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DNA is constantly damaged and repaired in living cells. The repair products of the
oxidative DNA lesions, i.e. oxidised nucleosides and bases, are poor substrates for the
enzymes involved in nucleotide synthesis, are fairly water soluble, and generally ex-
creted into the urine without further metabolism. Among the possible products, 8-oxo-
2'-deoxyguanosine, B-oxoguanine, thymine glyvcol, thymidine glycol and, 5-
hydroxymethyluracil have so far been identified in urine. It should be emphasised that
the excretion of the repair products in urine represents the average rate of damage in
the total body whereas the level of oxidised bases in nuclear DNA is a concentration
measurement in that specific tissue/cells in the moment of sampling.

The rate of oxidative DINA modifications has been studied in humans by means of the
repair products as urinary biomarkers, particularly with respect to B-oxo-2'-
deoxyguanosine. The data obtained so far indicate that the important determinants of
the oxidative damage rate include tobaceo smoking, oxygen consumption and some in-
flammatory diseases whereas diet composition, energy restriction and antioxidant
supplements have but a minimal influence, possibly with the exception of yet unidenti-
fied phytochemicals, e.g. from cruciferous vegetables.

The data are consistent with the experimentally based notion that oxidative DNA
damage is an important mutagenic and apparently carcinogenic factor. However, the
proof of a causal relationship in humans is still warranted. In the future the use of hio-
markers may provide this evidence and allow further investigations on the gualitative
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and quantitative importance of oxidative DNA modification and carcinogenesis in
man, as well as elucidate possible preventive measures.

Oxidative damage to DNA has been pro-
posed to be an important factor in carcino-
genesis, a suggestion supported by experi-
mental studies in animals and in vitro [1-10].
DNA is constantly damaged and repaired in
the cells in the body. The products of repair of
these lesions are excreted into the urine. The
rate of excretion of the repair products in
terms of oxidised nucleosides and bases re-
flects the average rate of oxidative DNA in the
body. Indeed, the excretion rates correspond
to a damage rate of up to 10* oxidative DNA
modifications in each cell every day. This pa-
per will review the use of these urinary excre-
tion products as biomarkers of oxidative DNA
damage.

URINARY BIOMAKERS OF DNA
DAMAGE

The repair products from oxidative DNA
damage, i.e. oxidised bases and nucleosides,
are poor substrates for the enzymes involved
in nucleotide synthesis, are fairly water solu-
ble, and generally are excreted into the urine
without further metabolism [11, 12]. Among
the possible repair products from oxidative
DNA modifications 8-ox0-2"-deoxyguanosine
(8-0xodG), 8-oxoguanine (8-0xoGua), thymine
glycol (Tg), thymidine glycol (dTg) and 5-
hydroxymethyluracil (5-OHmU) have so far
been identified in urine (Fig. 1) [10, 11,
13-17] (Table 1). Of these 8-0xodG and the
thymine derivatives have been the most inten-
sively studied ones.

The assays for the urinary DNA repair prod-
ucts include HPLC with detection by electro-
chemistry for B-oxodG and 8-oxoGua and by
UV absorbance for dTg and Tg, whereas all
the repair products can potentially be meas-
ured by GC/MS [16, 17]. The major problem
with all these assays involves separation of
the very small amounts of these products
from urine which is a very complicated

matter. Thus, although several of the products
are electrochemically active and high sensitiv-
ity is achievable, the HPLC methods require
extensive clean up procedures such as multi-
ple solid phase extractions, HPLC column
switching techniques or immunoaffinity col-
umns [11, 13, 18-23]. The complicated extrac-
tion procedures cause recovery problems and
both HPLC and GC/MS-SIM methods may re-
quire labelled internal standards. Moreover,
the complicated procedures limit the analyti-
cal capacity. An ELISA assay based on mono-
clonal antibodies has been developed for esti-
mation of 8-0x0dG in urine samples [24]. How-
ever, the values obtained in rat urine were
3-5 times higher than other published values.
Similarly, in four smokers studied before and
after smoking cessation the urinary 8-oxodG
excretion values estimated by the ELISA
method were 8 times higher than, and showed
only a weak correlation (r = 0.42) with the val-
ues obtained by HPLC [25].

The repair pathway of 8-oxoGua in DNA may
be discussed in relation to the use of the base
or the nucleoside as urinary biomarkers [20].
Thus, two different DNA repair enzymes, one
with glycosylase activity and one excising sin-
gle 8-0xodG as a nucleotide, have been iso-
lated from nuclear extracts of a human cell
line [26]. Moreover, the 8-0x0dG phosphatase
and 8-0xodGMP nucleotidase will selectively
and rapidly convert the liberated oxidised nu-
cleotide to a nucleoside ready for excretion
[27, 28). These enzymes will also sanitise oxi-
dised dGTP from the cellular pool and allow
its excretion as 8-oxodG. In addition, diges-
tion of damaged DNA derived from cell re-
newal and mitochondrial turnover will liber-
ate 8-oxodG. Unpublished data from studies
on rats indicate that the induction of 8-0x0dG
in nuclear DNA from target organs corre-
sponds to the increase in urinary excretion af-
ter administration of the carcinogen 2-
nitropropane, supporting the view that &
oxodG is the primary repair product in vive.
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Experiments on animals have shown that in-
jected B-oxodG is readily excreted unchanged
into the urine [11, 12]. Furthermore, after ad-
ministration of radiolabelled 8-0x0dG in the
gut and dG intravenously to rats no labelled &-
oxodG was found in the urine, indicating that
8-oxodG present in the diet or oxidation of dG
during excretion does not contribute to the
urinary excretion of 8-oxodG [11]. In rats at
least, dietary purines are an important deter-
minant of the excretion of 8-oxoGua which is
far larger than the excretion of 8-ox0dG [20].
In theory, 8-0x0Gua could also originate from
metabolism of the RNA oxidation product 8
oxoguanosine which is excreted in urine in
3-4 times higher amounts than 8-0xodG [29].
However, in humans the excretion of 8-
oxoGua and 8-0x0dG are in the same range
and both are increased by smoking [15, 18].
Accordingly, although the exact relative im-
portance of the repair pathways remains to be
determined, the urinary excretion of 8-oxo0dG
reflects the general average risk of a promuta-
genic oxidative adduct in DNA of all tissues
and organs. Possibly, determination of &
oxo(Gua in the urine will be a valuable addition
allowing a complete account of the repair of 8-
oxodG in DNA.

The 24 h urinary excretion of 8-oxodG shows
a seven-fold range within the studied popula-
tions and an intersubject coefficient of varia-
tion of 30-40% (Table 1). The intraindividual
coefficient of variation was 22% in 8 subjects
examined twice on a controlled diet for 10
weeks [30], and in 20 subjects studied twice af-
ter an interval of 130 days the measured &
oxodG excretion rates were significantly cor-
related (r=0.73) [20]). In urine stored at
~20°C B-oxodG was stable for at least 6 years
([30], and unpublished observations). For Tg
and dTg excretion the interindividual coeffi-
cients of variation range from 28% to 92% (Ta-
ble 1).

For convenience, the use of spot urine sam-
ples corrected for creatinine would be simpler
than 24 h collection of urine. However, in 73
healthy subjects from whom we collected
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urine for 24 h and a spot urine sample from
the subsequent voiding, the correlation be-
tween the B-oxodG to creatinine ratio in the
spot samples and the 24 h excretion of 8
oxodG was, rather poor (r = 0.50). In 20 sol-
diers studied before and after an extensive ex-
ercise program the intra-individual variation
in the 8-0x0dG to creatinine ratio was suffi-
ciently low, i.e. a coefficient of variation of
50%, to detect a significant effect, despite the
potential effects on both 8-oxod(G and creati-
nine production. Accordingly, 8-0x0dG to cre-
atinine ratios can be used in cross-over stud-
ies with repeated sampling in the same indi-
vidual whereas 24 h urine collection is prefer-
able in cross sectional studies,

For the use of the urinary excretion of repair
products as biomarkers, the extensive repair
of oxidative lesions in DNA is assumed. Thus,
after ionising radiation the increase in uri-
nary excretion of Tg and B-oxodG occurred
within 24 h in humans whereas excess 8-
oxod(x was removed from mouse liver DNA af-
ter approximately 90 min [31-33]. In a study
of 8-0x0dG in human brain the accumulation
rate in the nuclear DNA corresponded to 2 le-
sions per cell per day [34). The reported val-
ues of the urinary excretion of the repair prod-
uct, 8-oxodG, are in the range 200-600
pmol/kg per 24 h which corresponds to an av-
erage of 168-504 lesions per day for each of
the assumed 5 X 103 cells in the body [18,
30]. In addition, the alternative repair prod-
uct, B-oxoGua appears to be excreted in simi-
lar amounts [15]. Accordingly, the calculated
repair efficiency under these assumptions
ranges from 99.4% to 99.8%.

Due to the extensive and rapid repair the uri-
nary excretion of the repair products will re-
flect the average rate of oxidative DNA dam-
age in all the cells in the body. In contrast, the
levels of oxidised bases in DNA lymphocytes
or other accessible cells will reflect the steady
state levels, i.e. the balance between damage
and repair, albeit only in a surrogate for tar-
get tissues.Thus, the two groups of biomark-
ers are supplementary.
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Table 1. Published values regarding urinary biomarkers of oxidative DNA damage in humans
Experimental ;;rotnml Age (yr) Lesion Assay  MeantSD or (range) E:ufgr
_9 healthy subjects unknown ~dTgand Tg HPLC 55 o00 and 100:50 pmolkg 45
;Et?;nt].athy subjects vs 20 cancer unknown  dTg HPLC g‘tﬂ-ﬁﬁlﬂﬂ vs 347+166 pmol/kg [611
10 hoalthy subjacts te 20'cmchr ynknown T HPLC 174454 us 125445 pmol/kg 24 h  [61]
o pitcsbate e grt0 oy GC/MS 8-10 us 20-37 nmol/24 h [31]
G sy dit g dTg GC/MS 250 vs 106 pmol/kg 24 h [16)
after o Pallentepefore U 2373 5OHmU  GC/MS 7419 vs 9619 nmol/24 h* (351
5 healthy subjects unknown  BoxodG HPFLC 323423 pmol/kg 24 h [111
63 healthy subjects unknown  B-oxodG HPLC 172+79 pmol/kg 24 h [20]
23 healthy subjects unknown  B-oxodG GC/MS 300+100 pmol/kg 24 h [18]
Doty oy nomemokers v 30 4064 8oxodG  HPLC 213:84 us 320499 pmol/kg 24 h* [18]
Eéalhm :E:rw:mokers vs 12 ga.99 8 oxodC: HPLC giaif‘lm vs 4312168 pmol/kg [36]
ﬁ:ﬁ%ﬁgﬁ;ﬁmukﬁm w10 lmown  BoxodG HPLC tlrrg:E:m u:’l,S:tGA nmol/mmol [19]
SISl 10 Sowd  HEC 28LZwA0limmo/mmd g
20 smokers o/ chango afier 15, Boxods  HPLC 41:16-38(XCI-9018) (o
ﬁ mk&r; t':{; ;n ;I}El;ge after 4548 8oxodG HPLC :Sn:uﬁ?’ ;E?]; (95% CI -3.8 to 7.8) [55]
ﬁ;%ra *g’a ;];?EE; after 4516 8-0x0dG HPLC :;‘!:025 E*EE (95% CI -5.1 to 10.0) [55)
;‘l&a:eplb?)kem +/~ change after 4547 8-0x0dG HPLC 2?:51?»' Egi (95% CI -18.1 to 1.1) (55]
WSS ILS08 g booie  HPC 05 wHO-0pmke oy
%Sf‘jxﬁjm 80% energy in diet 35-50 8-0x0dG HPLC EEQ}:.EIB vs T8+189 pmol/kg (301
o A oxodG  GC/MS 345 vs 110 pmol/kg 24 h 16
m;ltﬁ; zt#fie;i before vs 201 SaxodC HPLC Er:;zgui ':J: 2.5+0.4 nmol/mmol [47]
iﬁ;ﬁ :E:d:r]em vsim g, 8ox0dG HPLC gri:gi nu; 1.640.5 nmol/mmol (471
ity sl belore i 2010-30) Bomeds.  HRLC (EDuMALMD g
32 yﬂ;ﬁiﬂsmr; E? dﬂﬂ 30 55,0 BoxodC HPLC 1-08+0.59 vs 1.25:0.59 [65]
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33 benzene exposed workers
preshift and the following 32 (20-58) BoxodG HPLC 0.2 8nd 0,99 nmol/mmol [50)
evening
K e N riier”  mean42  BoxodG HPLC 142470 us 111456 nM * (66
Iﬂnmru;; tpj:;i;nts vs ki 8oxodG HPLC EI:;{IE u:‘l.ﬁ to 3.4 nmol/mmol (19}
%733]1:&1&;3 apx;b&icut;w unknown  BoxedG HPLC {l:rt:ﬂ _mtﬂ.lil.d nmol/mmeol (221
27 healthy subjects ve 9
138 cancer patients unknown  8oxodG HPLC 1548 vs 18:11 nmol/24 h [22]
79 cancer patients before vs
3a7 canm:P patients after unknewn  BoxodG HFLC iﬁ:ll-'q ":.2'512'5 nmol/somal [22]
chemotherapy

; 20-47 vs {1.0-5.2) vs (0.8-3.9)

10 RA® patients vs. 33 SLE®  57-80 vs (25-32) s (< 1) nmol/mmol
paﬁemp 20-64 8oxodG HPLC  Jo-ire o [56]
10 healthy subjects vs 11 cystic mean 9 vs 1.5+0.4 vs 2.8+1.2 nmol/mmol
fibrosis patients 5-16 8oxodG  HPLC creatinine® [63]
ﬁfﬁ;‘ﬁ;’ﬁﬁiﬁ%‘“fm and g7 g9 BoxodG GC/MS 8-14 vs 31-40 nmol/24 h (31)
6 healthy non-smokers vs 7 29-25 vs 3.8:+1.9 vs 7.41+15 ng/mg
healthythgmukara 23-60 BoxoGua HPLC creatinine® (3]
&hﬁﬂmﬁfcm exposed 22-25 foxoGua HPLC  max. 12-18 ng/mg creatinine®  [15]
11 healthy subjects before us 15 35 goxoG  HPLC 40585 vs 310485 pmol/kg 24 h  [29]
gher vitamin Coand Band 1835 8oxoG  HPLC  390:85 pmol/kg 24 h 1291
53 haalth,y_ subjects unknown  8-oxoG HPLC 3352125 pmol/kg 24 h [20]

* P < (.05 "RA, theumatoid arthritis; I’S;l_.l::, systemie lupus erythemathosus,

DETERMINANTS OF URINARY
BIOMAKERS OF OXIDATIVE
DNA DAMAGE

The rate of oxidative DNA modifications in
humans has been studied by means of the uri-
nary biomarkers in relation to a large number
of factors and conditions as summarised in
Table 1. In the majority of studies 8-0xodG has
been chosen for measurement. There is good
agreement between different laboratories re-
garding the values of urinary excretion of the
repair product, whereas the values obtained
from DNA isolated from tissues or cells differ

by several orders of magnitude, but some of
the differences may be related to the choice of
analytical method [10].

Cancer therapy

Ionising radiation, a classical and pure
source of reactive oxygen species (ROS) par-
ticularly hydroxyl radicals, has in a few sub-
jects been shown to inerease the urinary ex-
cretion rate of 8-oxodG and dTg (Table 1) [22,
31]. Similarly, cancer chemotherapy with
adriamycin which induces formation of ROS
increased the 24 h urinary excretion of 5
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OHmU, a repair product of thymine oxidation
in 14 cancer patients [35]. Many other forms
of chemotherapy with or without radiother-
apy appear to increase 8-0xodG excretion [22].

Age

So far, no published study has systematically
addressed age as a determinant of the mark-
ers of oxidative modification of DNA in hu-
mans. From the studies involving different
age groups it would appear that the urinary
excretion rate of the repair products de-
creases with age (Table 1). In ageing rats uri-
nary 8-oxodG excretion decreased along with
accumulation in tissue DNA [3]. These data
thus suggest that the rate of damage de-
creased with age, possibly along with the de-
creasing rate of metabolism, whereas the
steady state levels increased due to failing re-
pair.

Metabolism, exercise and diet

A close relationship between the urinary ex-
cretion rate of 8-oxodG and 24-h oxygen con-

sumption or the change in resting metabolic
rate after energy restriction has been demon-
strated in humans [30, 36]. Similar correla-
tions, including dTg excretion, have been
shown across species [16, 37-39]. This appar-
ent relationship between oxidative DNA dam-
age and oxygen consumption is thought to be
due to the 1-5% fraction undergoing single
electron transfers to generate ROS during mi-
tochondrial respiration [40].

Exercise would be expected to increase the
metabolic rate and might thus increase the
rate of oxidative DNA damage. However, this
notion has not been supported by studies with
short term exercise of medium intensity in
athletes (Table 1). However, 10 h after a mas-
sive exercise effort in terms of a marathon run
a 130% increase in the urinary 8-oxodG to cre-
atinine ratio has been reported [41]. Moreo-
ver, after a period of 30 days with extensive
exercise 8-11 h per day the 8-oxod( to creati-
nine ratio increased significantly in 20 sol-
diers [42].

In rodents energy restriction consistently in-
creased the life span and reduced the inci-
dence of spontaneous as well as carcinogen in-
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Figure 1. Products of repair of oxidative DNA damage identified in human urine,
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duced tumours [43, 44]. This effect may be re-
lated to a decreased rate of oxidative DNA
damage as shown in nuclear and mitochon-
drial DNA from liver and mammary gland in
energy restricted rats [45, 46]. Similarly, in a
single human subject after energy restriction
by 40-50% for periods of 10 days, the urinary
excretion rate of 8oxodG and dTg was re-
duced by 50-80% [16]. However, in a con-
trolled study of 16 subjects on a diet contain-
ing 80% of their weight maintaining energy
for 10 weeks there was a slight increase in the
rate of urinary 8-oxod(G excretion (Tablel)
whereas there was no change in 8 subjects
continuing on a diet with 100% of their weight
maintaining energy [30].

Tobaceo smoking and other environmental
eXpOsSuUres

Tobacco smoking has consistently been
shown to increase the urinary excretion rate
of 8-oxodG by 30-50% (Table 1) [18, 19, 36,
47]. Moreover, 4 weeks after cessation of
smoking the 8-o0x0dG excretion was reduced
by 20% in 65 quitters whereas a much smaller
decrease was seen in continuing smokers in a
controlled study [48]. Similarly, tobaceo smo-
king increased the creatinine corrected con-
centration of the alternative repair 8-0x0Gua
in the urine [15].

A number of toxic occupational and other en-
vironmental exposures could be expected to
act partly by inducing oxidative damage to
DNA. Indeed, the creatinine corrected uri-
nary concentration of 8-oxodG correlated sig-
nificantly (r = 0.34) with benzene exposure in
65 fuel filling attendants [49]. Similarly, there
was a significant increase in the urinary 8-
ox0dG to creatinine ratio from pre-shift to the
following evening and morning in 33 workers
exposed to benzene in gasoline although there
was no apparent dose-effect relationship and
no corresponding samples available as con-
trols [50]. Asbestos induced 8-oxodG in DNA
in vitro [51] and rubber, azo dye and asbestos
exposed workers from Poland have been re-

ported to have increased ratios of B-oxodG to
creatinine in the urine [52]. In a study of in-
dustrial art glass workers increased urinary 8-
oxodG concentrations were found in exposed
smokers whereas exposed non-smokers, and
unexposed smokers and nonsmokers showed
no significant differences (Table 1). Exposure
to heavily polluted urban air for 3 h increased
the urinary creatinine corrected concentra-
tion of 8-oxoGua, the alternative repair prod-
uct of 8-oxodG in DNA [15].

Antioxidants and phytochemicals

Antioxidant supplementation could be ex-
pected to reduce the rate of oxidative DNA
modification. Indeed, the B-oxodG excretion
decrease along with an increase in plasma vi-
tamin C concentration in a controlled smok-
ing cessation study [48, 53]. However, so far
intervention studies have not provided sup-
port for the notion of a beneficial effect of an-
tioxidants. In smokers daily administration of
8-carotene, vitamin C, vitamin E or coenzyme
Q had no effect on the excretion rate of 8-
oxodG (Table 1) [54, 55] or the RNA damage
product, 8-0x0G [29]. Actually, a positive cor-
relation between the creatinine corrected 8-
oxodG levels in urine and the plasma levels of
alpha-tocopherol was reported in patients
with cystic fibrosis [56] although a biological
mechanism for such an association is hard to
conceive.

A potential DNA protective effect of specific
vegetable components was suggested by a 28%
reduction in the rate of urinary 8-oxod(G excre-
tion after a diet with 300 g of Brussels sprouts
in comparison with 300 g of non-cruciferous
vegetables [57]. This effect was reproduced in
rats in our laboratory (unpublished data). In a
repeat experiment involving humans, how-
ever, no sign of reduced 8-oxodG excretion
was seen in women and a reduction did not
reach statistical significance in men after a
diet with 300 g of Brussels sprouts per day for
a week [58]. Nevertheless, a new analytical
procedure was used in that study and the val-
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ues in some subjects were extremely high [58].
Indeed, cruciferous vegetables, such as Brus-
sels sprouts and brocceoli, contain certain phy-
tochemicals that are anticarcinogenic possi-
bly by inducing enzymes scavenging electro-
philes and by mimicking the cellular protec-
Ltive response to oxidative stress (59, 60].

Diseases

In patients with malignant diseases an in-
creased 8-oxodG to creatinine ratio has been
found in two studies [19, 22] although the 24 h
excretion was not significantly elevated, sug-
gesting that the apparent effect could be re-
lated to decreased creatinine production (Ta-
ble 1). In another study 24 h excretion rates of
Tg and dTg were similar in cancer patients
and healthy control subjects [61] (Table 1).

An important role of oxidative damage has
been suggested in autoimmune diseases in-
cluding rheumatoid arthritis and systemic lu-
pus erythematosus. In the urine the 8-0x0dG
to creatinine ratio was increased in the
former patients as compared to healthy con-
trols whereas the latter patients excreted vir-
tually no 8-0xodG and could have defective re-
pair [56]. This could contribute to the patho-
genesis and even to the increased risk of ma-
lignant diseases in these patients [56, 62].

In patients with cystic fibrosis the creatinine
corrected concentration of urinary 8-oxodG in
urine was elevated compared to healthy con-
trols, offering a possible explanation of an in-
creased cancer risk in those patients [63].
However, as creatinine production may be af-
fected by this disease these data need confir-
mation from a study with quantitative urine
collection.

CONCLUSION

The rate of oxidative DNA modifications in
humans can be studied by means of measure-
ment of the amount of the repair products as
urinary biomarkers. Experience regarding

the impact of a large number of factors and
conditions has been gained, particularly with
respect to urinary 8-oxod(G excretion.

The data from studies on humans obtained
go far indicate that the important determi-
nants of the oxidative damage rate include to-
bacco smoking, oxygen consumption and
some inflammatory diseases, whereas diet
composition, energy restriction and antioxi-
dant supplements have but a minimal influ-
ence, possibly with the exception of yet uni-
dentified phytochemicals, e.g. from crucifer-
ous vegetables. The data are consistent with
the experimentally based notion that oxida-
tive DNA damage is an important mutagenic
and apparently carcinogenic factor. However,
the search for a proof of a causal relationship
in humans is still warranted. In the future the
use of the biomarkers may provide this evi-
dence and allow further investigation on the
qualitative and quantitative importance of
oxidative DNA modification and carcinogene-
sis in man, as well as elucidation of possible
preventive measures.
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