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In relation to carcinogenesis, aging and other pathologic conditions,
urinary 8-hydroxydeoxyguanosine (8OHdG) is widely used as a
marker for evaluating the effect of oxidative stress on DNA. Because
no reports have described how 8OHdG is generated from DNA in
vivo or by biological materials, and how it is excreted into urine, the
authors investigated the generation of 8OHdG from DNA, using rat
liver homogenate. Oxidatively damaged DNA samples containing
different levels of 8OHdG were prepared using ultraviolet irradia-
tion with three different concentrations of riboflavin. Following
incubation of damaged DNA samples with rat liver homogenates,
the generation of 8OHdG from the DNA was determined using high-
performance liquid chromatography with electrochemical detection
after ultrafiltration of the incubation mixtures. The generation of
8OHdG was also tested with an anti-8OHdG antibody. The quantity
of 8OHdG generated from the DNA by rat liver homogenates was
dependent on the 8OHdG levels in the DNA: almost all 8OHdG in the
DNA was released as 8OHdG by rat liver homogenates. Generation
of 8OHdG correlated with the degradation of DNA. Interestingly,
the generated 8OHdG was stable in the presence of rat liver homo-
genates, whereas deoxyguanosine (dG) rapidly disappeared in the
same conditions. Less than 1/10 000 of dG was converted to 8OHdG
when dG was incubated with rat liver homogenate. Incubation of 8-
hydroxyguanine with rat liver homogenates did not generate 8OHdG.
These findings suggest that most of the 8OHdG in DNA is released
as 8OHdG during DNA degradation and that, because of its stability,
8OHdG is excreted into urine, thus providing a convenient measure
of oxidative damage to DNA. (Cancer Sci 2005; 96: 13–18)

Despite the presence of antioxidant defenses and DNA
repair systems, oxidative damage to DNA is an inevitable

consequence of metabolic activities, of ionizing radiation, and
of environmental mutagens.(1−3) Such DNA damage is thought to
play an important role in carcinogenesis, in aging and in a number
of other pathological conditions.(4−6) Among the many types of
oxidative base damage, 8-hydroxydeoxyguanosine (8OHdG) is
the most extensively studied, both because of its mutagenicity,(7,8)

and because its presence can be determined with high sensitivity.(9,10)

In reactive oxygen species-related carcinogenesis, the level of
8OHdG in target tissues appears to play a critical role,(11,12)

and this has led to 8OHdG being widely used as a marker of
oxidative DNA damage.(13,14) However, because of the scantness
of 8OHdG in DNA, and because of secondary formation during
the analysis of 8OHdG in cellular DNA, urinary 8OHdG has been
used to evaluate the level of 8OHdG in DNA, and a number of
analytical methods have been developed with which to reliably
measure 8OHdG in urine.(15−18) Furthermore, findings show that
levels of urinary 8OHdG correlate well with many pathological
conditions, particularly with carcinogenesis.(19−21)

Even so, although urinary excretion of 8OHdG has been pro-
posed as a candidate biomarker of oxidative stress to DNA,(22)

the ultimate source of urinary 8OHdG has not been clarified. In
humans, urinary excretion of 8-hydroxyguanine (8OHG) and
8OHdG is reported to not depend on diet,(23) and may reflect the
involvement of different repair mechanisms, namely base exci-
sion repair (BER) and nucleotide excision repair (NER).(24) BER

is largely responsible for the removal of non-bulky base adducts,
and involves specialized enzymes that recognize a specific rep-
ertoire of lesions. In this process, a number of glycosylases have
been identified.(25,26) These enzymes, however, excise damaged
bases, resulting in the excretion of damaged bases, rather than
damaged nucleosides, into urine. Another set of human 8OHdG
repair enzymes, endonucleases,(27) along with the NER process,
which probably acts simply as a back-up system,(28) are likely to
generate 8OHdG from DNA and thus contribute to the presence
of 8OHdG in urine. No experimental evidence, however, has been
provided to support this conjecture. Findings for several processes
other than DNA repair indicate that other channels contribute to
the background levels of 8OHdG that are excreted in urine. For
example, even though proof of a defined role is still not forth-
coming,(18) 8OHdG may derive from sanitation of the nucleotide
pool by the action of human MutT homolog (MTH),(29,30) or from
dead cells.(1) Potential sources of urinary 8OHdG have been
collated in a comprehensive review.(31) Thus far, however, there
have been neither reports that have described the generation of
8OHdG from DNA through incubation with tissue or cell extracts,
nor have any researchers shown any correlation between the
amount of 8OHdG generated and the 8OHdG levels in DNA.

In the present report, to more clearly elucidate the source of
urinary 8OHdG, the authors investigated whether 8OHdG is
generated from DNA by rat liver homogenate, and whether the
amounts of generated 8OHdG correspond with the levels of
oxidative damage in DNA.

Materials and Methods

Materials. 8OHdG and 8OHG were obtained from Cayman
Chemical (Ann Arbor, MI, USA). Calf thymus DNA, bovine
serum albumin, alkaline phosphatase, control mouse IgG1, pro-
tease inhibitor cocktail, deoxyguanosine (dG) and ethidium
bromide were obtained from Sigma Chemical (St Louis, MO,
USA). Nuclease P1 came from Seikagaku Corporation (Tokyo,
Japan). IgG1 class mouse monoclonal anti-8OHdG antibody
(Clone N45.1) was purchased from the Japanese Aging Control
Institute (Shizuoka, Japan). DNA marker and loading buffer
were from BEXEL Biotechnology (Union City, CA, USA). All
other reagents were reagent grade and purchased from Nacalai
Tesque (Kyoto, Japan).

Preparation of rat liver homogenate. Male Wistar rats aged
11 weeks were killed under deep ether anesthesia and the livers
were promptly removed, frozen in liquid nitrogen, and stored at
−80°C until needed. Using a Teflon-glass homogenizer, livers
were homogenized in five volumes of ice-cold homogenization
buffer (20 mmol/L Tris-HCl pH 7.4, containing 0.25 mol/L sucrose
and 1% v/v protease inhibitor cocktail). The homogenates were filtered
through nylon mesh to remove clumps of connective tissue attached
to unbroken cells and then were stored at −80°C. The contaminated
DNA concentration in the homogenates was 0.04 mg/mL.
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Preparation of oxidatively damaged DNA. Calf thymus DNA was
dissolved with Dulbecco’s phosphate-buffered saline (DPBS) at
2.0 mg/mL and incubated with three different concentrations of
riboflavin (50, 10, 2 µg/mL). The mixtures were then irradiated
with ultraviolet (UV) at 365 nm (UVGL-58; UVP, Upland, CA,
USA) for 10 min at room temperature. The dose of irradiated UV
was calculated to be 0.6 J/cm2. After irradiation, DNA was pre-
cipitated and washed with ethanol. The DNA was then dissolved
with DPBS and precipitated again with ethanol to remove residual
riboflavin. Finally the DNA was dissolved in DPBS at 1.0 mg/mL.
The levels of 8OHdG in the damaged DNA were determined as
described below.

8OHdG release from oxidatively damaged DNA. For the indicated
durations, 10-µL samples of oxidatively damaged DNA were
incubated with 15 µL of rat liver homogenate at 37°C. After
this, the incubation mixtures were diluted with 75 µL of double
distilled water and ultrafiltered with YM10 (Millipore; Billerica,
MA, USA) at 13 400 g for 30 min. The quantities of 8OHdG in
the ultrafiltrates were determined as described below. In the
degradation experiments, dG, 8OHG, or 8OHdG were incubated
with the rat liver homogenates, and the mixtures were ultra-
filtered as described above.

Determination of 8OHdG and dG. The level of 8OHdG in the
damaged DNA was determined as described previously.(32)

Briefly, DNA was heat denatured and then digested sequentially
with nuclease P1 and alkaline phosphatase. The generated 8OHdG
was determined using an electrochemical detector (ECD,
Coulochem II; ESA, Chelmsford, MA, USA) and dG with a
UV detector: both methods were combined with previously
described(33) high-performance liquid chromatography (HPLC).
As described above, the dG levels in the dG-degradation experi-
ment and the quantities of 8OHdG that were generated from
damaged DNA after incubation with rat liver homogenates were
determined. The authors also detected some 8OHG under the same
conditions as for the 8OHdG determination; however, because
of the close proximity of other peaks close to the 8OHG peak,
an accurate determination of the small amounts of 8OHG was
not possible.

Absorption of 8OHdG with anti-8OHdG antibody. After incuba-
tion of oxidatively damaged DNA with rat liver homogenates at
37°C for 18 h, the incubation mixture was ultrafiltered through
YM10, then the ultrafiltrate was incubated with either anti-
8OHdG antibody, control IgG1 or DPBS at 37°C for 60 min. The
molar ratio of 8OHdG to antibody or control IgG1 was 1:4. The
mixtures were then ultrafiltered again with YM10, and the ultra-
filtrates (final ultrafiltrates) were applied to the HPLC–ECD system
to determine the quantity of 8OHdG.

DNA degradation determined using electrophoresis. After DNA
was incubated with rat liver homogenates as described above, the
incubation mixtures were loaded onto 2% agarose gels containing
0.5 × TBE (45 mM Tris-boric acid with 1 mM ethylenediamine
tetra-acetic acid, pH 8.0) and ethidium bromide, and then elec-
trophoresed with 0.5 × TBE buffer. The separated fragments were
made visible on the agarose gel using a UV transilluminator and
DNA profiles were taken using a camera.

Protein assay. The protein concentrations of rat liver homoge-
nates were determined using a Bio-Rad protein assay solution
(Bio-Rad, Hercules, CA, USA). Bovine serum albumin was used
as a standard.

Statistical analysis. Data are presented as means ± standard error.
Statistical analyses were carried out using one-way anova; P-values
of <0.05 were considered to be statistically significant.

Results

Generation of 8OHdG from oxidatively damaged DNA by rat liver
homogenate. After subjecting the DNA to UV irradiation with
different concentrations of riboflavin, 8OHdG in DNA was

concentration-dependently induced. For 10 µg of DNA, the amount
of induced 8OHdG was: 26.7 ng with riboflavin 50 µg/mL,
12.5 ng with 10 µg/mL, or 3.7 ng with 2 µg/mL (Table 1).

When oxidatively damaged DNA (prepared using UV irradiation
with 50 µg/mL riboflavin) was incubated with varying concentra-
tions of rat liver homogenates, concentration-dependent generation
of 8OHdG was observed up to an 8 mg/mL concentration (Fig. 1).
The authors found no further increase in 8OHdG generation from
DNA at homogenate concentrations of >8 mg/mL. In the fol-
lowing experiments, to maximally generate 8OHdG, 12 mg/mL of
rat liver homogenate was thus used. In contrast, no 8OHdG was
generated when, for 24 h, rat liver homogenates were incubated
alone without damaged DNA, or when the damaged DNA was
incubated with homogenization buffer but without homogenate.

As shown in Figure 2, 8OHdG was time-dependently generated
from oxidatively damaged DNA after incubation with rat liver
homogenates. When DNA samples with different degrees of
damage were treated for the same incubation time, the quantities
of 8OHdG that were generated correlated with the 8OHdG
levels in DNA. The greater the presence of 8OHdG in DNA, the
greater its release by rat liver homogenates. After a 24-h incuba-
tion period, approximately 70% of the 8OHdG in DNA was
released as 8OHdG (Table 1), and no significant differences in
the percentage of 8OHdG released from the original levels of
8OHdG in the different samples were found.

Absorption of 8OHdG with anti-8OHdG antibody. To confirm the
generation of 8OHdG from DNA by rat liver homogenates,
the absorption of 8OHdG by anti-8OHdG antibody was tested.
As Figure 3 shows, the final ultrafiltrate of the reaction mixture
of rat liver homogenates and DNA peaked at the same elution

Table 1. Different levels of 8-hydroxydeoxyguanosine (8OHdG) in
damaged DNA and generation by rat liver homogenates of 8OHdG
from the DNA
 

 

Quantity of 8OHdG in 
10 µg DNA (ng)

Quantity of 8OHdG 
released (ng)

Quantity of 8OHdG 
released(%)

A 26.7 ± 0.59 18.58 ± 0.55 69.7 ± 3.5
B 12.5 ± 0.10 8.99 ± 0.39 72.1 ± 3.2
C 3.7 ± 0.02 2.78 ± 0.08 75.1 ± 2.6

Ultraviolet irradiation with (A) 50 µg/mL, (B) 10 µg/mL, or (C) 2 µg/mL 
riboflavin induced different levels of 8OHdG. The percentage released 
indicates the ratio of the amount of released 8OHdG to the total 
amount of 8OHdG in the DNA. Data from a typical experiment 
conducted in triplicate are presented as mean ± SE.

Fig. 1. Release of 8-hydroxydeoxyguanosine (8OHdG) from oxidatively
damaged DNA. After ultraviolet irradiation in the presence of 50 µg/
mL riboflavin, consequently damaged DNA was incubated with the
indicated concentrations of rat liver homogenates at 37°C for 24 h.
After incubation, the reaction mixtures were ultrafiltered and the
quantity of 8OHdG in the ultrafiltrate was determined as described in
Materials and Methods. Results from two independent experiments
conducted in duplicate are presented as mean ± SE.
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time as authentic 8OHdG. Control IgG1 did not absorb the
peak in the ultrafiltrate; however, anti-8OHdG antibody at the
same concentration as control IgG1 absorbed the peak almost
completely.

Degradation of DNA by rat liver homogenates. As Figure 4 shows,
rat liver homogenates degraded DNA that had been damaged by
UV irradiation in the presence of 50 µg/mL riboflavin. Oxida-
tively damaged DNA was considerably degraded even after 1 h
of incubation, and the DNA degradation by rat liver homogenates
was dependent on the incubation time. In contrast, when damaged
DNA was incubated for 24 h without rat liver homogenates, it
was not degraded (C24 vs C0). Although the DNA was exten-
sively damaged by UV irradiation in the presence of riboflavin,
its size was larger than 1000 bp (C0).

Changes in the amount of dG, 8OHG or 8OHdG in the presence of rat 
liver homogenates. As Figure 5A shows, when dG was incubated
with rat liver homogenates, a small amount of 8OHdG was
detected at 0 h of incubation, and this amount increased slightly
after 6 h of incubation. At 6 h, however, the amount of 8OHdG
generated from dG was <1/10 000 of dG (Fig. 5A). In the presence
of rat liver homogenates, dG disappeared rapidly. More than
70% of dG had disappeared even after 0.5 h of incubation: after
3 h none could be detected. By contrast, in the presence of rat
liver homogenates, 8OHG and 8OHdG did not breakdown sig-
nificantly after 6 h, and more than 75% of 8OHG and 8OHdG
were detected unchanged even after 24 h of incubation (Fig. 5B,C).
8OHdG was not generated from 8OHG by rat liver homogenates.

Discussion

Urinary 8OHdG is widely used as a biological marker with which
to evaluate oxidative stress in the body.(22,34,35) Its usefulness,
however, has so far been limited because we do not know enough
about how 8OHdG comes to be present in urine.(23,31) No evidence
has been presented that 8OHdG is released from DNA by
tissues, cells, or by their extracts. Here, the authors clearly show
that 8OHdG is generated from DNA by rat liver homogenates
(Fig. 1). Because other compounds that are present in rat liver
homogenates might have, in HPLC analysis, produced peaks
at the same position as 8OHdG, the authors tested with an
anti-8OHdG antibody. The antibody absorbed the peak almost

Fig. 2. Time course of 8-hydroxydeoxyguanosine (8OHdG) generation
from DNA with different levels of 8OHdG. Ultraviolet irradiation with
(�) 50 µg/mL, (�) 10 µg/mL or (�) 2 µg/mL riboflavin-damaged DNA
samples were incubated with rat liver homogenates at 37°C for 1, 3, 6,
or 24 h. Then the incubation mixtures were ultrafiltered through YM10
and the quantities of 8OHdG in the ultrafiltrates were determined as
described in Materials and Methods. Results from a typical experiment
conducted in triplicate is presented as mean ± SE.

Fig. 3. High-performance liquid chromatography–electrochemical
detector chromatogram of the final ultrafiltrates incubated with anti-
8-hydroxydeoxyguanosine (8OHdG) antibody or control IgG1. After
incubation of DNA (damaged by ultraviolet irradiation with 50 µg/mL
riboflavin) with rat liver homogenates at 37°C for 18 h, the incubation
mixture was ultrafiltered. The ultrafiltrate was incubated with
Dulbecco’s phosphate-buffered saline (B), control IgG1 (C), or anti-
8OHdG antibody (D), then the mixtures were ultrafiltered again with
YM10. Quantities of 8OHdG in the final ultrafiltrates were determined
as described in Materials and Methods. Peak A indicates authentic
8OHdG, and ‘I’ indicates the injection points of samples.

Fig. 4. Electrophoretic determination of DNA degradation by rat liver
homogenates. DNA (damaged by ultraviolet irradiation with 50 µg/mL
riboflavin) was incubated with rat liver homogenates at 37°C for the
indicated durations. Then incubation mixtures containing 1.0 µg
DNA were subjected to electrophoresis as described in Materials and
Methods. C0, C24: samples of damaged DNA were incubated with
homogenization buffer at 37°C for 0 h (C0) or 24 h (C24). M, marker
DNA fragments, sizes of marker fragments are indicated on the right.
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completely, indicating that 8OHdG was generated from DNA
(Fig. 3). Our data also show that the quantity of 8OHdG
generated from the DNA corresponds with the level of oxidative
damage in the DNA (Fig. 2). These findings indicate that, in
vivo, 8OHdG is generated from DNA, and that the amounts of
generated 8OHdG are useful for evaluating oxidative damage in
DNA. However, attention should be paid when determining the
8OHdG quantity (see Fig. 2).

A semiquantitative assay of 8OHG using the 8OHdG detection
system showed that the quantities of 8OHG produced from DNA
were approximately 1/25 of the quantities of 8OHdG after
incubation of DNA with rat liver homogenates, and that the
proportion did not vary with the 8OHdG levels in DNA (data
not shown). It might be thought that just 70% of 8OHdG was
released from DNA after a 24-h incubation period (Table 1).
However, Figure 5C shows that 75% of 8OHdG could be
recovered after the same incubation time in the presence of rat
liver homogenates. Thus, in this system, the authors considered
that most of the 8OHdG in damaged DNA was released as
8OHdG.

The authors were surprised that most of the 8OHdG was
released from DNA by the rat liver homogenates. At first, it was

considered that 8OHdG was generated during the DNA repair
process, because dG, a DNA degradation product,(1) was barely
detectable in the ultrafiltrates. The result of electrophoresis (Fig. 4),
however, indicated that the generation of 8OHdG co-occurred
during DNA degradation. In the presence of rat liver homogenates,
it is possible that dG rapidly disappeared, which was confirmed
as shown in Figure 5A. When DNA was incubated with rat liver
homogenates for 1 h, the electrophoretic mobility of oxidatively
damaged DNA was decreased, probably due to the interaction
between the DNA and the proteins in the homogenate.

It is also possible that 8OHdG is generated from dG or 8OHG.
In particular, generation from dG has been reported in the co-
presence of oxidants.(9,36,37) Commercially available dG prepara-
tions usually contain 1–5 molecules of 8OHdG per 100 000 of
dG (data not shown). When dG was incubated with rat liver
homogenates, however, <1/10 000 of the dG was converted to
8OHdG during 6 h of incubation (Fig. 5A). Meanwhile, 8OHdG
was not generated when 8OHG was incubated with rat liver
homogenates (Fig. 5B). These findings indicate that, during
DNA degradation, 8OHdG was generated directly from DNA.
The authors suggest that 8OHdG is generated when oxidative
stress causes tissue or cell destruction: in such conditions, both
oxidative DNA damage and tissue or cell homogenates could be
produced. Because oxidative stress induces apoptosis,(38,39) and
DNA is extensively degraded during apoptosis,(40) apoptotic cells
might also be sources of 8OHdG. The authors are now investi-
gating whether living cells could also generate 8OHdG from
DNA using a cell culture system.

Liver contains many types of nuclease(41−44) that degrade
DNA to nucleotides. In turn, these can be dephosphorylated to
nucleosides by the phosphatases that are also present in the
liver.(45,46) Some nucleases in the liver are reported to be sensitive
to NaCl,(47,48) and when NaCl was added to the incubation mix-
tures, NaCl at concentrations of more than 150 mmol/L inhibited
the generation of 8OHdG (data not shown). The finding further
supports our conclusion that 8OHdG generation is coupled with
DNA degradation. Thus it seems plausible that, in the present
experiment, the nucleases and phosphatases present in the
liver were responsible for the generation of 8OHdG from DNA.
Additionally, in support of this conclusion, the technique for
determining 8OHdG in DNA uses nuclease P1, an exonuclease,
and alkaline phosphatase.(11,33,49) Further study, however, is required
to identify which enzyme or enzymes are responsible for the
generation of 8OHdG from DNA. Furthermore, investigation as
to which organ most efficiently generates 8OHdG may eventually
make it possible to use urinary 8OHdG to evaluate organ-specific
oxidative stress. In contrast to rat liver homogenates, Fpg pro-
tein, a bacterial homolog of oxoguanine glycosylase that acts as
a DNA BER enzyme,(50,51) generated 8OHG from DNA, but not
8OHdG (data not shown).

It is interesting that, while dG rapidly disappeared under the
same conditions, in the presence of rat liver homogenates more
than 75% of 8OHG and 8OHdG remained unchanged up to 24 h
of incubation (Fig. 5). These findings suggest that 8OHdG and
8OHG are stable in the body and in the circulation, and so may
be excreted into urine unchanged, whereas most of dG under-
goes breakdown and may not be detectable in urine as intact dG.
This hypothesis is supported by the finding that the quantities of
8OHdG and 8OHG in urine are greatly disproportionate to the
quantity of dG in urine.(18,22,52) It is also interesting that 8OHdG
and 8OHG seem not to be metabolized or reused, suggesting the
presence of mechanisms that do not allow the naturally occurring
damaged base to be incorporated into nucleic acids. Our discovery
of the stability of 8OHdG in the presence of rat liver homogenates
suggests a useful substrate that could be used to study nucleases.
Because 8OHdG is a stable product of nuclease reaction and can
be determined with high sensitivity, DNA with 8OHdG seems to
be a better substrate than DNA without 8OHdG.

Fig. 5. Effect of incubation time on (�) quantity of deoxyguanosine
(dG), (�) 8-hydroxyguanine (8OHG), or (�) 8-hydroxydeoxyguanosine
(8OHdG) in the presence of rat liver homogenates. (A) dG (0.5 µg).
(B) 8OHG (16 ng). (C) 8OHdG (25 ng). Amounts were calculated from
samples of 10 µg of DNA that were damaged by ultraviolet irradiation
with 50 µg/mL riboflavin. These were incubated at 37°C with rat liver
homogenates for 0, 0.5, 1, 3, 6 or 24 h. After incubation, the mixtures
were ultrafiltered and the quantities of dG, 8OHG, or 8OHdG in the
ultrafiltrates were determined as described in Materials and Methods.
Data from a typical experiment conducted in triplicate are presented as
mean ± SE. *P < 0.05, significantly increased when compared with 0 h;
#P < 0.05, significantly decreased when compared with 0 h.
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In conclusion, 8OHdG is released from DNA by rat liver
homogenates in quantities that correspond with the levels of
oxidative damage in the DNA. Because 8OHdG is stable in the
presence of rat liver homogenates, it is likely that 8OHdG is stable
enough in circulation to be excreted into urine. Thus, urinary
8OHdG, if determined at appropriate times or with 24-h urine
testing, is a useful marker of oxidative DNA damage that is
induced by oxidative stress, particularly oxidative stress that leads
to the organ or cell destruction, or apoptosis. Although the present
results do not show the in vivo generation of 8OHdG from DNA

directly, they show that 8OHdG is generated from DNA by a
biological material, rat liver homogenate.
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