% (w/v)
g/L bromophenol blue, 2% (w/v) Orange G, 30% (w/v) glycerol,
and 10 mM EDTA. The pH of the TBE buffer and the loading buffer 
were adjusted to 8.0 with 1N NaOH. All irradiation samples and 
buffer solutions were prepared with deionized water purified by
Milli-Q system (Millipore, Billerica, MA). The deionized water and 
buffer solutions were sterilized at 120 �C for 20 min before sample 
preparati on.

2.2. Plasmid DNA preparati on

Plasmid DNA pUC18 (2686 bp) was obtained from Escherichia
coli JM109 by Qiagen HiSpeed Plasmid Kit (QIAGEN, Hilden, Ger- 
many) and purified by dialysis using a nitrocellulos e membrane 
of pore size 0.025 lm (Millipore, Billerica, MA). After dialysis, we
confirmed that over 90% of the plasmids were intact (closed circu- 
lar form) using agarose electrophoresis (see below). Plasmids were 
stored at �20 �C at a concentratio n of 188 ng/ lL dissolved in
20 mM phosphate buffer solution (pH 6.9).

DNA stock solutions were diluted with 20 mM phosphate buffer 
solutions (pH 6.9) to a concentratio n of 10 ng/ lL for the irradiation 
samples. AA was added to the solutions just before irradiation. The 
concentr ations of AA were adjusted to 0, 10, 100, and 1000 lM. As
the number of electrons of the solutes, DNA and AA, is less than 
that of water in a unit volume, over 99% of the radiation energy 
is thought to be deposited onto water molecules under these con- 
ditions. Thus, DNA damage is predominantly induced by free radi- 
cals, such as OH radicals, derived from water radiolysis.

2.3. Irradiation 

One hundred microliter samples were placed into 1.5 mL poly- 
propylen e tubes (Eppendorf, Hamburg, Germany ) for irradiation.
Each tube was placed into 20 mL of icy water maintained at 4 �C
during irradiation and exposed to 60Co c-rays in aerobic condition s
using a c-ray apparatus (University of Tokyo, Tokyo, Japan). Be- 
cause the thickness of the surrounding water is greater than that 
of the sample solution, secondary electron equilibrium is thought 
to be achieved in this setup. The dose rate, measure d by a Fricke 
dosimeter , ranged from 0.05–3.2 Gy/min depending on the posi- 
tion of the sample. Samples were irradiated at least three times.

2.4. Electrophore sis 

After irradiation, 10 lL of each irradiated DNA solution was 
mixed with 2 lL of the loading buffer. The mixture was placed into 
wells of a 1% agarose type 1-A (Sigma–Aldrich, St. Louis, MO) gel in
TBE buffer. The leftover irradiated solutions were also placed into 
the same gel following enzyme treatment as described below.
The samples were typically run at 3.0 V/cm for 270 min at 5.4 �C.
After electrophor esis, closed-ci rcular, open-circular, and linear 
forms of plasmid DNA were separated due to mobility differences 



Fig. 1. Dose response curves of the remaining fraction of closed circular plasmid 
DNA in aqueous solution containing 0 (open symbol) or 100 lM (solid symbol) AA,
10 ng/ lL pUC18 plasmid DNA, and 20 mM phosphate buffer (pH 7). The circles 
represent DNA directly analyzed without any chemical treatments after irradiation.
The diamonds and squares represent DNA incubated with or without Nth treatment 
after irradiation, respectively.
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in the gel. DNA was stained by TBE buffer containing 0.02% ethi- 
dium bromide for 30 min, and gel images were obtained using Et- 
tan Dige (GE Healthcare UK Ltd, England). The relative amount of
DNA in closed-circu lar form (cc%) was then quantified, as described 
previously [22]. According to Milligan et al., the band intensities of
the closed-circu lar form were multiplied by a factor of 1.4 because 
of the lower binding constant of ethidium bromide to the closed- 
circular forms than to the open-circular and linear forms.

The dose response of the residual closed-circu lar DNA was 
determined from the logarithmi c loss. The D37 value was calculated 
from the slope of the response curve and the value of D37 repre-
sents the dose of radiation required to give on average one SSB 
per plasmid molecule . The chemical yield of the SSBs (Gssb) is rep- 
resented using the value of D37 as follows:

Gssb ¼
½plasmid�

qD37
ð1Þ

where [plasmid] is a molar concentrat ion of plasmid DNA mole- 
cules in an irradiated solution , and q is the density of the solution 
(almost 1.0 kg l�1).

2.5. Detection of enzyme effects 

Prior to applying the base excision repair enzymes to the irradi- 
ated DNA solutions, the optimum concentrations of Nth, Fpg, and 
Nfo were determined by treating unirradiated and irradiated 
DNA solutions with 2 Gy of X-ray (150 kV, 6 mA) with an X-ray 
generator (SOFTEX, Kanagawa, Japan). The optimum concentra- 
tions of Nth, Fpg, and Nfo were determined as 10, 10, 40 unit per 
1 pmol of plasmid DNA.

To detect enzyme-sen sitive lesions, enzymes were treated with 
the irradiate d DNA solutions as below. Stock solutions of each en- 
zyme were prepared for 10 samples just before use. Each stock 
solution contained 0.57 lL of Nth, 0.71 lL of Fpg, or 2.3 lL of Nfo 
with 20 lL of reaction buffer appropriate for each enzyme. For 
the Fpg stock solution, 20 lL of BSA was also added. These stock 
solutions were made up to 100 lL with sterilized water. Stock 
solutions without enzymes were also prepared. An aliquot of
10 lL of each stock solution was added to 10 lL of c-irradiated
DNA solution, and the mixed solutions were subsequently incu- 
bated at 37 �C for 1 h. After incubation, the solutions were analyzed 
using agarose gel electrophor esis, as described above. Base lesions 
excised by the enzymes, which resulted in strand breaks, were de- 
tected as a loss of closed circular plasmids . The base lesion yields 
revealed by the enzymatic treatments, Genzyme = (Nth, Fpg or Nfo), were 
determined by subtracting the G value of the prompt SSBs and 
heat-labile sites in the incubated samples without the enzyme,
Genz�, from that in the solution incubated with the enzyme, Genz+.

Genzyme ¼ Genzþ � Genz� ð2Þ
3. Results 

Fig. 1 shows the semi-log plots of the dose response curves of
fractions of closed-circular forms in c-irradiated pUC18 plasmid 
DNA (10 ng/ lL) aqueous solutions, with or without AA. The frac- 
tions of closed-ci rcular forms of DNA in the solutions incubated 
at 37 �C for 1 h with or without Nth are also plotted. Nth-sensitiv e
lesions and strand breaks, which are produced by irradiation, were 
suppressed by AA. Each fraction of the closed-circu lar forms de- 
creased exponentially as the c-ray dose increased. The closed cir- 
cular forms decrease d more dramatically on incubation with Nth 
rather than without, showing that Nth-sensitiv e lesions were pro- 
duced by c-ray irradiation in closed circular DNA molecules with- 
out strand breaks. The dose response curves of heat treatment 
showed slightly steeper slopes, regardless of whether AA was 
added (see the circle and square symbols in Fig. 1). This indicates 
that heat treatment induced damage in heat labile sites via OH rad- 
icals [23]. The production of heat labile sites was also observed in
the treatment of Fpg and Nfo proteins. The G value of prompt SSBs,
GSSB, calculated from the dose-respon se curve shows the efficient
production of SSBs through the reactions of DNA with �OH follow- 
ing incubation. The G values of the Nth, Fpg, and Nfo-sensitiv e sites 
(GNth, GFpg, GNfo) were also determined (Table 1). Note that the data 
shown in the table are the values found after subtracting the con- 
tribution of the heat labile sites, Genz�. The G value of prompt SSBs 
from pUC18 in c-irradiated aqueous solution was previousl y re- 
ported as 3.5 � 10�2 lmol J�1 by Milligan [22], a value that is about 
five times greater than that determined in this study 
([6.4 ± 2.2] � 10�3 lmol J�1). This discrepan cy might be due to dif- 
ferences between the methods used by the two groups to purify 
plasmid DNA.

The G values of these four types of irradiate d DNA lesions in the 
presence of 10, 100, and 1000 lM AA were obtained (Table 1). The 
yield of each lesion decrease d with increasing AA concentratio n.
The ratio of the G value of each lesion produced in the presence 
of AA to G0, the G value representing the absence of AA, was calcu- 
lated for each concentratio n (shown in Fig. 2 as ‘‘G/G0’’). The G/G0

ratios decreased with increasing AA concentratio n, and differences 
were found among the lesions. In the presence of 10 lM AA, the G
value for the Nfo-sensi tive sites decreased to less than 20% of the 
G0, but the G value of prompt SSBs decreased to 60%. The G/G0 ra-
tios of enzyme-sen sitive sites were obviously lower than that of
prompt SSBs in the presence of 10 lM of AA. This result shows that 
AA significantly reduced the base-lesi ons and AP-sites detected by
Nth, Fpg, or Nfo more efficiently than the SSBs. At higher concen- 
trations of AA, however, the differences were within the limits of
experime ntal error (see Fig. 2.).
4. Discussion 

In this study, solutes, plasmid DNA, and AA were prepared at
low concentratio ns to confirm that more than 99% of the c-ray en- 
ergy is absorbed and deposited onto water molecules (see Section 



Table 1
The chemical yields (G values) of strand breaks, Nth-, Fpg-, and Nfo -sensitive sites, and the fraction of repairable DNA radicals (p).

G values/lmol J�1 p

[AA] = 0 lM [AA] = 10 lM [AA] = 100 lM [AA] = 1000 lM

GNth (4.7 ± 1.2) � 10�3 (1.3 ± 0.2) � 10�3 (4.5 ± 1.3) � 10�4 (7.8 ± 1.9) � 10�5 0.55
GFpg (7.3 ± 2.2) � 10�3 (2.4 ± 0.4) � 10�3 (7.3 ± 0.3) � 10�4 (1.8 ± 0.4) � 10�4 0.50
GNfo (2.9 ± 0.5) � 10�3 (6.9 ± 3.4) � 10�4 (2.4 ± 0.6) � 10�4 (5.0 ± 2.0) � 10�5 0.63
GSSB (6.4 ± 2.2) � 10�3 (4.5 ± 0.3) � 10�3 (1.0 ± 0.0) � 10�3 (1.9 ± 0.7) � 10�4 �0.08

Fig. 2. Ratios of the chemical yields of prompt SSBs Nth-, Fpg- and Nfo-sensitive 
sites obtained in the presence of AA at several concentrations (G values) to the 
yields obtained without AA (G0-values).
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2). The direct ionization of DNA and AA by radiation is therefore 
negligible and almost all DNA radicals are thought to be formed 
by reactions with OH radicals (�OH) produced from water radioly- 
sis. DNA reacts with OH radicals at several reaction sites (A, B,
C,. . .), producing DNA radicals (A�, B�, C�,. . .). These DNA radicals 
eventually result in various DNA lesions (A0, B0, C0,. . .).

DNAþ �OH! A� !! A0 ð3Þ

DNAþ �OH! B� !! B0 ð4Þ

DNAþ �OH! C� !! C0 ð5Þ

In this experime nt, AA and phosphat e buffer (PB) also reacted 
with OH radicals, generating products AA� and PB�.

AAþ �OH! AA� ð6Þ

PBþ �OH! PB� ð7Þ

Under the assumpti on that DNA and AA react competitive ly
with OH radicals, and thereby AA does not chemically repair 
DNA radical damage, we applied competitive kinetics as below.
The G value of lesion A0 (GA0) was found to be

GA0 ¼
kA0 ½DNA�

kA0 ½DNA� þ kB0 ½DNA� þ kC0 ½DNA� þ � � � þ kPB½PB� þ kAA½AA� � G�OH

ð8Þ

where k is the rate constant of the reaction of OH radical with each 
site (A, B, C,. . .), phosphate buffer, and AA. We assumed that recom- 
bination between OH radicals is negligib le. The yield of A0 in the 
solution s in the absence of AA was also calculate d.
GA00 ¼
kA0 ½DNA�

kA0 ½DNA� þ kB0 ½DNA� þ kC0 ½DNA� þ � � � þ kPB½PB� � G�OH ð9Þ

From Eq. (8) and (9), GA0/GA00 was obtained as follows:

GA0

GA00
¼ kA0 ½DNA� þ kB0 ½DNA� þ kC0 ½DNA� þ � � � þ kPB½PB�

kA0 ½DNA� þ kB0 ½DNA� þ kC0 ½DNA� þ � � � þ kPB½PB� þ kAA½AA�

¼ K½DNA� þ kPB½PB�
K½DNA� þ kPB½PB� þ kAA½AA�

ð10Þ

The rate constant s of the reactions of each DNA lesion are 
summed up and described as K. The right side of this equation 
shows that this value is independen t of the damaged DNA sites.
Therefore, G/G0 of every DNA lesion is represented as the same 
equation under the assumption that there is no chemical repair 
process by AA:

GA0

GA00
¼ GB0

GB00
¼ GC0

GC00
¼ � � � ¼ S

Sþ kAA½AA� ð11Þ

The scavenging capacity on DNA and PB is summed up and de- 
scribed as S.

Fig. 2 shows the G/G0 of SSBs and enzyme-sen sitive sites. The 
Nth- and Nfo-sensitiv e sites clearly have lower ratios than those 
of prompt SSBs, indicating that the present data contradict Eq.
(11). The yield of Fpg-sensitive sites also seems lower than that 
of SSBs, although the experime ntal error was higher than that for 
the Nth- and Nfo-sensitiv e sites. According to a previous report,
AA reduced the amount of dGMP radical produced from the reac- 
tion of dGMP with OH radical [12]. Taking this report into account,
the present data also show that DNA radicals, as precursors of base 
lesions or AP-sites, may undergo chemical repair by AA. In living 
organisms , AA might play an important role in protecting genomic 
DNA from oxidative damage through chemical repair, in addition 
to OH radical-scav enging activities.

To evaluate the chemical repair activity of AA on each type of
DNA lesion, a simple chemical kinetic model was considered . First,
DNA radicals resulting in a specific DNA lesion can be categorized 
into two groups: the chemically-repai rable and unrepairable 
groups. The ratio of the former group to the latter group is p:
(1 � p). Here p is the fraction of DNA radicals repairable by AA.
DNA radicals in the unrepairable group inevitably result in the sta- 
ble DNA lesions detected in the experiment. The ratio of the G val-
ues of the lesions in the unrepairable group to G0 is represented by
a revision of Eq. (11).

G
G0
¼ ð1� pÞ S

Sþ kAA½AA� ð12Þ

The value of kAA was measure d previously by the authors as
4.5 � 109 M�1 s�1 by pulse radiolysi s (unpublished data). We fitted
Eq. (11) to the G/G0 values obtained in the experiment using 
reported values of K and kPB (2.7 � 109 M�1 s�1 for K and
1.5 � 105 M�1 s�1 for kPB) and the molarity of the nucleotides 
(30.8 lM) for the DNA concentration [22]. The estimate d optimal 
values of p are shown in Table 1 (each R2 of p was greater than 
0.99). The values of p of the enzyme-sensiti ve sites were 
0.50–0.63, showing that about half of the precursors of base lesions 
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or AP-sites could be chemically repaired by AA. The value of p of
SSBs, on the other hand, was almost zero within the limits of
experimental error. These results indicate that SSBs are seldom 
repaired by AA. Anderson and co-workers [16] also investigated 
chemical repair by AA and concluded that AA does not repair SSBs.
The present study reveals that even a low concentr ation (10 lM) of
AA chemically repairs certain types of precursors of base lesions or
AP-sites in DNA (30.8 lM of nucleotid es in the present study) but 
not SSB precursors. Furthermore, accordin g to the chemical repair 
model, half of the base lesions and AP-sites could be repaired even 
under low concentration of AA.

In conclusion, our study indicates that AA is a potent chemical 
repair agent for DNA damage. The enzymati c method revealed that 
AA works preferentiall y on precursors of base lesions and AP-sites,
which are possible inducers of mutations. The method used in this 
study could be applied to other antioxidant s and offers a new re- 
search field to explore radioprotection mechanism s. Further study 
is in progress to investiga te the chemical repair abilities of some 
flavonoids and edaravone, which is used as a therapeutic medica- 
tion for brain infarction.
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