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The relationship between the oxidative damage of nucleic acids and aging of animals was investigated by analyzing the nucleic acids
derived from various tissue specimens of naturally aged Sprague-Dawley (SD) rats. For this purpose, we established an accurate
and sensitive isotope-diluted LC-MS/MS method to determine the levels of 8-oxo-78-dihydro-2'-deoxyguanosine (8-oxo-dGsn) in
DNA and 8-o0xo0-7,8-dihydroguanosine (8-oxo-Gsn) in RNA. An age-dependent increase in oxidative DNA and RNA damage was
observed in the various organs examined, including the brain, liver, kidneys, and testes. Similar increases in the 8-oxo-dGsn and
8-o0x0-Gsn contents were observed in three parts of the brain, the hippocampus, cerebral cortex, and cerebellum, among which,
the values for the hippocampus were always the highest. When the oxidized guanosine metabolites were quantified with urine,
a similar age-dependent increase was observed for both 8-0xo-dGsn and 8-oxo-Gsn. However, unlike the results of nucleic acid
samples derived from the tissues, the amount of 8-0xo-Gsn was significantly higher compared to that of 8-oxo-dGsn, probably
reflecting the fact that RNA degradation occurs more frequently than DNA degradation. Our finding indicates that the amount of
urinary 8-oxo-Gsn could be considered as a biomarker for the sensitive measurement of oxidative stress and aging.

1. Introduction

Reactive oxygen species (ROS) are persistently generated
in living cells, causing oxidative damage to cellular macro-
molecules, including proteins, lipids, and nucleic acids. Har-
man first proposed the free radical theory of aging in 1956 [1],
and since then, there have been extensive ROS-related aging
studies [2, 3]. More than 20 different kinds of base adducts
have been found in DNA exposed to oxidative agents [4].
Since guanine has the lowest oxidation potential among the
DNA bases, the guanine residues of nucleic acids are most
readily oxidized by the hydroxyl radical ("OH) and singlet
oxygen ('0,) [5]. It was supposed that there may be a link
between the accumulation of oxidized guanine in nucleic

acids and various age-associated pathological phenomena.
Many studies have been focused on DNA [6-8] since DNA
oxidative lesions must be repaired to maintain the genomic
integrity. However, oxidative damage to RNA occurs more
frequently than DNA, because RNA molecules are mostly
single stranded, so that the bases are less protected by hydro-
gen bonding. Moreover, most of the mRNAs are not asso-
ciated with chromatin and are distributed in the cytoplasm,
closer to the site of ROS generation [9]. There is evidence
that oxidized mRNA causes errors in translation, eventually
leading to the production of abnormal proteins [10, 11]. Such
abnormal proteins may be responsible for the occurrence
of neurodegenerative diseases, such as Alzheimer’s disease
[12,13].
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Many methods have been developed to estimate the level
of oxidative damage to nucleic acids. Immunohistochem-
istry has been used extensively to determine the amounts
of 8-ox0-2'-deoxyguanosine (8-oxo-dGsn) in DNA and 8-
oxoguanosine (8-oxo-Gsn) in RNA. The ELISA method has
been applied for the quantification of oxidized guanosine
in body fluid, including cerebrospinal fluid, plasma, and
urine. Since the antibodies against 8-oxo-dGsn, used for
immunochemistry and the ELISA assay sometimes exhibit
cross-reactivity with other compounds. Chromatographic
methods, such as HPLC-ECD, LC-MS/MS, and GC-MS,
would provide more accurate means for analyzing the lev-
els, with LC-MS/MS being the most reliable. Using this
procedure, sample impurities can be eliminated during the
HPLC phase, and all types of guanosine derivatives can be
determined by tandem mass spectrometry based on their
molecular weights.

By using LC-MS/MS, we previously revealed an age-
dependent accumulation of oxidative DNA and RNA damage
in various organs of senescence-accelerated SAMP8 mice
[14]. We also found an age-related increase in the levels of
8-ox0-dGsn and 8-oxo-Gsn in the leukocytes, plasma, and
urine of Macaca mulatta [15]. However, in these animal
models, the oxidative status of nucleic acids in different
regions of the brain could not be determined due to the
scant material available for the analyses. To overcome this
difficulty, we used Sprague-Dawley rats in the present study.
The mean life span of SD rats is 20.5 to 24.2 months [16], and
the maximum life span varies from 967 (32.2 months) to 1000
days (33.3 months) for male animals [17, 18]. These rats would
provide a better model to study the oxidative status of various
tissues, especially those in subregions of brain. We applied the
LC-MS/MS method to quantify oxidized guanosines in DNA
and RNA in various tissues obtained from healthy SD rats at
different ages. We therefore extended our analysis to plasma
and urine samples to seek a useful marker of aging.

2. Materials and Methods

2.1. Chemicals. The 8-oxo-2'-deoxyguanosine (8-oxo-dGsn,
>98% purity), 2'-deoxyguanosine (dGsn, >98% purity),
guanosine (Gsn, 98% purity), and deferoxamine mesy-
late (DFOM) were purchased from Sigma-Aldrich (USA).
The 8-oxo-guanosine (8-oxo-Gsn, >98% purity) was pur-
chased from ALEXIS Biochemicals (San Diego, CA, USA).
The [15N5]8—ox0—dGsn, [15N5]dGsn, and [ISNS]Gsn were
obtained from Cambridge Isotope Laboratories (Andover,
MA, USA), and [°C, 15N2]8—0X0—Gsn was customized from
Toronto Research Chemicals (Canada). Nuclease P1 and calf
intestinal alkaline phosphatase were purchased from WAKO
(Osaka, Japan) and NEB (USA), respectively. Ammonium
acetate and methanol were of HPLC grade and were pur-
chased from Fisher Scientific (USA). The water used for the
determination process was deionized at 18.2 MQ).

2.2. Instruments. A Shimadzu Prominence LC-20A was con-
nected to an Applied Biosystem SCIEX QTRAP5500 triple
quadrupole mass spectrometer with an ESI source controlled
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by the Analyst software program, version 1.5 (Sciex, Thornill,
Canada). The column used was an Atlantis dCI8 (2.1 X
150 mm, 5pm) obtained from Waters (USA). The mobile
phase consisted of elution buffer A (10mM ammonium
acetate adjusted to pH 3.75 with acetic acid) and elution buffer
B (methanol). The flow rate was 0.2 mL/min, and the column
temperature was 30°C. The gradient of the mobile phase
varied according to the type of sample (Supplementary Table
1 available online at http://dx.doi.org/10.1155/2013/303181). To
reduce the contamination of the ion source, the early and late
portions of the running sample were discarded.

Electrospray ionization was performed in the positive
ion mode. The multiple reaction monitoring (MRM) mode
was applied during quantification. Nitrogen was used for ion
sources I and II, the curtain gas, and the collision gas. The
nitrogen values were optimized to 55, 75, 30, and the medium
value, respectively. The IonSpray Voltage was set to the
Applied Biosystem SCIEX QTRAP5500. The temperature of
the electrospray probe was 500°C (300°C for plasma samples).
The optimized conditions for individual compounds are
summarized in Supplementary Table 2.

2.3. Animals. Healthy male Sprague-Dawley rats were
obtained from Vital River (Beijing, China). The animals
were housed in a temperature-controlled room (24 + 2°C)
with a 12-12h light-dark cycle, with six individuals of the
same age per cage with free access to food and water. All
the experiments were performed according to the National
Institutes of Health Guide for the Care and Use of Laboratory
Animals. Before sacrificing the animals, urine samples
were collected in the evening for 2-3 consecutive days
using the manual bladder palpation method as described
previously [19] and stored at —40°C until they were analyzed.
In the morning, the rats were sacrificed and blood was
collected via postcaval exsanguination using Na,EDTA for
anticoagulation. Plasma samples were immediately separated
from whole blood by centrifugation (3000 rpm for 10 min
at 4°C) and were frozen at —40°C until analysis. All organs,
including the brain (the cerebellum, cerebral cortex, and
hippocampus), heart, lungs, liver, kidneys, and testes, were
immediately removed from the animals and quickly frozen
in liquid nitrogen and stored at —80°C.

2.4. Preparation and Hydrolysis of Nucleic Acids. For the
preparation of DNA, we followed the protocol recommended
by the ESCODD [20, 21] with some modifications. After
pulverization of an appropriate amount of tissue with liquid
nitrogen, 1 mL of buffer A (10 mM Tris, 0.32 M sucrose, 5mM
MgCl,, 0.1mM DFOM, and pH 7.5; 1% Triton X-100 added)
was applied for cell lysis. Then, the reaction with RNase A and
proteinase K was performed in 100 4L of buffer B (10 mM Tris,
5mM Na,EDTA, 0.1mM DFOM, and pH 8.0). To prevent
the artificial oxidation of samples, 200 yL of Nal solution
(40 mM Tris, 20 mM Na,EDTA, 7.6 M Nal, 0.1 mM DFOM,
and pH 8.0) was applied, and the reaction was performed in
the presence of 0.1 mM DFOM [22-24]. TRIzol (Invitrogen,
USA) was used for extraction of total RNA according to the


http://dx.doi.org/10.1155/2013/303181

Oxidative Medicine and Cellular Longevity

manufacturer’s recommended protocol. In this case, 0.1 mM
DFOM was added to the TRIzol reagent to prevent oxidation.

For the DNA analysis, 20 ug of DNA was dissolved in
85 uL of 0.1mM DFOM solution and denatured by heating
at 100°C for 3 min, followed by rapid chilling. To the DNA
solution, 2 uL of 20 ng/mL ["*N;]8-ox0-dGsn and 2 uL of
1ug/mL [°N5]dGsn were added as internal standards for
the subsequent mass analysis. The DNA was hydrolyzed to
nucleosides by incubation with nuclease P1 (dissolved in
0.3 M sodium acetate, ImM ZnSO,, and pH 5.3, at 1U/uL)
at 37°C for 2 h and then with alkaline phosphatase (1 U/uL) at
37°C for 1h. The DNA hydrolysate in a total volume of 104 yL
was centrifuged at 12,000 xg for 10 min at 4°C, and 80 yL of
the supernatant was used for the LC-MS/MS analysis. The
hydrolysis of RNA was performed in the same manner, with
some alterations in the reagent concentration. In short, 20 ug
of RNA was dissolved in 90 uL of 0.1mM DFOM solution,
and 2uL of 50ng/mL [°C, "®N,]8-0x0-Gsn and 2 uL of
2.5 ug/mL [°N5]Gsn were added as internal standards. Three
microliters of nuclease P1 and 7 uL of alkaline phosphatase
were used for hydrolysis.

2.5. Preparation of Plasma Samples. The frozen plasma sam-
ples were thawed by incubating them at 37°C for 5 min. For
300 L of plasma, 6 uL of 20 ng/mL ['°N;]8-ox0-dGsn, and
6 uL of 20 ng/mL [°C, '°N,]8-0x0-Gsn were added (keeping
the ratio at 100:2: 2). After a short vortex mixing, 900 uL of
acetonitrile was added, and the mixture was further mixed
for 1 to 2 min and centrifuged (12,000 xg for 10 min at 4°C)
to isolate the supernatant. Acetonitrile was evaporated under
a gentle steam of pure nitrogen. The residue was dissolved
in 100 uL of deionized water and centrifuged at 12,000 xg for
10 min at 4°C, and 80 uL of the supernatant was used for the
LC-MS/MS analysis.

2.6. Preparation of Urine Samples. The frozen urine samples
were thawed by incubating them at 37°C for 5min. Each
sample was divided into two aliquots, one for the LC-MS/MS
analysis to quantify 8-oxo-dGsn and 8-o0xo-Gsn and the other
to quantify creatinine for normalization. For the oxidized
guanosine analysis, 100 yL of urine was mixed with 400 uL of
30% methanol solution to obtain a 1:5 diluted urine sample.
After centrifugation (12,000 xg for 10 min at 4°C), 100 uL of
the supernatant was removed, and 2 uL of 20 ng/mL ['*N;]8-
ox0-dGsn and 2 uL of 20 ng/mL [°C, '°N,]8-oxo-Gsn were
added. After gentle mixing, 80 uL of the solution was used for
the mass analysis.

For creatinine quantification, 100 uL of urine was mixed
with 900 uL of 30% methanol to obtain a 1:10 diluted urine
sample, which was then centrifuged (12,000 xg for 10 min at
4°C). Ten microliters of the supernatant was injected into
the HPLC-UV system (Waters, USA). For the quantitative
analysis, a Waters Sunfire C18 (5 ym, 4.6 x 250 mm) column
was used with mobile phases A (20 mM ammonium acetate,
pH 6.8, 95%) and B (acetonitrile, 5%). The UV detection
wavelength was set at 233nm, and the flow rate was set

to 0.8 mL/min. The HPLC chromatograms are shown in
Supplementary Figure 1.

3. Results

3.1. Oxidized Guanine Content in the DNA. To analyze the
correlation between DNA oxidative damage and aging, we
examined the 8-0x0-dGsn content of DNA samples derived
from various tissues of the rats. To minimize the untoward
effects of oxidation during the preparation of DNA, we
adopted the ESCODD-recommended protocol [20, 21]. We
further applied a metal chelator, deferoxamine methylate, to
reduce the background level of oxidation [24]. The DNA was
heat-denatured and hydrolyzed to nucleosides by successive
treatments with nuclease P1 and alkaline phosphatase. To
each sample, ['>N5]dGsn and 8-oxo-['°N;]dGsn were added
to provide appropriate internal standards. The mixtures were
then applied to the LC-MS/MS system for quantification of
the two types of deoxyguanosine, dGsn and 8-oxo-dGsn.
As shown in Figurel, dGsn and 8-oxo-dGsn were eluted
at distinct positions and could be assayed without cross-
contamination.

The genomic DNA was prepared from the various tissue
specimens obtained from the rats at different stages of
growth and their contents of 8-oxo-dGsn were determined.
The results are shown in Figure 2, in which the values are
expressed as the numbers of 8-oxo-dGsn per 10° residues of
dGsn. To evaluate the effects of aging on the level of DNA
oxidation, we determined the 8-oxo-dGsn contents in rats at
five growth stages; 1, 3, 9, 12, and 16 months after birth (for
the testes, the determination was extended to 30 months).
In all of the organs examined, the 8-oxo-dGsn/10° dGsn
value increased gradually with the progression of age, and the
maximum values were obtained for the oldest rats (16 or 30
months). A similar increase was observed in the three parts
of the brain examined: the hippocampus, cerebral cortex
and cerebellum, among which the hippocampus accumulated
the highest levels of 8-oxo-dGsn. These results corroborate
those of our previous immunohistochemical study using
senescence-accelerated mice [25].

3.2. Oxidized Guanine in RNA. We extended our analyses to
RNA samples obtained from the different age groups of rats.
As was the case for DNA, precautions were taken to minimize
the oxidation of the materials during the preparation of RNA
as well as the enzymatic digestion to nucleosides. Under the
conditions used for liquid chromatography, Gsn and 8-oxo-
Gsn were eluted at distinct positions, which were also differ-
ent from those of their deoxyribonucleoside counterparts. To
ensure accurate determinations, we included ' N-substituted
ribonucleosides as internal standards.

Figure 3 shows the 8-oxo-Gsn contents of RNAs derived
from various tissues of SD rats at different ages. The values
were expressed as the 8-oxo-Gsn/10° Gsn to estimate the
levels of the oxidative damage to RNA. The patterns of age-
related changes in the 8-oxo-Gsn content were largely the
same for all the organs examined. An age-dependent increase
in the oxidative RNA damage was also observed in the three
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FIGURE 1: LC-MS/MS chromatograms of dGsn and 8-oxo-dGsn derived from DNA. DNA samples obtained from tissues were denatured
and hydrolyzed to nucleosides by successive treatments with nuclease P1 and alkaline phosphatase. To each sample, ['*N5]dGsn and 8-oxo-
['®N5]dGsn were added to provide appropriate internal standards. The mixtures were applied to the LC-MS/MS system for quantification of
the two types of deoxyguanosine, dGsn and 8-oxo-dGsn. The upper two figures show the elution patterns of DNA hydrolysates and the lower

figures represent those for the internal standards.

parts of the brain, with the hippocampus again exhibiting the
highest values at all of the ages examined. These results are
in accord with our previous finding with SAMP8 mice, in
which substantial amounts of 8-oxoguanine were present in
the hippocampi of aged animals [26].

3.3. The Level of Oxidized Guanosine in Urine. We also
applied the LC-MS/MS method to estimate the amount of
the oxidized forms of guanine derivatives, 8-oxo-dGsn and
8-0x0-Gsn, in urine. Since the volumes of urinary samples
varied and their content was affected by the renal glomerular
function, we normalized the oxidized guanosine level to the
creatinine level. These values were determined using samples
obtained from animals at different ages, and the results are
summarized in Figure 4. Although the amounts of 8-oxo-
dGsn and 8-oxo-Gsn were still relatively low at age of 16
months, the values increased significantly in animals by the
age of 30 months. It was noted that 30 months after birth, the

content of 8-0xo-Gsn was approximately four times that of
8-0x0-dGsn (Table 1).

When an analysis was performed using plasma, a similar
but less striking difference in the contents of the two types
of oxidized nucleosides was obtained (Table1). Since the
concentrations of 8-oxo-dGsn and 8-oxo0-Gsn in plasma are
extremely low, it was difficult to make accurate measurements
using plasma samples. In this respect, the results with the
urinary samples may be considered to provide a better
biomarker for oxidative stress, at least in rats.

4. Discussion

All living cells constantly generate oxygen free radicals, and
it is unavoidable that the components of nucleic acids are
thus oxidized. An oxidized form of guanine, 8-oxoguanine,
formed in DNA would yield a profound effect, since it can
pair with adenine during DNA replication, leading to GC —
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FIGURE 2: Age-related increases in the level of 8-0x0-dGsn/10° dGsn in the hippocampus, cerebral cortex, cerebellum, liver, kidneys, and
testes of SD rats. *P < 0.05, * P < 0.01, in comparison to one or several previous age groups. The data are presented as the means + S.D. (n =6

in each group).

TA transversion mutations [27]. Oxidized mRNA may impair
the translation fidelity, causing the formation of abnormal
proteins [10, 11]. To prevent such outcomes, organisms
possess elaborate defense mechanisms, including those for
eliminating oxidized precursor nucleotides and for repairing
oxidized DNA. The MutT protein of Escherichia coli is able
to hydrolyze 8-oxo-dGTP and 8-oxo-dGDP to nucleoside

monophosphate, thereby preventing the misincorporation of
oxidized guanine into DNA [28]. The same mechanism for
eliminating unfavorable substrates from the precursor pool
may also function for RNA synthesis. The E. coli MutT protein
cleaves oxidized forms of RNA precursors, 8-0xoGTP and 8-
0x0GDP, as efficiently as the deoxyribonucleotide counter-
parts [28]. In mammalian cells, multiple species of proteins



25 4

Hippocampus #
N 1
e I e
U]
\Do 15 4
E
©)
Z 10-
%
S
o
5 .
0 - - ' ' '
1 3 9 12 16
(a)
25 1 Cerebral cortex
20 1 £
g
E 1
[=)
S 15 I
2 - T T
Q
g 10 4
S
©
5 4
0 f T ' ! J
1 3 9 12 16
(c)
25 1 Cerebellum
20 - T
g
&
S 15
g1
g 10 -
o
)
5 4
0 T f T )

1 3 9 12 16
Age (months)

(e)

Oxidative Medicine and Cellular Longevity

25 -

Liver "
20 A
: T
& T
£ 1
= 15 A
g
Q
2
g 10
)
5 4
0 : f ¢ f T
1 3 9 12 16
(b)
40 7 Kidney
_#_
= 30
O
= —_ T
5 T
%
?
“ 10 4
0 ¢ ¢ f ¢ {
1 3 9 12 16
(d)
30 1 Testis
*
*
=]
& 20
o
2
g
Q
[e]
%
? 10 A
e}

1 3 9 12 16 30
Age (months)
)
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of SD rats. *P < 0.05, *P < 0.01, in comparison to one or several previous age groups. The data are presented as the means + S.D. (1 = 6 in

each group).

appear to be involved in preventing the misincorporation
of 8-oxoguanine into DNA and RNA. The human proteins,
MTHI, MTH2 and NUDTS5, are structurally similar to the
E. coli MutT [29-31], and both MTHI and NUDTS5 have
the ability to degrade 8-0xoGTP and 8-oxoGDP, ensuring
to block the misincorporation of 8-oxoguanine into RNA
[30]. Regarding the repair of oxidative lesions in DNA,

two glycosylases, MutM and MutY, function in E. coli.
The MutM protein eliminates 8-oxoguanine from double-
stranded DNA, whereas the MutY protein removes adenine
from the mutagenic 8-0xoG:A pair [32]. The eukaryotic
homologues of MutM and MutY have been identified as
OGGI and MYH, respectively, and these proteins appear
to serve the same purpose in mammalian cells [33, 34].
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However, this type of excision repair mechanism is not
functional for RNA, due to its single-stranded structure;
OGGI (MutM) only recognizes 8-oxoguanine when paired
with cytosine [9]. It has been hypothesized that oxidized
RNA may be recognized by certain protein factors and then
subjected to degradation. Oxidized mRNA appears to be
especially susceptible to proteasome-mediated degradation
(11].

In our current study using the LC-MS/MS, we found
that the accumulation of oxidative lesions increased with
age in both DNA and RNA samples derived from various
organs in SD rats. These cells obviously suffered from higher
oxidative stress as a result of aging. Compared to other
organs, the liver appears to bear a higher level of oxidative
stress, as observed by the 8-oxo-Gua content of both the
DNA and RNA. This observation may be attributed to the
fact that the liver is a vital metabolic organ and would
produce a large amount of ROS. The significantly increased
oxidative damage to the nucleic acids observed in the testes
might be due to degenerative changes of the genital system
in old age. Among the three brain regions examined, the
hippocampus exhibited the highest level of accumulation of
oxidative lesions in both DNA and RNA at all ages. It can
be inferred that oxidative lesions may be a cause of impaired
cognition in some age-related neurodegenerative diseases
such as Alzheimer’s disease.

We supposed that RNA may have higher levels of oxida-
tive lesions compared with DNA, due to its single-stranded
structure, lack of protection by histones, and its cellular
distribution close to the site of ROS generation. However, in
all of the organs examined, except for the kidneys, there were
higher levels of oxidized guanine in the DNA rather than in
the RNA. This might be related to the fact that the half-life of
oxidized RNA is much shorter than that of oxidized DNA. If

this is the case, a loss of specific enzymes to remove oxidized
RNA would lead to the accumulation of abnormal proteins,
potentially leading to diseases such as AD.

We extended our analyses to the blood plasma and urine
samples to evaluate the levels of oxidative stress in rats
at different growth stages. Our results indicated that the
levels of 8-ox0-dGsn and 8-oxo-Gsn in plasma range from
0.01 to 0.1nM, which is too low to be evaluated using the
current analytical instruments and methods. Urine, on the
other hand, contains a higher level of oxidized guanosine,
thus providing a useful biomarker for aging. Age-related
increases in the amounts of 8-oxo-dGsn and 8-oxo-Gsn were
evident when the urine samples from rats at various growth
stages were analyzed. Interestingly, the levels of 8-oxo-Gsn
in the urine were higher than those of 8-oxo-dGsn, probably
reflecting the fact that oxidized RNA is generally subjected to
degradation, whereas in DNA, only the damaged regions is
replaced. It is conceivable that RNA molecules may thus be
more susceptible to oxidative damage than DNA, since most
regions of RNA are single stranded. As a result, a relatively
large amount of 8-0xo-Gsn would be released into the bodily
fluids, including urine. The 8-oxoguanine in urine can be
considered to be a sensitive biomarker for evaluating the level
of oxidative stress affecting the whole body. Although the
level of 8-0x0-dGsn in the urine has been widely investigated
as a biomarker for aging [35], our data indicate that the
urinary 8-oxo-Gsn could be a more sensitive and reliable
biomarker for aging and/or oxidative damage.
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TaBLE 1: The levels of the two types of oxidized guanosine in the urine and plasma of 30-month-old SD rats.

Sources Forms of guanosine Concentration of oxidized guanosine (nM) Ratio of 8-0x0-Gsn to 8-oxo-dGsn
Urine 8-0x0-dGsn 15.42 475
8-0x0-Gsn 57.87
Plasma 8-0x0-dGsn 0.058 192
8-0x0-Gsn 0.111
Acknowledgments disease,” Journal of Neuroscience, vol. 19, no. 6, pp. 1959-1964,

This work was supported by the National Natural Science
Foundation of China (no. 81171028) and the Key International
Science and Technology Cooperation Projects of China (no.
2006DFB31410). The authors are grateful to the members of
the Institute of Geriatrics of the Ministry of Health for advice
and assistance.

References

(1] D.Harman, “Aging: a theory based on free radical and radiation
chemistry;” Journal of Gerontology, vol. 11, no. 3, pp. 298-300,
1956.

[2] V. Calabrese, C. Cornelius, C. Mancuso, R. Lentile, A. M.
Stella, and D. A. Butterfield, “Redox homeostasis and cellular
stress response in aging and neurodegeneration,” Methods in
Molecular Biology, vol. 610, pp. 285-308, 2010.

[3] D. Hernandez-Garcia, C. D. Wood, S. Castro-Obregén, and
L. Covarrubias, “Reactive oxygen species: a radical role in
development?” Free Radical Biology and Medicine, vol. 49, no.
2, pp. 130-143, 2010.

[4] J. Barciszewski, M. Z. Barciszewska, G. Siboska, S. I. S. Rattan,
and B. E C. Clark, “Some unusual nucleic acid bases are
products of hydroxyl radical oxidation of DNA and RNA;
Molecular Biology Reports, vol. 26, no. 4, pp. 231-238, 1999.

[5] S.Steenken and S. V. Jovanovic, “How easily oxidizable is DNA?
One-electron reduction potentials of adenosine and guanosine
radicals in aqueous solution,” Journal of the American Chemical
Society, vol. 119, no. 3, pp. 617-618, 1997.

[6] V. A.Bohr and G. L. Dianov, “Oxidative DNA damage process-
ing in nuclear and mitochondrial DNA,” Biochimie, vol. 81, no.
1-2, pp. 155-160, 1999.

[7] J. Kaur and H. Z. Hill, “Complexities of the DNA base excision
repair pathway for repair of oxidative DNA damage,” Environ-
mental and Molecular Mutagenesis, vol. 38, no. 2-3, pp. 180-190,
2001.

[8] E.C. Friedberg, “DNA damage and repair,” Nature, vol. 421, no.
6921, pp. 436-440, 2003.

[9] Z. Radak and I. Boldogh, “8-Ox0-7,8-dihydroguanine: links to
gene expression, aging, and defense against oxidative stress,”
Free Radical Biology and Medicine, vol. 49, no. 4, pp. 587-596,
2010.

[10] E Taddei, H. Hayakawa, M. E Bouton et al., “Counteraction

by MutT protein of transcriptional errors caused by oxidative

damage,” Science, vol. 278, no. 5335, pp. 128-130, 1997.

M. Tanaka, P. B. Chock, and E. R. Stadtman, “Oxidized messen-

ger RNA induces translation errors,” Proceedings of the National

Academy of Sciences of the United States of America, vol. 104, no.

1, pp. 66-71, 2007.

[12] A. Nunomura, G. Perry, M. A. Pappolla et al., “RNA oxidation
is a prominent feature of vulnerable neurons in Alzheimer’s

11

(14]

(16]

(17]

(18]

(20]

(21]

[22]

1999.

A. Nunomura, T. Hofer, P. I. Moreira, R. J. Castellani, M. A.
Smith, and G. Perry, “RNA oxidation in Alzheimer disease and
related neurodegenerative disorders,” Acta Neuropathologica,
vol. 118, no. 1, pp. 151-166, 2009.

W. Gan, B. Nie, E Shi et al., “Age-dependent increases in
the oxidative damage of DNA, RNA, and their metabolites
in normal and senescence-accelerated mice analyzed by LC-
MS/MS: urinary 8-oxoguanosine as a novel biomarker of aging,”
Free Radical Biology & Medicine, vol. 52, no. 9, pp. 1700-1707,
2012.

E Shi, B. Nie, W. Gan et al,, “Oxidative damage of DNA, RNA
and their metabolites in leukocytes, plasma and urine of Macaca
mulatta: 8-oxoguanosine in urine is a useful marker for aging,”
Free Radical Research, vol. 46, pp. 1093-1098, 2010.

K. Kuramoto, S. Tahara, T. Sasaki et al., “Spontaneous dwarf rat:
a novel model for aging research,” Geriatrics and Gerontology
International, vol. 10, no. 1, pp. 94-101, 2010.

M. W. Furnes, C. M. Zhao, B. Stenstrom et al., “Feeding behavior
and body weight development: lessons from rats subjected to
gastric bypass surgery or high-fat diet,” Journal of Physiology and
Pharmacology, vol. 60, pp. 25-31, 2009.

J. Liang, X. R. Pei, N. Wang, Z. F. Zhang, J. B. Wang, and
Y. Li, “Marine collagen peptides prepared from chum salmon
(Oncorhynchus keta) skin extend the life span and inhibit
spontaneous tumor incidence in sprague-dawley rats,” Journal
of Medicinal Food, vol. 13, no. 4, pp. 757-770, 2010.

R. Korstanje, Aging Study: Urine Albumin and Creatinine
in 30 Inbred Strains of Mice, MPD:Korstanjel, The Jack-
son Laboratory, Bar Harbor, ME, USA, 2008, March 2012,
http://phenome jax.org.

“European Standards Committee on Oxidaive DNA Damage
(ESCODD) Measurement of DNA oxidation in human cells by
chromatographic and enzymic methods,” Free Radical Biology
& Medicine, vol. 34, pp. 1089-1099, 2003.

C. M. Gedik and A. Collins, “Establishing the background level
of base oxidation in human lymphocyte DNA: results of an
interlaboratory validation study;” FASEB Journal, vol. 19, no. 1,
pp. 82-84, 2005.

H. J. Helbock, K. B. Beckman, M. K. Shigenaga et al., “DNA
oxidation matters: the HPLC-electrochemical detection assay of
8-oxo-deoxyguanosine and 8-oxo-guanine,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 95, no. 1, pp. 288-293, 1998.

A. Weimann, D. Belling, and H. E. Poulsen, “Quantification of
8-oxo-guanine and guanine as the nucleobase, nucleoside and
deoxynucleoside forms in human urine by high-performance
liquid chromatography-electrospray tandem mass spectrome-
try;” Nucleic Acids Research, vol. 30, no. 2, p. E7, 2002.


http://phenome.jax.org

Oxidative Medicine and Cellular Longevity

(24]

[25

[26

(27]

[28

)
X0

(30]

(31]

(34]

M. R. Chao, C. C. Yen, and C. W. Hu, “Prevention of
artifactual oxidation in determination of cellular 8-oxo0-7,8-
dihydro-2/-deoxyguanosine by isotope-dilution LC-MS/MS
with automated solid-phase extraction,” Free Radical Biology
and Medicine, vol. 44, no. 3, pp. 464-473, 2008.

J. D. Zheng, A. L. Hei, P. P. Zuo et al., “Age-related alterations
in the expression of MTH2 in the hippocampus of the SAMP8
mouse with learning and memory deterioration,” Journal of the
Neurological Sciences, vol. 287, no. 1-2, pp. 188-196, 2009.

X. N. Song, L. Q. Zhang, D. G. Liu et al., “Oxidative damage
to RNA and expression patterns of MTHI in the hippocampi
of senescence-accelerated SAMP8 mice and Alzheimer’s disease
patients,” Neurochemical Research, vol. 36, no. 8, pp. 1558-1565,
2011.

K. C. Cheng, D. S. Cahill, H. Kasai, S. Nishimura, and L. A.
Loeb, “8-Hydroxyguanine, an abundant form of oxidative DNA
damage, causes G — T and A — C substitutions,” Journal of
Biological Chemistry, vol. 267, no. 1, pp. 166-172, 1992.

R. Tto, H. Hayakawa, M. Sekiguchi, and T. Ishibashi, “Multiple
enzyme activities of Escherichia coli MutT protein for sanitiza-
tion of DNA and RNA precursor pools,” Biochemistry, vol. 44,
no. 17, pp. 6670-6674, 2005.

J. P. Cai, T. Ishibashi, Y. Takagi, H. Hayakawa, and M. Sekiguchi,
“Mouse MTH2 protein which prevents mutations caused by 8-
oxoguanine nucleotides,” Biochemical and Biophysical Research
Communications, vol. 305, no. 4, pp. 1073-1077, 2003.

T. Ishibashi, H. Hayakawa, R. Ito, M. Miyazawa, Y. Yamagata,
and M. Sekiguchi, “Mammalian enzymes for preventing tran-
scriptional errors caused by oxidative damage,” Nucleic Acids
Research, vol. 33, no. 12, pp. 3779-3784, 2005.

M. Hori, K. Satou, H. Harashima, and H. Kamiya, “Suppression
of mutagenesis by 8-hydroxy-2'-deoxyguanosine 5'-
triphosphate  (78-dihydro-8-oxo-2'-deoxyguanosine ~ 5'-
triphosphate) by human MTHI1, MTH2, and NUDT5,” Free
Radical Biology and Medicine, vol. 48, no. 9, pp. 1197-1201, 2010.
M. Sekiguchi, “Molecular devices for high fidelity of DNA
replication and gene expression,” Proceedings of the Japan
Academy Series B, vol. 82, no. 8, pp. 278-296, 2006.

M. M. Slupska, C. Baikalov, W. M.. Luther, J. H. Chiang, Y. F. Wei,
and J. H. Miller, “Cloning and sequencing a human homolog
(hMYH) of the Escherichia coli mutY gene whose function is
required for the repair of oxidative DNA damage,” Journal of
Bacteriology, vol. 178, no. 13, pp. 3885-3892, 1996.

S. Boiteux and J. P. Radicella, “The human OGGI gene:
structure, functions, and its implication in the process of
carcinogenesis,” Archives of Biochemistry and Biophysics, vol.
377, no. 1, pp. 1-8, 2000.

A. Simm, N. Nass, B. Bartling, B. Hofmann, R. E. Silber, and
A. Navarrete Santos, “Potential biomarkers of ageing,” Biological
Chemistry, vol. 389, no. 3, pp. 257-265, 2008.



