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Oxidative damage to DNA in human tissues can be 
determined by measuring multiple products of oxida- 
tive damage to the purine and pyrimidine bases using 
gas chromatography-mass spectrometry (GC-MS). Oxi- 
dative damage to lipids (lipid peroxidation) can be 
quantitated by the mass spectrometry-based determi- 
nation of F2-isoprostanes, specific end-products of the 
peroxidation of arachidonic acid residues in lipids. For 
both DNA base damage products and 8-epi prostag- 
landin F2c~ (PGF2~), there is a wide variation in levels 
between different healthy human subjects. We mea- 
sured multiple products of oxidative damage to DNA 
bases in white cells, and 8-epi PGF2~ in plasma, from 
blood samples obtained from healthy human subjects 
in the UK and in Portugal. No correlation of 8-epi PGF2~ 
levels with levels of any modified DNA base (including 
8-hydroxyguanine) was observed. We conclude that 
no single parameter can be measured as an index of 
"oxidative stress" or "oxidative damage" in vivo. 
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INTRODUCTION 

It is increasingly recognised that oxidative dam- 
age to DNA contributes to the age-related dev- 
elopment of cancer Ills] and that oxidative damage 
to lipids (lipid peroxidation) is a major contribu- 
tor to atherosclerosis, and to cardiovascular dis- 
ease generally. [7-1°] Both lipid peroxidation and 
oxidative DNA damage can be modulated by diet 
to some extent. Ellq~] Hence the use of "biomar- 
kers" of oxidative DNA damage and of lipid 
peroxidation has been proposed as a mechanism 
for identifying which diets, and other lifestyle 
factors, I16-q8] could minimize oxidative damage 
and thus could putatively delay the onset of car- 
diovascular disease and of the major cancers. [19,20] 

There has been considerable debate over the ap- 
plicability, sensitivity, reproducibility and vali- 
dity of various biomarkers of oxidative damage, 
but there seems to be an increasing consensus 
that the measurement of isoprostanes by mass 
spectrometry may be the best currently-available 
biomarker of lipid peroxidation in the human 
body. [14"20-30] Plasma levels of F2-isoprostanes, 

specific end-products of the peroxidation of ara- 
chidonic acid residues, (211 are elevated in 
smokers [2sl and other situations of oxidative 
stress, [21-24] and decreased by antioxidant admin- 
istration. I14,21] 

Even apparently-healthy subjects show wide 
variations in the F2-isoprostane levels in their 
body fluids. [14'21'25'31] In part this could be ex- 

plained by differences in diet, but other factors 
may also be involved, e.g. levels of endogenous 
antioxidant defences (which may be in part 
genetically determined), and rate of metabolism of 
isoprostanes. [14"26] In other words, some healthy 
human subjects appear to show higher extents of 
lipid peroxidation than others, even on compar- 
able diets. These subjects could conceivably be 
more predisposed to the later development of 
diseases involving lipid peroxidation, such as 
atherosclerosis and perhaps diabetes. [32-34] 

There is less agreement about which (if any) 
is the "best" biomarker to use when measuring 
oxidative DNA damage. [35] Measurement of 

8-hydroxylated guanine (either as the base 
8-hydroxyguanine [8OHG] or more often as 
the nucleoside 8-hydroxy-2'-deoxyguanosine 
[8OHdG]) is the most popular technique, largely 
because of the availability of an HPLC-based 
assay, [L21 but other products of oxidative dam- 
age to DNA bases can also be measured. D5-371 

In principle, mass spectrometric methods for 
simultaneously determining multiple DNA base 
oxidation products should be more chemically- 
rigorous than HPLC techniques, but, as with all 
methods, artifactual oxidation of DNA bases dur- 
ing isolation, hydrolysis and analysis of DNA can 
sometimes occur to an extent variable between 
laboratories. Several protocols that claim to elim- 
inate such artifacts have been described. [35'37-391 

Levels of 8OHdG (or 8OHG), like those of iso- 
prostanes, vary widely between individuals, even 
in subjects with comparable plasma levels of anti- 
oxidants. [n'4°l In one study, [411 levels of 8OHdG in 
lymphocytes were found to be positively corre- 
lated with mortality rates from coronary heart 
disease and colorectal cancer. An important ques- 
tion is whether subjects who show high levels 
of base oxidation products in their DNA also 
show high levels of lipid peroxidation, i.e. are 
they under a general state of "oxidative stress"? 
In the present paper we have measured levels of 
a plasma Fa-isoprostane (8-epi PGF2~) as an index 
of lipid peroxidation, and a wide range of DNA 
base oxidation products in white blood cell DNA, 
both plasma and cells being from the same blood 
samples. Two separate groups of healthy human 
volunteers were used, one in the UK and one in 
Portugal, in order to examine possible correla- 
tions in two countries with different diets. [41] 
All analyses of isoprostanes and oxidative DNA 
damage were conducted in the UK to avoid 
methodological variations. 

MATERIALS AND METHODS 

Reagents 

Unless otherwise stated, chemicals were of the 
highest quality available from Sigma Chemical 
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ASSESSMENT OF OXIDATWE STRESS IN HUMANS 357 

Co. (Poole, Dorset, UK), BDH Chemical Co. 
(Gillingham, Dorset, UK) or Aldrich Chemical 
Co. (Milwaukee, WI, USA). Ribonucleases A 
(bovine pancreas, molecular biology grade) and 
T1 (Aspergillus oryzae) were from Sigma. 8- 
Hydroxyadenine, thymine glycol and FAPy gua- 
nine were synthesised as described previously.[42] 
2-Hydroxyadenine, 5-hydroxycytosine and 5- 
(hydroxymethyl) uracil were gifts from Dr. Miral 
Dizdaroglu (NIST, Gaithersburg, USA). Other 
reagents needed for GC-MS analysis of oxida- 
tive DNA damage were obtained as described 
in Refs. [39,40] Prostaglandin F2 (9,11,15-trihy- 
droxy-5,11-eicosadienoic acid) standards includ- 
ing 9c~,11o~-, 9c~,11fl-, 9fl,11~-, 8-epi- and 3,3',4, 
4'-tetradeuterated 9c~,11c~-PGF2 (PGF2-d4) were 
obtained from Cascade Biochemicals (Reading, 
UK). Sep-Pak C18 (500rag) cartridges were 
obtained from Millipore Incorporation (Millford, 
MA, USA). Aminopropyl (NH2) cartridges 
(Supelclean LC-NH2, 500 mg) were supplied by 
Supelco (Bellefonte, PA, USA). N,O-bis(trime- 
thylsilyl)-trifluoroacetamide (BSTFA) was pur- 
chased from Pierce Chemical Company 
(Rockford, IL, USA). 

Subjects 

Group A 

Twenty volunteers (11 males, 9 females) age range 
22-45, mean age 29.7 + 6.7 years were recruited by 
advertising within King's College and the local 
community by means of poster advertisements, 
to take part in a study comparing the effects 
of high-flavonoid and low-flavonoid diets on 
parameters of oxidative stress. 

All subjects were non-smokers and had normal 
haematology and liver function tests. Exclusion 
criteria were the regular consumption of antioxi- 
dant supplements or of medication, acute illness, 
or changed dietary habit or contraception within 
four weeks prior to starting the study. Female 
subjects were not pregnant or lactating accord- 
ing to a medical questionnaire. The study was 
approved by King's College Research Ethics 

Committee and all subjects supplied written, 
informed consent. The high-flavonoid diet used 
(details to be published elsewhere) did not 
decrease levels of plasma F2-isoprostanes, or of 
oxidized DNA bases in white cells when com- 
pared with the low-flavonoid diet, and so the data 
for subjects have been pooled, giving 40 samples 
for analysis (20 on the low-flavonoid and 20 on 
the high-flavonoid diet). 

Group B 

Thirty-three volunteers (7 males, 26 females), 
mean age 50.74-15.2 years (range 27-76 years) 
were recruited from the staff of the Biomedical 
Institute for Research in Light and Image and 
from the University for the Elderly, Coimbra, 
Portugal. The exclusion criteria were as listed 
above. The study was approved by the Ethics 
Committee of Coimbra University Hospitals and 
all subjects supplied written, informed consent. 

Statistics 

Results were analysed using SPSS version 6. Two 
extreme outliers (greater than+2SD) were 
observed in the 8-OH guanine data set of the UK 
subjects and were excluded. Normality of dis- 
tribution was tested using Kolmogorov-Smirnov 
Goodness of Fit Test. As all data were normally 
distributed, correlations between sets of data 
were determined using Pearson's method. 

Sample Collection 

Blood was collected by venepuncture into sam- 
pling vials (lOml) containing lithium-heparin 
(Portugal) or ETDA (UK) for cell collection, and 
indomethacin-stabilized citrated plasma for iso- 
prostane analysis. I311 Blood samples were centri- 
fuged at 2000x g for 10 min at room temperature. 
Blood cells including the buffy layer were trans- 
ferred into new containers and stored at -70°C 
until analysis, a protocol which does not increase 
oxidative DNA damage. E4°1 Aliquots (1 ml) of the 
plasma were transferred to Eppendorf tubes and 
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20 pl of butylated hydroxytoluene [BHT] (5 mM 
in methanol) was added. The samples were stored 
at -70°C until analysis. Samples were stored for 
a maximum time of 6 months, a period which 
does not alter isoprostane levels (if BHT has 
been added). 

Analysis of Oxidative DNA Damage 

DNA isolation and analysis of DNA base damage 
products by GC-MS were carried out as described 
in Rehman et al. [4°] Derivatisation was carried 
out at room temperature in the presence of 
ethanethiol. [391 

Analysis of Isoprostanes 

Solid-Phase Extraction Procedure ~311 

Plasma (1 ml) was incubated with 1 ml of aqueous 
potassium hydroxide (1.0 M) at 45°C for 30 min to 
release esterified lipids. Water (1 ml) was added 
and the pH adjusted to 2 by sequentially add- 
ing 1 M HC1 (1 ml) and 0.1 M HC1 (3 ml) while 
vortexing. PGF2-d4 (5rag in 50 ethanol) was 
added as an internal standard and the sample 
was centrifuged at 2400 x g for 5 min. The super- 
natant was applied onto a Cls cartridge precon- 
ditioned with methanol and water (pH 3.0). The 
cartridge was sequentially washed with 10 ml of 
water (pH 3.0) and acetonitrile-water (15:85, 
v/v) to remove non-lipid materials. 

Lipids were eluted by washing the cartridge 
with 5ml of hexane-ethyl acetate-propan-2-ol 
(30:65:5, v/v). This eluate was then applied to 
an NH2 cartridge, preconditioned with hexane 
(5ml). The NH2 cartridge was sequentially 
washed with 10ml of hexane-ethyl acetate 
(30:70, v/v), acetonitrile-water (9:1, v/v) and 
pure acetonitrile. F2-isoprostanes were eluted 
from the NH2 cartridge with 5 ml of ethyl acetate- 
methanol-acetic acid (10 : 85:5, v/v). The sample 
was immediately transferred into a screw-cap 
vial and the solvent evaporated under nitrogen 
at room temperature. 

Derivatization 

The pentafluorobenzyl (PFB)-ester was prepared 
by adding 40pl of pentafluorobenzyl bromide 
(10% in acetonitrile) and 20 pl of di-iso-propyl- 
ethylamine [DIPEA] (10% in acetonitrile) to the 
dried sample following extraction as above. The 
vials were sealed with a Teflon-lined cap, kept at 
40°C for 45min and the solvent was removed 
under a stream of nitrogen. 

Fifty ~tl of N,O-bis(trimethylsilyI) trifluoroacet- 
amide [BSTFA] followed by 5 ~tl DIPEA (10% in 
acetonitrile) were added. The vials were sealed 
and kept at 4°C for 12 h. The solvent was removed 
under nitrogen and the residue was reconstituted 
in iso-octane (20 gl) containing 10% BSTFA. All 
the samples were stored at -20°C until GC-MS 
analysis. 

Gas Chromatography-Mass Spectrometry 

GC-MS/NICI analysis was carried out on a 
Hewlett Packard 5890 GC linked to a VG70SEQ 
mass spectrometer (Fisons Instruments, 
Manchester, UK) using ammonia as reagent gas. 
F2-isoprostanes were separated on an SPB-1701 
column (30 m x 0.25mm ID; 0.25 gm film thick- 
ness, Supelco Incorporation, Bellefonte, PA). 
Samples (2 gl) were injected into a temperature 
programmed Gerstel injector (Thames Chromato- 
graphy, Maidenhead, UK). The GC oven was 
programmed from a temperature of 175°C to 
270°C at a rate of 30°C/rain. Quantitative analysis 
was performed using selected ion monitoring 
(SIM) of the carboxylate anion [M-181]- at m/z 

569 for the Fa-isoprostanes and m/z 573 for PGF2- 
d4 as the internal standard. 

RESULTS 

Two groups of healthy human volunteers, non- 
smokers, were involved in this study, one from 
London and one from Portugal. The Portuguese 
group was older (50.74-15.2 versus 29.74-6.7 
years). Levels of the F2-isoprostane 8-epi PGF2~ 
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in the  L o n d o n  g r o u p  w e r e  107 + 37 p g / m l  p l a s m a  

( m e a n  + SD), r a n g e  57-197 p g / m l .  Leve l s  of oxi-  

d a t i v e  D N A  d a m a g e  in w h i t e  b l o o d  cell  D N A  

are  s u m m a r i z e d  in  Table  I. A s  o b s e r v e d  p re -  

v ious ly ,  [11'4°1 the re  w a s  a w i d e  v a r i a t i o n  b e t w e e n  

subjects .  The re  w a s  no  co r r e l a t i on  b e t w e e n  a n y  

p r o d u c t  of  o x i d a t i v e  d a m a g e  to the  D N A  b a s e s  

a n d  l i p i d  p e r o x i d a t i o n ,  as  a s s e s s e d  b y  8-epi PGF2~ 

levels .  For  i l l u s t r a t ion ,  F i g u r e  I s h o w s  this  l ack  of  

co r r e l a t i on  w i t h  the  c o m m o n l y  u s e d  " b i o m a r k e r "  

TABLE I Levels of modified bases in white cell DNA from 
healthy English subjects. The range of levels of base pro- 
ducts (expressed as nmol/mg DNA) in 40 blood samples 
from 20 healthy subjects 

Base product measured Range (nmol/mg DNA) 

5-OHMe hydantoin 0.014-1.145 
5-OH hydantoin 0.005-0.086 
5-OH uracil 0.002-0.039 
5-OHMe uracil 0.002-0.018 
5-OH cytosine 0.028-0.151 
Thymine glycol 0.046-0.624 
FAPy adenine 0.026-0.240 
8-OH adenine 0.002-0.114 
2-OH adenine 0.018-0.309 
FAPy guanine 0.020-0.844 
8-OH guanine 0.006-0.082 
Total of base products measured 0.350-2.790 

I nmol of a lesion per mg DNA corresponds to approximately 
32 lesions/10 s DNA bases. 

.10, 

8 O H G ,  a n d  F i g u r e  2 s h o w s  the  l ack  of  co r r e l a t i on  

w i t h  the  to ta l  of a l l  D N A  base  o x i d a t i o n  p r o d u c t s .  

For  the  P o r t u g u e s e  g r o u p  levels  of  8-epi P G F 2 ,  

w e r e  81 ± 55 p g / m l  p l a s m a .  Leve l s  of  D N A  base  

d a m a g e  p r o d u c t s  a re  s u m m a r i z e d  in Table  II. 

A g a i n ,  l eve l s  of  8-epi PGF2~ w e r e  no t  c o r r e l a t e d  

w i t h  a n y  D N A  b a s e  d a m a g e  p r o d u c t .  Fo r  e x a m -  

ple ,  for  to ta l  D N A  d a m a g e  r w a s  - 0.178 (p = 0.301) 

a n d  for  8 O H G  r w a s  - 0 . 0 3 7  (p = 0.429). 
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FIGURE 2 Lack of correlation between levels of plasma 
8-epi PGF2~ and levels of all oxidized DNA bases (i.e. the 
sum of 5-OHMe hydantoin, 5-OH hydantoin, 5-OH uracil, 
5-OHMe uracil, 5-OH cytosine, thymine glycol, FAPy ade- 
nine, 8-OH adenine, 2-OH adenine, FAPy guanine and 
8-OH guanine) in blood samples from healthy English 
volunteers. The correlation coefficient was -0.01, p = 0.966. 

~Z ~ .08, 

~ .06, 

~,~ .04, 
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• (30 

• • 0  • O • 

O• O • O O O O high flavonoid diet 

t~ •O • low flavonoid diet 

0 100 200 300 
8-epi PGF2a (pg/ml) 

FIGURE 1 Lack of correlation between levels of plasma 8- 
epi PGF2~ and white cell 8-hydroxyguanine levels in blood 
samples from healthy English volunteers. The correlation 
coefficient was 0.169, p=0.311. A diet low or high in flavo- 
noids did not alter levels of oxidative DNA base damage, 
so the data have been combined. 

TABLE II Levels of modified bases in white cell DNA from 
healthy Portuguese subjects. The range of levels of base prod- 
ucts (expressed as nmol/mg DNA) in 33 healthy subjects 

Base product measured Range (nmol/mg DNA) 

5-OHMe hydantoin 0.062-0.153 
5-OH hydantoin 0.034-0.139 
5-OH uracil 0.024-0.065 
5-OHMe uracil 0.017--0.029 
5-OH cytosine 0.052-0.145 
Thymine glycol 0.306-0.626 
FAPy adenine 0.561-1.260 
8-OH adenine 0.062-0.147 
2-OH adenine 0.441-1.081 
FAPy guanine 0.684-1.361 
8-OH guanine 0.113-0.182 
Total of base products measured 3.127-4.127 

I nmol of a lesion per mg DNA corresponds to approximately 
32 lesions/10 s DNA bases. 
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DISCUSSION 

Our data show that, in healthy adult volunteers 
from two different countries, there was no 
correlation between plasma levels of 8-epi PGF2~, 
and DNA base oxidation products in white cell 
DNA from the same blood samples. Indeed, 
whereas mean levels of 8-epi PGF2, tended to be 
slightly lower in the Portuguese subjects, levels 
of 8OHG and other oxidized bases were some- 
what higher. Extensive variations in 8OHdG 
levels in lymphocytes between subjects from 
different countries have been reported else- 
where. 1411 The Portuguese subjects were older 
(50.7± 15.2 versus 29.7+6.7 years) than the 
London ones. Since oxidative DNA damage levels 
may increase with age, [431 this might contribute to 
the difference. 

Of course, as we have used only a single 
biomarker of lipid peroxidation (levels of the 
F2-isoprostane PGF2~), it is possible that other 
indices could give different answers. Neverthe- 
less, our data show that measurement of neither 
PGF2c,, nor 8OHG, nor any other product of DNA 
base oxidation is by itself an adequate overall 
index of "oxidative damage" or "oxidative stress". 
Hence, to evaluate the effects of diet or other 
lifestyle parameters on oxidative damage in the 
human body, separate parameters of oxidative 
damage to DNA, lipids (and probably proteins) 
must be measured. [19"2°1 

To some extent our conclusions are not un- 
expected. Steady-state levels of oxidative DNA 
damage could be affected by variations (including 
genetically-determined ones) in levels of antiox- 
idant defence and DNA repair enzymes, the 
effectiveness of the sequestration of transition 
metal ions into forms that will not catalyze 
formation of OH" and other radicals that can 
attack DNA Ll°l and the rate at which cells with 
oxidatively-damaged DNA are eliminated, e.g. by 
apoptosis. Levels of low-molecular-mass anti- 
oxidants, both endogenous (such as GSH and 
histidine-containing dipeptides) and diet- 
derived (ascorbate, tocopherols, flavonoids, 
carotenoids etc.) may also be important. Plasma 

levels of F2-isoprostanes are determined both by 
their rates of formation and their rates of metabo- 
lism I261 and urinary excretion, all of which could 
vary between subjects. Rates of formation could 
be affected by levels of exogenous and endo- 
genous antioxidant defences and "catalytic" 
transition metal ions, and rates of clearance by 
variations in levels of enzymes metabolizing 
isoprostanes and in renal function. 

Another important point that has been much 
debated in the literature I374°'441 is whether the 

GC-MS technique we have used to assess oxida- 
tive DNA damage generates artifacts. Our mea- 
sured mean levels of 8OHG (nmol/mg DNA) 
were 0.034 for the UK subjects and 0.135 for the 
Portuguese subjects, or 4.9 and 19.5 8OHG/105 
guanines respectively. However, in two recent 
inter-laboratory comparisons of levels of 8OHG/ 
8OHdG in "standard" calf thymus DNA, the 
values determined by our methodology were 
comparable to those measured on the same sam- 
ple by several laboratories using HPLC metho- 
dology or GC-MS with prepurification. I45'461 
Mecocci et al. [431 found levels of about 3 8OHdG 
per 105 guanines in muscle DNA from subjects 
< 40 years old, but > 5 for subjects aged 40-50, and 
,-~ 8 for subjects aged 51-60, the mean age range of 
the Portuguese subjects examined in the present 
paper. Hence we do not think that GC-MS analysis 
of oxidative DNA base damage generates sig- 
nificant artifacts if proper analytical conditions 
are used. 
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