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a  b  s  t  r  a  c  t

It  is well  accepted  that  oxidative  DNA  repair  capacity,  oxidative  damage  to DNA  and  oxidative  stress  play
central roles  in aging  and  disease  development.  However,  the  correlation  between  oxidative  damage  to
DNA,  markers  of  oxidant  stress  and  DNA  repair capacity  is  unclear.  In addition,  there  is  no  universally
accepted  panel  of  markers  to  assess  oxidative  stress  in  humans.  Our  interest  is oxidative  damage  to
DNA and  its  correlation  with  DNA  repair  capacity  and  other  markers  of oxidative  stress.  We  present
preliminary  data  from  a small  comet  study  that  attempts  to  correlate  single  strand  break  (SSB)  level
with  single  strand  break  repair  capacity  (SSB-RC)  and  markers  of  oxidant  stress  and  inflammation.  In  this
limited study  of four  very  small  age-matched  24-individual  groups  of  male  and  female  whites  and  African-
Americans  aged  30–64  years,  we found  that  females  have  higher  single  strand  break  (SSB)  levels  than
males  (p =  0.013).  There  was  a significant  negative  correlation  between  SSB-RC  and  SSB  level  (p  =  0.041).
There  was  a positive  correlation  between  SSBs  in  African  American  males  with  both  heme  degradation
products  (p =  0.008)  and  high-sensitivity  C-reactive  protein  (hs-CRP)  (p  =  0.022).  We  found  a  significant
luorescent heme degradation products
igh-sensitivity C-reactive protein (hs-CRP)

interaction  between  hs-CRP  and  sex  in  their effect  on residual  DNA  damage  (p =  0.002).  Red  blood  cell
reduced  glutathione  concentration  was  positively  correlated  with  the  levels  of  oxidized  bases  detected
by  endonuclease  III  (p =  0.047),  heme  degradation  products  (p  = 0.015)  and hs-CRP  (p =  0.020).  However,
plasma  carbonyl  levels  showed  no  significant  correlation  with  other  markers.  The  data  from  the  literature
and from  our  very  limited  study  suggest  a complex  relationship  between  measures  of  oxidative  stress
and  frequently  used  clinical  parameters  believed  to  reflect  inflammation  or  oxidative  stress.
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. Introduction
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DNA repair capacity in humans is an attractive biomarker
or clinical investigations that focus on the relationship between
he repair of DNA damage, overall health status, and disease

Abbreviations: AP sites, apurinic/apyrimidinic sites; BER, base excision repair;
MI, body mass index; DSB, double strand break; Endo III, endonuclease III
thymine glycol-DNA glycosylase); Fpg, formamidopyrimidine-DNA glycosylase;
SH, reduced glutathione; hs-CRP, high sensitivity C-reactive protein; PBMC,
eripheral blood mononuclear cell; RBC, red blood cell; SSB, single strand break;
SB-RC, single strand break repair capacity.
∗ Corresponding author at: National Institute on Aging, National Institutes of
ealth, Baltimore, MD 21224-6825, USA. Tel.: +1 410 558 8573;

ax: +1 410 558 8268.
E-mail addresses: evansmi@mail.nih.gov, me42v@nih.gov (M.K. Evans).

1 Current address: Molecular Neurobiology Research Branch, National Institute
n Drug Abuse, National Institutes of Health, Baltimore, MD, USA.
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susceptibility. Described as the repair or removal of many differ- 

ent types of lesions via several biochemical pathways, human DNA 

repair capacity has been shown to be affected by alterations in 

several DNA repair pathways and linked to both heritable and spo- 

radically occurring age-associated diseases such as cancer [1,2]. 

Work by numerous investigators has documented the relationship 

between repair capacity and disease state. For example, Collins et al. 

have shown that the capacity to repair of oxidative damage to DNA, 

is associated with heart disease mortality rate [3].  Many studies 

have employed the alkaline comet assay and the host cell reactiva- 

tion assay to assess the effect of age on, the repair of �-radiation-, 

UV-induced and hydrogen peroxide-induced DNA damage [2,4–9].  

In our earlier work, we demonstrated a set of DNA repair parame- 

ters that permitted us to examine both the fast and slow component 
o DNA and single strand break repair capacity: Relationship to other
ol. Mech. Mutagen. (2012), doi:10.1016/j.mrfmmm.2012.01.002

of SSB repair [10]. Later work used the alkaline comet assay to 45

examine whether demographic and epidemiologic factors, such as 46

age, sex, race, BMI, hypertension, tobacco or alcohol use, affect the 47

repair capacity of single strand breaks (SSB) in humans. We  found 48

dx.doi.org/10.1016/j.mrfmmm.2012.01.002
dx.doi.org/10.1016/j.mrfmmm.2012.01.002
http://www.sciencedirect.com/science/journal/00275107
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hat age, race and sex affect the fast component of DNA repair, while
he slow component was unaffected [11]. However, examining DNA
epair capacity of various lesions is only a part of the work that
eeds to be done to understand the relationship of DNA repair and
uman health. While measuring DNA repair of various lesions is
ritically important, recent focus has partially shifted to investi-
ations that assess levels of damage to DNA particularly oxidative
amage to DNA and oxidative stress because of the importance of
hese lesions in aging and disease development.

The Harman Free Radical Theory states that accumulation of
xidative damage to DNA and other cellular components and tis-
ues over the lifespan leads to aging, disease and death [12].
xidative damage to DNA includes single strand breaks (SSBs) and
xidative base damage. An increased baseline level of oxidative
amage to DNA is associated with several age-related diseases

ncluding: cardiovascular disease [3],  diabetes mellitus [13], cancer
14], neurodegenerative disease [15], and end-stage renal disease
16]. The level of oxidative damage to DNA depends on a vari-
ty of factors. They may  include age [14], environmental exposure
o genotoxic factors [17], smoking [18], ethanol intake [19], and
ntracellular and extracellular metabolism [20]. The specific role
f oxidative stress in aging and the development of age-related
iseases is a subject of active investigation but the exact mecha-
isms that may  define this relationship are unclear. The type of
xidative stress that is most relevant to aging and aging-related
iseases has yet to be determined because many systems maintain
he redox status in cells and tissues [21]. Understanding this com-
lex relationship may  provide potential biomarkers of oxidative
tress, which can be objectively measured as indicators of nor-
al  and pathologic processes that result in age-related disease and

ecrement in cellular function associated with aging.
Cellular defenses have evolved that combat oxidative stress-

nduced DNA damage. They include antioxidants, which either
cavenge free radicals or prevent their formation. One component,
he glutathione system, is central to the defense against oxidative
tress. Reduced glutathione (GSH), a non-enzymatic antioxidant,
lays a central role in eliminating peroxides and thus helping
o maintain the correct thiol/disulfide redox state of proteins for
roper biological function. Several diseases are associated with
ecreased blood GSH concentration including rheumatoid arthri-
is, coronary artery disease, AIDS, Alzheimer’s disease, and Werner
yndrome (reviewed in [22]) and reports show that reduced
lutathione levels decline with age (reviewed in [21]). These asso-
iations indicate that measuring GSH levels could aid in earlier
etection of increased accumulation of oxidative damage to DNA
nd associated diseases.

Protein oxidation is a consequence of oxidative stress, and
ssaying for protein carbonyls is one of the most frequently used
ools to investigate protein oxidation levels. Protein carbonyls are
ormed as a consequence of oxidation of lysine, arginine, proline
nd threonine residues, and fragmentation products of peptide
ond cleavage reactions. Higher levels of protein carbonyls are
bserved with increased age in healthy human subjects [21] and
n Alzheimer’s disease, Werner syndrome, chronic inflammation
nd rheumatoid arthritis [23,24].

A second measure of protein oxidation is the presence of
uorescent heme degradation products, the end products formed

rom autoxidation of hemoglobin [25]. When oxyhemoglobin is
xidized, superoxide anions are produced and then converted to
ydrogen peroxide by dismutase [26,27]. The oxidized hemoglobin
roteins can interact with this cellular hydrogen peroxide, result-

ng in degradation of the heme moiety. The heme degradation
Please cite this article in press as: A.R. Trzeciak, et al., Oxidative damage t
measures of oxidative stress in a population cohort, Mutat. Res.: Fundam. M

roducts auto-fluoresce, and in fresh blood samples suggest that
eactive oxygen species (ROS) resulting from hemoglobin autox-
dation reaction escape the red blood cell antioxidant system.
ince red cells have no enzymatic system in place to remove these
 PRESS
earch xxx (2012) xxx– xxx

degradation products, it is believed that they may  be a relevant 

biomarker of oxidative stress originating from the red cell [28]. 

Recently, inflammation has been assessed in clinical settings by 

measuring levels of high-sensitivity C-reactive protein (hs-CRP). 

CRP is an acute phase protein that is associated with an increased 

risk of coronary artery disease, peripheral arterial disease, stroke, 

diabetes and metabolic syndrome [29]. hs-CRP has been linked to 

chronic inflammation that is a consequence of oxidative stress; 

therefore it is relevant to examine the importance of hs-CRP as a 

biomarker of disease states related to oxidative stress. 

The aim of this work was  to assess whether demographic factors, 

such as age, sex and race affect the baseline level of DNA oxida- 

tion and to examine whether there were consistent relationships 

between frequently studied markers of oxidative stress and DNA 

repair parameters in a small bi-racial cohort. Based on recent stud- 

ies in the literature, we  have chosen to examine a diverse panel of
markers representative of the antioxidant system, systemic inflam-
mation, and oxidative damage to DNA for this study. Using the
single cell gel electrophoresis (comet) assay, we examined the level 

of single strand breaks and oxidized bases detected by endonucle-
ase III and Fpg in cryopreserved PBMCs to examine whether there 

is a correlation between the level of DNA oxidation in lympho- 

cytes and other oxidative stress-related measures including: red 

blood cell glutathione (RBC GSH), heme degradation products, and 

protein carbonyls in plasma. The use of high-sensitivity C-reactive 

protein (hs-CRP) as a measure of systemic inflammation is of partic- 

ular relevance because it is regularly used in the everyday clinical 

practice of physicians. Additionally, we examined the SSB-RC for 

each of the participants to determine if we  are able to use DNA 

repair techniques as an indicator of oxidatively induced DNA dam- 

age. Currently it is unknown how various demographic parameters 

affect and are affected by oxidative stress, and what the effect on 

repair of the damage caused by oxidative stress will be. In this study 

we have examined different oxidative stress parameters in order to 

gain a better understanding of the relationship between biological 

mechanisms associated with oxidative stress. 

2. Material and methods

2.1. Study design 

Blood donors were participants in the Healthy Aging in Neighborhoods of 

Diversity across the Life Span (HANDLS) study of the National Institute on Aging 

Intramural Research Program (NIA IRP). The purpose of this study is to unravel
the effects of race and socioeconomic status on the development of age-associated 

health disparities among African-Americans and whites. HANDLS is a prospective 

population-based interdisciplinary, longitudinal study. Our baseline is representa- 

tive of working-age African Americans and whites between 30 and 64 years old 

recruited as a fixed cohort of participants by household screenings from an area
probability sample of twelve neighborhoods (contiguous census tracts) in Balti- 

more City and one trial neighborhood. Power analyses for longitudinal analyses 

after twenty years of follow-up with repeated assessments every three years spec- 

ify at least 80% power for a minimum sample size of 30 participants per cell defined 

by race (African American, white), socioeconomic status (self-reported household 

income based on 125% of the 2004 Health and Human Services Poverty Guidelines), 

age (seven 5-year age groups 30–64 years old), and sex [30]. 

The study has undergone IRB review and informed consent was obtained from all 

participants. The HANDLS sub-cohort used in this pilot study consists of 24 African- 

American females, 24 African-American males, 24 white females and 24 white males
ranging in age from 30 to 64 years. The characteristics of the study population pre- 

sented in Table 1 were collected from the self-reported medical history for each 

participant obtained by a health care professional as part of a complete physical 

examination and collection of blood and urine for clinical laboratory analysis. 

2.2. Peripheral blood mononuclear cells (PBMCs) isolation and cryopreservation 

Fasting blood samples were collected in 8-ml Vacutainer® heparinized vials (BD, 
o DNA and single strand break repair capacity: Relationship to other
ol. Mech. Mutagen. (2012), doi:10.1016/j.mrfmmm.2012.01.002

Franklin Lakes, NJ). Blood was transported at room temperature to the lab and the 177

isolation procedure of peripheral blood mononuclear cells (PBMCs), red blood cells 178

(RBCs) and plasma was performed within 3 h of phlebotomy. 179

PBMCs were separated by centrifugation of blood collected in heparinized vials 180

and diluted with RPMI-1640 medium over Histopaque 1077 (Sigma–Aldrich, St. 181

dx.doi.org/10.1016/j.mrfmmm.2012.01.002


ARTICLE IN PRESSG Model

MUT  11173 1–11

A.R. Trzeciak et al. / Mutation Research xxx (2012) xxx– xxx 3

Table  1
Clinical characteristics of the cohort.

Whites African-Americans

Females (n = 24) Males (n = 24) Females (n = 24) Males (n = 24)

Age (in years; mean ± SD) 45.5 ± 11.0 (32.7–64.7) 47.7 ± 10.4 (32.1–64.7) 47.3 ± 10.4 (30.5–64.8) 48.5 ± 10.4 (31.3–64.5)
Hypertension (%) 26.3 43.5 36.8 42.9
Coronary atherosclerotic heart disease (%) 5.3 4.3 0.0 23.8
Diabetes mellitus, type 2 (%) 10.5 13.0 10.5 23.8
Current tobacco use (%) 58.3 22.0 50.0 66.7
Pack-years (mean ± SD) 14.8 ± 14.9 (0–50) 6.5 ± 12.0 (0–39) 8.9 ± 12.1 (0–40) 12.6 ± 13.0 (0–40)
log10 (hs-CRP in serum [pg/ml]) 6.73 ± 0.88 (5.55–8.84) 6.60. ± 0.87 (5.15–8.19) 7.10 ± 0.87 (5.33–8.19) 7.34 ± 0.51 (6.53–8.09)
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HBsAG  positive (%) 0.0 

HCV  positive (%) 18.2 

History of cancer (%) 10.5

ouis, MO)  at 200 × g for 15 min. The interphase layer was collected by pipette in a
eparate tube and was washed in RPMI-1640 medium. The pellet was  resuspended
o a final volume of 1.5 ml  with freezing medium that consisted of 40% RPMI-1640
nd 50% FBS and 10% DMSO. Aliquoted vials were frozen in isopropanol-containing
ontainers placed at −80 ◦C.

.3. Culture and cryopreservation of AG10097 cells

The non-malignant lymphoblastoid cell line AG10097 was  obtained from the
ging Cell Repository (National Institute of General Medical Sciences, Coriell Repos-

tory) and was  grown at 37 ◦C in 5% CO2 environment in RPMI-1640 supplemented
ith 10% FBS (Invitrogen). For cryopreservation, cells in the exponential phase of

rowth were collected, suspended in freezing medium (40% RPMI-1640, 50% FBS,
0% dimethyl sulfoxide) and aliquoted to obtain samples containing 106 cells in
00 �l of freezing medium. Vials were frozen overnight in isopropanol-containing
reezing containers (Nalgene, Rochester, NY) placed at −80 ◦C. Samples were subse-
uently stored at −140 ◦C.

.4. Examination of the baseline level of DNA oxidation in cryopreserved PBMCs
sing alkaline comet assay

We analyzed the baseline level of single strand breaks (SSBs), thymine glycol-
NA glycosylase (endonuclease III, Endo III)-labile sites and formamidopyrimidine-
NA glycosylase (Fpg)-labile sites using the alkaline comet assay [31,32]. All samples
ere analyzed in 3 repeats for Endo III-labile sites and Fpg-labile sites and in 6

epeats for SSBs.
Frozen PBMC samples were thawed by submersion in a 37 ◦C water bath. PBMCs

ere suspended in tubes containing 10 ml of cold complete RPMI-1640 medium sup-
lemented with 20% FBS. Cells were then centrifuged at 200 × g at 4 ◦C for 15 min.
fter washing, cells were suspended in 0.5% low melting point agarose (Invitrogen,
arlsbad, CA) in PBS and spread on fully frosted microscope slides (A. Daigger &
ompany, Wheeling, IL) precoated with 0.5% normal agarose (Invitrogen). After a
0-min gel solidification period at 4 ◦C, slides were lysed overnight at 4 ◦C in cold

ysis buffer (10 mM Tris–HCl, pH 10, 2.5 M NaCl, 100 mM EDTA, 5% DMSO, 1% Triton
-100). DNA on slides was then treated with bacterial DNA glycosylases, endonu-
lease III or Fpg. Each set of samples used for studying base lesions detected by a
articular DNA glycosylase contained enzyme-treated and buffer-treated (control)
amples. The enzyme treatment of gels was performed for 2 h at 37 ◦C in moist cham-
ers using 1250×-diluted endonuclease III (obtained from Dr. Andrew R. Collins,
niversity of Oslo, Oslo, Norway) or 2 U of Fpg per gel (New England Biolabs, Inc.,

pswich, MA)  in enzyme buffer (0.1 M KCl, 0.5 mM EDTA, 40 mM HEPES, 0.2 mg/ml
ovine serum albumin, pH 8.0). The unwinding step was  performed for 40 min  at
◦C in unwinding/electrophoresis buffer (300 mM NaOH, 1 mM EDTA, pH > 13). Elec-

rophoresis was  performed at 8 ◦C for 30 min  in unwinding/electrophoresis buffer
t electric field strength 0.73 V/cm and current 343 mA.  The slides were then neu-
ralized (0.4 M Tris–HCl, pH 7.5), rinsed with distilled water, air dried, stained with

 �g/ml ethidium bromide and covered with standard cover slips. Comets were
cored using an Eclipse E-400 fluorescence microscope (Nikon, Japan) attached to

 Pulnix video camera (Kinetic Imaging LTD, Liverpool, UK) connected to the image
nalysis system Komet version 5.5 (Kinetic Imaging LTD). Olive tail moment was
sed here as a measure of DNA damage level [33,34]. As we  have chosen to report
ur data with OTM values, for reference purposes we have shown the data for SSB,
ndo III labile sites and Fpg labile sites as both OTM and tail DNA (Figs. S1, S2 and 1
nd 2).

Reference standard samples were prepared from a single vial of cryopreserved
G10097 cells. After thawing, cryopreserved cells were washed in complete RPMI-
640 medium and embedded in 0.5% low melting point agarose onto fully frosted
Please cite this article in press as: A.R. Trzeciak, et al., Oxidative damage t
measures of oxidative stress in a population cohort, Mutat. Res.: Fundam. M

icroscope slides. After a 20-min gel solidification period at 4 ◦C, slides with embed-
ed cells were placed in cold lysis buffer, treated with enzymes and processed
hrough the alkaline comet assay in parallel with the PBMC samples. Eight gels
ith AG10097 cells were arranged on four slides for a single endonuclease or Fpg

xperiment containing samples for twelve individuals. Six gels treated with enzyme
0.0 16.7
40.0 62.5
10.5 0.0

were served as positive reference standards in the experiment. The other two gels 

treated only with enzyme-free buffer were used as negative reference standards.

2.5. Examination of SSB repair capacity in cryopreserved PBMCs using alkaline 

comet assay 

The alkaline comet assay was also used to study repair capacity of single strand 

breaks (SSBs) and other types of DNA damage detected by this assay in cryopreserved
PBMCs. Four replicates of SSB removal kinetic data were obtained for each individ- 

ual. Each replicate contained PBMCs irradiated with dose of 6.3 Gy and unirradiated 

PBMCs subjected to 0, 5, 15, 30 and 60 min repair incubation. After slide prepara- 

tion, the procedure included the following steps: lysis, unwinding, electrophoresis, 

neutralization and microscope image analysis. Positive (irradiated) and negative
(unirradiated) internal standards were also prepared and they were processed with 

PBMC samples [10,11]. The data from this repair assay for this cohort are historical 

data from our previous publication on this group of individuals [11]. 

Since the DNA repair data shown in this work are derived using OTM, we have 

shown for reference purposes the relationships between age, sex and race on SSB-
RC derived both from data expressed as standardized OTM (Fig. S3a and b) and 

standardized tail DNA (Fig. S3c and d). Furthermore, our earlier work shows more 

comparisons of DNA repair data obtained using both OTM and tail DNA [10]. 

2.6. Measurement of RBC GSH

HANDLS blood samples were shipped to our laboratory on ice. Upon receipt, 

plasma was separated, the white buffy coat was carefully removed and red blood
cells (RBCs) were washed 3 times by resuspension and centrifugation (1500 × g, 

10 min) with phosphate buffered saline (PBS) containing 100 �M Na2EDTA. The final 

RBC pellet was  mixed with an equal volume of PBS–EDTA resulting in a 50% hema- 

tocrit. 0.2 ml  of 50% hematocrit RBC was mixed with 1 ml of precipitating solution 

(1.67 g of glacial metaphosphoric acid, 0.2 g of disodium EDTA, 30 g of NaCl) to pre-
cipitate proteins. Proteins were removed by centrifugation on a table top microfuge 

(∼14,000 × g) and supernatants collected for glutathione (GSH) assay. GSH standard 

solutions were prepared in the precipitating solution mentioned above. Samples 

and GSH standard dilutions (0.16 ml)  were neutralized by the addition of 0.3 M 

Na2HPO4 solution (0.7 ml)  and 0.2 ml  aliquots of the mix  were placed in triplicates on 

a polystyrene microtiter plate. 0.05 ml of 5,5′-dithio-bis-2-nitrobenzoic acid (DTNB) 

solution (20 mg of DTNB in 100 ml of 1% sodium citrate) was added per well and the 

plate was read at 410 nm within 10 min  using a microplate reader (Biorad). The aver- 

age absorbance of sample wells at 410 nm was used to determine the concentration 

of GSH in RBCs based on the GSH standard curve generated. 

2.7. Measurement of basal RBC fluorescent heme degradation products 

Washed RBCs (100 �l) were lysed in 10 ml  deionized double distilled water. The 

Hb spectrum of the hemolysate was recorded from 490 nm to 640 nm using a Perkin 

Elmer lambda 6 spectrophotometer. The concentrations of oxyHb and metHb were 

determined by a least square-fitting program using spectra of oxyHb and metHb at 

known concentrations. The Hb concentration of the hemolysate was then adjusted 

to 50 �M.  The emission (em) fluorescence spectrum was measured from 400 nm to 

600 nm at an excitation (ex) wavelength of 321 nm using a Perkin Elmer model LS 

50B spectrofluorimeter. The ex and em slit widths were kept at 10 nm.  The relative 

measure of fluorescent heme degradation products was  determined by subtracting 

the emission at 400 nm from the emission at 465 nm.  

2.8. ELISA assay of protein carbonyls 
o DNA and single strand break repair capacity: Relationship to other
ol. Mech. Mutagen. (2012), doi:10.1016/j.mrfmmm.2012.01.002

Measurements of protein carbonyls in human plasma were performed in trip- 289

licate using ELISA kits obtained from BioCell according to the company protocol. 290

The assay was  done using 5 �l (∼80 mg/ml) of each of the plasma samples. The 291

samples are reacted with dinitrophenylhydrazine (DNP) and the protein is then 292

adsorbed to an ELISA plate. Unconjugated DNP and non-protein constituents are 293

dx.doi.org/10.1016/j.mrfmmm.2012.01.002
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Fig. 1. Effect of age, sex and race on the baseline level of oxidative damage to DNA in white males, African-African males, white females and African-American females.
Graphs in panels (a), (b) and (c) present the relationship between age (X1), sex (X2) on the level of oxidative damage to DNA (Y) in whites (a), African-Americans (b) and
total  cohort (c). All DNA damage data shown in this figure are expressed as OTM or derived from data expressed as OTM. Levels of SSB, Endo III- and Fpg-labile sites are
shown. Independent variables significantly related to oxidative damage to DNA found from the multiple regression relationship

�
Yi = b0 + b1 · X1i + b2 · X2i + b3 · X1i + b2i or

�
Yi = b0 + b1 · X1i + b2 · X2i (if no interaction between X1 and X2 was  found from the first relationship) in whites (a), African-Americans (b) and total population (c) are shown
in  the upper left hand corner of the graphs together with corresponding p values in parentheses. Statistically significant (p < 0.05) variables are marked in bold, whereas the
values  that are close to significance are underlined. Results of multiple regression analyses are shown in details in Supplemental Table S1.  Each point corresponds to a single
individual. The number of participants analyzed for each relationship was  indicated on the right side of each row. Dashed and continuous lines represent curves for simple
linear regression describing the relationship between age and the level of oxidative damage to DNA and performed separately for each group of white males (blue dashed
lines)  and white females (red dashed lines) in panel (a), African-American males (blue continuous lines) and African-American females (red continuous lines) in panel (b),
and  males (blue continuous lines) and females (red continuous lines) in panel (c).
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Fig. 2. Effect of age, sex and race on the baseline level of oxidative damage to DNA in white males, African-African males, white females and African-American females.
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ashed away. The adsorbed protein is probed with biotinylated anti-DNP antibody
ollowed by streptavidin-linked horseradish peroxidase. Absorbances are related to

 standard curve prepared from serum albumin containing increasing proportions
f hypochlorous acid-oxidized protein.

.9. Measurement of serum hs-CRP

The assessment of high-sensitivity C-reactive protein (hs-CRP) in serum was
erformed by Quest Diagnostics using nephelometric method utilizing latex par-
icles coated with CRP monoclonal antibodies. The method was standardized
gainst the International Federation of Clinical Chemistry and Laboratory Medicine
IFCC)/Bureau Communautaire de Référence (BCR)/College of American Pathologists
CAP) CRP reference preparation.

.10. Mathematical and statistical analysis

.10.1. Assessment of level of single strand breaks (SSBs) and oxidized bases in
BMCs

For each individual, three sets of cryopreserved PBMC samples were prepared
or examination of Endo III- and Fpg-sensitive base lesions. One sample from each
et was treated with enzyme, while the other sample was  treated only with buffer.
ach of three sets of PBMC samples was processed with six positive (treated) and two
egative (untreated) reference standards through comet assay steps. Since condi-
ions can differ slightly from electrophoresis to electrophoresis, the use of reference
tandards may  minimize inter-electrophoresis and inter-experimental variation.
tandardization was  performed using the arithmetic mean values for the PBMC sam-
les and reference standards. Negative and positive reference standards were used
o standardize experimental values for enzyme- and buffer-treated PBMCs using the
ormula:

s = y

Sp − Sn

here ys is the standardized value for the level of DNA oxidation in PBMCs, y is
he experimental value for the level of DNA oxidation in PBMCs, sn is the value for
egative reference standard, and sp is the value for positive reference standard.

Standardized values obtained from the three data sets were taken together to
alculate the means for the level of DNA damage in samples treated with Endo III
r Fpg, or the level of SSBs in PBMCs for each individual. Since, the level of DNA
amage in enzyme-treated samples correspond to the sum of the levels of enzyme-
etected base lesions and SSBs, we calculated the level of enzyme-detected base

esions by subtracting the standardized values for SSBs from the standardized values
or the samples treated with a particular enzyme. Finally, the standardized levels of
xidized bases detected by Endo III and Fpg as well as the means for unstandardized
experimental) levels of SSBs were used to express the level of oxidative DNA lesions
n this work.

.10.2. Assessment of SSB repair capacity (SSB-RC) in PBMCs
DNA repair parameters were assessed based on four repeats of SSB removal

inetics obtained for PBMCs irradiated with dose of 6.3 Gy and subjected to 0, 5,
5, 30 and 60 min  repair incubation. The detailed procedure was described in our
revious publication [10]. The data referred to in this paper were published in
ur previous analysis of this cohort. These experiments were not repeated for this
reliminary study.

.10.3. Analysis of the baseline level of DNA oxidation and SSB repair capacity
SSB-RC) in PBMCs in human population

We analyzed the strength of effect of demographic and oxidative stress-
elated variables on the level of DNA oxidation and SSB-RC. Each relationship was
raphed using SigmaPlot 8.0 and statistical analyses were performed using Statis-
ica 7.1 (Statsoft Inc., Tulsa, OK). Simple linear regression analyses were applied to
nvestigate relationships between continuous independent variable (age, RBC GSH
oncentration, heme degradation products, the logarithm of hs-CRP concentration)
nd dependent variable (SSB-RC or intercellular variability in DNA damage). Simple
egression analyses were performed in 96-individual cohort (Figs. 3 and S4)  or sub-
ets of this cohort characterized by sex or race or both sex and race (Figs. 1, 2, 4–6,
5).

Multiple regression analyses were done separately for males, females, whites
nd African-Americans (Figs. 1, 2, 4–6, S5). In multiple regression analyses, we  tested
imultaneously the effect of single discrete (sex or race) and single continuous (age,
BC GSH concentration, heme degradation products, the logarithm of hs-CRP con-
entration, protein plasma carbonyls) independent variables on dependent variables
the level of DNA oxidation or SSB-RC). When necessary, interaction of sex or race
ith age, RBC GSH concentration, heme degradation products, the logarithm of hs-
RP concentration, plasma protein carbonyls and other continuous variables was
Please cite this article in press as: A.R. Trzeciak, et al., Oxidative damage t
measures of oxidative stress in a population cohort, Mutat. Res.: Fundam. M

ncluded in the regression. A significant test for the interaction coefficient indicates
hat the relationship between the dependent variable and one of the independent
ariables in the interaction is related to the value of the other variable in the product.
esidual analysis was performed during all regression analyses to identify outliers.
he residual analysis involved computing raw residuals, deleted residuals and Cook’s
istances (Statistica).

425
 PRESS
earch xxx (2012) xxx– xxx 5

3. Results 

We  employed the alkaline comet assay to measure the base- 

line level of SSB, endonuclease III (Endo III) and Fpg labile sites 

(oxidized bases recognized by these enzymes) in cryopreserved 

PBMCs from four age-matched 24-individual groups of male and 

female whites and African-Americans. We  performed correlation 

analyses between the levels of DNA oxidative lesions and other 

measures related to oxidative stress including SSB repair capacity, 

the levels of blood antioxidants (reduced glutathione in red blood 

cells, inflammation markers (high sensitivity C-reactive protein 

(hs-CRP) in serum) and oxidative protein lesions (protein carbonyls 

in plasma, heme degradation products). We  also correlated find- 

ings with participants’ self-report of tobacco and alcohol use. We  

found that a positive history of smoking, positive history of ethanol 

consumption, and protein carbonyls in plasma in serum were not
associated with the level of oxidative damage to DNA or SSB-RC in
PBMCs as measured by comet assay. However, sex and selected
oxidative stress measures, RBC GSH concentration, the level of 

heme degradation products and the level of serum hs-CRP appeared
to influence the level of SSB, Endo III labile sites and/or SSB-RC. 

The effect of age, sex and race on the baseline level of DNA 

oxidative lesions in PBMCs is shown in Fig. 1. Analysis of the 

SSB levels by sex revealed a difference in the SSB level between 

females and males (p = 0.013) (Fig. 1c). This sex related difference 

persists when analyzed among is African-American study partici- 

pants (p = 0.029) (Fig. 1b) whereas it is not observed among whites 

(p = 0.164) (Fig. 1a). Age, sex and race do not affect the level of 

oxidized bases recognized by endonuclease III and Fpg (Fig. 1) as 

analyzed by multiple regression analysis. There is also a signifi- 

cant positive correlation between the baseline level of Fpg III-labile 

sites and SSB in PBMCs (p = 0.021) (Fig. S4).  Interestingly, no signif- 

icant relationships are found between Endo III-labile sites and SSB 

and between Endo III-labile sites and Fpg-labile sites (Fig. S4). We 

also found significant relationships between SSB-RC and SSB level 

with a more efficient repair mechanism resulting in fewer single 

strand breaks. This is observed by the significant positive correla- 

tions between the logarithm of the half-time of DNA repair and SSB 

(Fig. 3b) (p = 0.041), and between the residual DNA damage after 

30 min  and SSB (p = 0.047) (Fig. 3c). In addition, there is a close to 

significant negative relationship between the logarithm of the ini- 

tial rate of DNA repair and SSB (p = 0.056) (Fig. 3a), and close to 

significant positive relationship is between the residual DNA dam- 

age after 60 min  and SSB (p = 0.056) (Fig. 3d). The logarithm of the 

initial rate of DNA repair is directly proportional to SSB repair capac- 

ity, whereas other DNA parameters are inversely proportional to 

SSB repair capacity. Thus, in all four relationships shown in Fig. 3, 

negative correlations between SSB repair capacity and SSB level are 

observed. 

In addition, we observed that there are similarities in the effect 

of different oxidative stress measures on both SSB level and SSB-RC 

(Figs. 4–6). Fig. 4 presents the effect of GSH concentration in RBCs 

on the level of DNA oxidative lesions and SSB repair. We  found 

that the RBC GSH concentration is positively correlated with the 

level of SSB in white females (p = 0.004) (Fig. 4a). The RBC GSH 

concentration in white females is negatively correlated with SSB 

repair capacity as measured by two parameters: the logarithm of 

the initial rate of DNA repair (p = 0.012) and the logarithm of the 

half-time in SSB repair (p = 0.033) (Fig. 4d). There is no effect of 

RBC GSH concentration on the SSB level or SSB-RC in white males 

(Fig. 4a and d) or in African-American males and females (Fig. 4b 

and e). In addition, RBC GSH concentration is found to be signif-
o DNA and single strand break repair capacity: Relationship to other
ol. Mech. Mutagen. (2012), doi:10.1016/j.mrfmmm.2012.01.002

icantly correlated to the level of Endo III-labile sites in all study 426

participants (p = 0.047) (Fig. 4c). This effect is very significant in 427

white males and females (p = 0.003) (Fig. 4a), but not in African 428

Americans (Fig. 4b). 429
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The relationship between the level of heme degradation prod-
cts and SSB level and SSB-RC is shown in Fig. 5, SSBs levels

ncrease with increasing heme degradation product levels in
frican-American males (p = 0.008), while for African-American

emales there is a decrease in SSBs with levels of heme degradation
roducts (p = 0.006) (Fig. 5b). This opposite relationship between
eme degradation and SSB level in African-American males and

emales can also be described by the observed interaction between
ex and the level of heme degradation products in their effect on
SB level (p = 0.001) (Fig. 5b). In addition, a negative correlation is
resent between the level of heme degradation products and SSB-
C as measured by the residual DNA damage after 60 min  in all
articipants (p = 0.014) (Fig. 5f).

We  also examined the relationship between the clinically rel-
vant inflammation marker hs-CRP comparing the logarithm of
s-CRP concentration the level of oxidative DNA lesions and SSB-
C. There is a statistically significant increase in SSB level with

ncreases in the logarithm of hs-CRP concentration in African-
merican males (p = 0.022) (Fig. 6b). The overall analysis of the
ohort revealed an interaction between sex and the logarithm
f hs-CRP concentration in their effect on SSB-RC as measured
y the residual DNA damage after 30 min  (p = 0.002) and the
esidual DNA damage after 60 min  (p = 0.038) (Fig. 6f). The inter-
ction is still present when analyses were performed in whites
p = 0.018) (Fig. 6d) and African-Americans (p = 0.025) (Fig. 6e).
here were no statistically significant relationships between hs
Please cite this article in press as: A.R. Trzeciak, et al., Oxidative damage t
measures of oxidative stress in a population cohort, Mutat. Res.: Fundam. M

RP concentration and the level of oxidized bases (Fig. 6a–c).
here was also no significant relationship between the lev-
ls of protein carbonyls in plasma and oxidative DNA lesions
Fig. S5).
l. The number of participants analyzed for each relationship was indicated on the

Finally, we found in the entire population that there is a positive 

correlation between the levels of RBC GSH and heme degradation 

products (p = 0.015) (Fig. 7a) as well between the logarithm of hs- 

CRP concentration in serum and RBC GSH concentration (p = 0.020) 

(Fig. 7b). However, we did not observe a significant relationship 

between the levels of hs-CRP and heme degradation products. 

4. Discussion

In order for us to understand the relationship between oxidative 

damage to DNA and DNA repair capacity and their roles in human 

health and disease we must first begin to examine traditional and 

novel measures of oxidative stress and oxidative damage to DNA in 

the context of DNA repair. In this pilot study we examined the effect 

of sex, race and age on the baseline level of traditional and novel 

measures of oxidative stress: SSBs and oxidized bases detected by
the bacterial DNA glycosylases, Endo III and Fpg (Fig. 1). We  found 

that there is a higher level of SSBs in females as compared to males 

in this cohort (Fig. 1c). This difference remains significant when 

African-American males and females are compared (Fig. 1b); how- 

ever, there is no significant difference between white males and 

females (Fig. 1a). 

Despite the widely held notion and some evidence in the lit- 

erature that forms of DNA damage increase with age, we  did not 

observe an increase in SSBs with age in this cohort (Fig. 1). We  

believe that a cohort whose age range is 30–64 years with a median 
o DNA and single strand break repair capacity: Relationship to other
ol. Mech. Mutagen. (2012), doi:10.1016/j.mrfmmm.2012.01.002

age of 47.6 years may  not provide a broad enough age span to delin- 484

eate differences with age if they exist. Other studies which have 485

included individuals across the entire life span (0–82 years) have 486

shown an increase in SSBs with age [35,36].  However, our study 487
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Fig. 4. Effect of RBC GSH concentration, sex and race on the baseline level of oxidative damage to DNA and SSB-RC. Graphs in panels (a), (b) and (c) present the relationship
between  RBC GSH concentration (X1), sex (X2) on the level of oxidative damage to DNA (Y) in whites (a), African-Americans (b) and total cohort (c). Graphs in panels (d), (e)
and  (f) present the relationship between RBC GSH concentration (X1), sex (X2) on the level of the fast component of SSB repair (Y) in whites (d), African-Americans (e) and
total  cohort (f). All DNA damage and DNA repair data shown in this figure are expressed as OTM or derived from data expressed as OTM. The level of following oxidative
DNA  lesions was  measured and shown in the figure as the level of SSB and Endo III-labile sites. The fast component of SSB repair was expressed using the logarithm of
the  initial rate of DNA repair and the logarithm of the half-time of DNA repair. Independent variables significantly related to oxidative damage to DNA or SSB-RC found
from  the multiple regression relationship

�
Yi = b0 + b1 · X1i + b2 · X2i + b3 · X1i + b2i or

�
Yi = b0 + b1 · X1i + b2 · X2i (if no interaction between X1 and X2 was found from the first

relationship) in whites (a, d), African-Americans (b, e) and total population (c, f) are shown in black on graphs together with corresponding p values in parentheses. Results
of  multiple regression analyses are shown in details in Supplemental Table S2. Independent variable (X1) significantly related to oxidative damage to DNA or SSB-RC found
from  the single regression relationship

�
Yi = b0 + b1 · X1i in white males (a, d) and in African-American males (b, e) is indicated by corresponding correlation coefficient r and
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 value (in parenthesis) in blue, whereas in white females (a, d) and in African-Ame
ed.  Statistically significant (p < 0.05) variables are marked in bold, whereas the valu

ndings are consistent with data from studies which included mid-
le aged individuals and showed no change in SSB levels with age
36–38].

There are no significant changes in the levels of Endo III- and
pg-sensitive sites related to age, sex or race (Fig. 1). This was
lso the case for reports on European populations [36,38,39].  How-
ver, Humphreys et al. found that 75–82 year-old individuals had
levated levels of Fpg-labile sites as compared with younger par-
icipants from two age groups: 20–35 and 63–70 years [35]. We  did
ot observe an increase in Fpg-labile sites with age, likely because
ur population sample lacked individuals older than 64 to provide

 robust comparison of damage levels. In contrast to our results,
alters et al. found a lower level of Fpg-labile sites in 20–45 years-
Please cite this article in press as: A.R. Trzeciak, et al., Oxidative damage t
measures of oxidative stress in a population cohort, Mutat. Res.: Fundam. M

ld African-Americans as compared to whites from the same age
roup using comet assay [40].

We  tested the relationship between markers related to oxida-
ive stress in RBCs and the level of DNA oxidative lesions and
 females (b, e) is marked by correlation coefficient r and p value (in parenthesis) in
at are close to significance are underlined. Refer to Fig. 1 for more description.

repair in PBMCs. Autoxidation of oxyhemoglobin is a major source 

of ROS in RBCs [41] and it is a potential source of damage to 

PBMCs representing another source of systemic oxidative stress. 

We  analyzed two markers of oxidative stress in RBCs: RBC GSH 

concentration and the level of heme degradation products. The 

RBC GSH concentration may  fluctuate and depends on the oxida- 

tive stress level at a given time. In contrast, heme degradation 

products accumulate during the life span of the RBCs, because the 

cells do not seem to have a system to remove these degradation 

products [28]. Therefore, their concentration may  serve as a longer- 

term measure of oxidative stress. Since RBC GSH  concentration 

and the level of heme degradation products depend on the level 

of oxidative stress in RBCs, it could be expected that there is a sig- 
o DNA and single strand break repair capacity: Relationship to other
ol. Mech. Mutagen. (2012), doi:10.1016/j.mrfmmm.2012.01.002

nificant correlation between both measures. In fact, we  found a 518

significant positive correlation between these parameters (Fig. 7a). 519

While GSH utilization in erythrocytes will increase during oxida- 520

tive stress, the other pathways involved in GSH synthesis, uptake 521
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between the level of heme degradation products (X1), sex (X2) on the level of SSB (Y) in whites (a), African-Americans (b) and total cohort (c). Graphs in panels (d), (e) and
(f)  present the relationship between the level of heme degradation products (X1), sex (X2) on the SSB-RC (Y) in whites (d), African-Americans (e) and total cohort (f). All DNA
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amage  and DNA repair data shown in this figure are expressed as OTM or derived
ogarithm of the initial rate of DNA repair and the logarithm of the half-time of DN
amage after 60 min. Results of multiple regression analyses are shown in details in

nd reduction (glutathione reductase) can possibly be stimulated
y oxidative stress. An example in brains of young and old mice
42] indicates a greater increase in �-glutamyl cysteine synthetase
ctivity in old mice then young mice during oxidative stress. Sim-
lar findings were obtained using bronchial epithelium NCI-H292
ells. Exposure to menadione decreased total cellular GSH content
mmediately after exposure and increased intracellular GSH con-
entration and �-glutamyl cysteine synthetase activity 6–12 h after
xposure [43].

Our examinations of these markers of oxidative stress revealed
ignificant correlations with DNA damage. We  observed a positive
elationship in all studied participants between RBC GSH and Endo
II-labile sites (Fig. 4c). When the results were separated according
o race, a significant increase in the relationship between Endo III
nd GSH was found for whites, (Fig. 4a) but not for African Amer-
cans (Fig. 4b). The increase in SSBs with RBC GSH concentration
ould be related to an increase in the systemic oxidative stress in
lood. The increase in oxidative base damage with increasing RBC
Please cite this article in press as: A.R. Trzeciak, et al., Oxidative damage t
measures of oxidative stress in a population cohort, Mutat. Res.: Fundam. M

SH concentration suggests a role for increased oxidative stress
resent in the circulation.

The level of heme degradation products was negatively corre-
ated with the rate of SSB repair as measured by the residual DNA
data expressed as OTM. The fast component of SSB repair was expressed using the
air, whereas the slow component of SSB repair was measured as the residual DNA
lemental Table S3.  Refer to Fig. 4 for more description.

damage after 60 min  (Fig. 5f). The link between the level of heme 

degradation products and SSB-RC is unclear. However, it is possible 

that SSB repair is negatively affected by this type of oxidative stress 

in the circulation. 

Unlike the effect on SSB repair, which was  found for the entire 

population, we  found that SSBs increased with increasing levels of 

hemoglobin degradation products only in African-American males 

(Fig. 5b). In fact for African-American females, SSB levels declined 

with increases in heme degradation product level (Fig. 5b). We  

have no definitive explanation for these differences among African- 

American males and females and the unexpected decrease in SSB 

for African American females. This difference can be perhaps par- 

tially attributed to differences in the effects of heme degradation on 

SSB repair in African American males and females (Fig. 5e), which 

contribute to the observed levels of SSB. Furthermore, a review of 

the clinical characteristics of the population shows that African-
American males in this cohort are more likely to have coronary 

atherosclerotic heart disease, diabetes mellitus type 2, HBV- and 
o DNA and single strand break repair capacity: Relationship to other
ol. Mech. Mutagen. (2012), doi:10.1016/j.mrfmmm.2012.01.002

HCV-positivity, and higher rate of current tobacco use than African- 562

American females (Table 1). These characteristics may  in some way 563

influence the level of DNA oxidation and the level of heme degra- 564

dation products. 565
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ARTICLE IN PRESSG Model

MUT  11173 1–11

A.R. Trzeciak et al. / Mutation Research xxx (2012) xxx– xxx 9

malesAfric an- Ameri can malesWhi te males
a b c

S
S

B
 (

O
T

M
)

0 6
0.8

1.0

1.2

1.4

1.6

fema lesAfric an- Americ an f emales

S
S

B
 (

O
T

M
)

0 6
0.8

1.0

1.2

1.4

1.6

White femal es

n=69sex (p=0.041)

E
n
d
o

 I
II

(s
ta

n
d
a
rd

iz
e
d
 O

T
M

)

0 4
0.8

1.2

1.6

2.0

2.4

0.4

0.6

E
n
d
o
 I
II

(s
ta

n
d
a
rd

iz
e
d
 O

T
M

)

0 4
0.8

1.2

1.6

2.0

2.4

0.4

0.6

n=68

F
p
g

(s
ta

n
d
a
rd

iz
e
d
 O

T
M

)

0.6

0.8

1.0

1.2

1.4

0.4

F
p
g

(s
ta

n
d
a

rd
iz

e
d
 O

T
M

)

0.6

0.8

1.0

1.2

1.4

0.4

n=68

d e f

log
10

(hs-CRP i n ser um [p g/ml] )

98765

0.4

98765

log
10

(hs-CRP in seru m [pg/ml])

8765

0.4

u
a
l 
D

N
A

 d
a

m
a
g
e

 

a
ft

e
r 

3
0
 m

in

0.20

0.25

0.30

0.35

0.40

u
a

l 
D

N
A

 d
a

m
a
g

e
 

a
ft

e
r 

3
0
 m

in

0.20

0.25

0.30

0.35

0.40

Africa n-American  male s

Africa n-American  female s

White  male s

White  female s

n=66log(CR P) x sex  (p=0.018) log(CRP)  x sex  (p=0.025) log(CRP ) x sex  (p=0.002)

males

females

d
u
a

l 
D

N
A

 d
a
m

a
g
e
 

a
ft

e
r 

6
0

 m
in

0.15

0.20

R
e
s
id

u a

0.10

0.15

d
u
a

l 
D

N
A

 d
a

m
a
g

e
 

a
ft

e
r 

6
0
 m

in

0.10

0.15

0.20

R
e

s
id

u a

0.10

0.15

n=66log(CR P) x sex  (p=0.020) log(CRP ) x sex  (p=0.038)

log
10

(hs-CRP  in  se rum [p g/ml])

98765

R
e

s
id

0.05

0.10

98765

log
10

(hs-CR P in  serum [pg/ml])

8765

R
e

s
id

0.00

0.05

Fig. 6. Effect of the hs-CRP concentration, sex and race on the baseline level of oxidative damage to DNA and SSB-RC. Graphs in panels (a), (b) and (c) present the relationship
between hs-CRP concentration (X1), sex (X2) on the level of oxidative damage to DNA (Y) in whites (a), African-Americans (b) and total cohort (c). Graphs in panels (d), (e)
and  (f) present the relationship between hs-CRP concentration (X1), sex (X2) on the level of the slow component of SSB repair (Y) in whites (d), African-Americans (e) and
t ssed 

w ultip
f

566

w567

m568

l569

T570

d571

w572

C573

i574

i575

d576

d577

i578

t579

a580

f581

582

583

584

585

586

587

588

589

590

591

592

593
otal  cohort (f). All DNA damage and DNA repair data shown in this figure are expre
as  expressed using the residual DNA damage after 30 min  and 60 min. Results of m

or  further description.

Consistent with other studies [44], we found that hs-CRP levels
ere higher in African-Americans than whites (Table 1). Further-
ore, there is a strong significant positive correlation between the

evels of hs-CRP and RBC GSH in the population overall (Fig. 7b).
he relationship between the levels of hs-CRP and heme degra-
ation products is not significant (Fig. 7c). We  found that there
as a significant positive relationship between the levels of hs-
RP in serum and SSBs in African-American males (Fig. 6b). This

ncrease in SSB level may, therefore, be attributed to the increase
n ongoing chronic inflammatory processes and free radical pro-
uction taking place in the vascular system [45]. Interestingly, we
id not observe significant relationships between hs-CRP and SSBs
Please cite this article in press as: A.R. Trzeciak, et al., Oxidative damage t
measures of oxidative stress in a population cohort, Mutat. Res.: Fundam. M

n African-American females (Fig. 6b) or in the white study par-
icipants (Fig. 6a). We  did find that levels of residual DNA damage
fter 30 min  and 60 min  decline with increasing levels of hs-CRP in
emales when compared to males (Fig. 6f).
as OTM or derived from data expressed as OTM. The slow component of SSB repair
le regression analyses are shown in details in Supplemental Table S4. Refer to Fig. 4

Previous studies have shown a weak positive correlation
between hs-CRP values and SSB levels in patients with acute 

coronary syndrome [46]. Studies of community dwelling healthy 

participants and patients with metabolic syndrome, however, 

showed no significant correlation between hs-CRP and SSB level 

[47,48]. The statistically significant relationship between hs-CRP 

and SSB in African-American males may  relate to the high disease 

burden present in these individuals. We  did not find significant 

relationships between hs-CRP concentration and oxidized bases 

detected by Endo III and Fpg (Fig. 6a–c). This is in contrast to a 

published study that showed a weak but significant positive corre- 

lation between serum 8-oxo-dG levels and serum hs-CRP measures 
o DNA and single strand break repair capacity: Relationship to other
ol. Mech. Mutagen. (2012), doi:10.1016/j.mrfmmm.2012.01.002

in hemodialysis patients [49]. 594

The lack of a strong overall relationship between hs-CRP, a 595

marker of systemic inflammation in clinical use, and markers of 596

DNA oxidation may  suggest that each of these markers represents 597
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 different pathway through which inflammation and oxidative
tress occur and are monitored and/or modulated. This highlights
he gaps in our knowledge about the relationships between the
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arious oxidative stress markers. Several prominent hypotheses
uggest that oxidative stress and oxidative damage to DNA and
ther cellular macromolecules promote aging and the development
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of age associated diseases. Therefore, it might be reasonable to 

expect that correlations might exist between various commonly 

used markers of oxidative stress, inflammation and DNA damage. 

However, the lack of consistent correlation between frequently 

measured markers of oxidative stress in our hands may suggest 

that each of these markers measure only a single, non-correlative 

element of the multiple additive factors that comprise what we  

refer to as oxidant stress. For example, plasma protein carbonyls 

are frequently used as a marker of oxidant stress; however in our 

hands their levels did not correlate with any other marker stud- 

ied. Although smoking and ethanol consumption may be associated 

with oxidative stress, neither correlated with SSBs and oxidized 

bases in this population. There is also no significant relationship 

between plasma protein carbonyls and the level of DNA oxida- 

tion (Fig. S5). Consistent with this, Humphreys et al. found that 

�-tocopherol did not influence the levels of SSBs, Fpg-labile sites, 

or the capacity of lymphocyte extracts to remove 8-oxoguanine
[35]. However, we have determined that RBC GSH levels positively
correlate with Endo III-sensitive sites in total population, and with 

SSB level in white females, that heme degradation products and
hs-CRP correlate positively with SSBs in African-American males, 

and heme degradation products correlate negatively with SSBs in 

African-American females. Furthermore, RBC GSH correlates with 

the levels of heme degradation products and hs-CRP in the total 

population. 

This pilot study suggests some measures of oxidative damage 

to DNA correlate with traditional and novel markers of oxidative 

stress and inflammation. However, limitations of our pilot study 

include the small size and the narrow age-range of the cohort stud- 

ied. The size of the pilot cohort precluded our ability to assess 

important confounders such as lifestyle, diet and other socioeco- 

nomic factors. Future work will focus on enlarging the cohort to 

provide the opportunity to examine relevant confounders. 

The data in this pilot study clearly highlight the need for further 

examination to clarify the relationship as well as the assessment of 

the relationship between oxidant stress, inflammation, and DNA 

damage, and human DNA repair capacity in diverse population 

cohorts. Although several of the markers currently in use appear to 

have consensus results in population studies, others are still notice- 

ably variable. Great strides have been made by both the ESCODD 

and ESCULA groups to provide methodologies and establish refer- 

ences values for the measurement of 8-oxodG levels. With these in 

place, larger population studies with more consistent results may 

be on the horizon. Further investigations are still needed for many 

of the markers of oxidant stress to establish background levels and 

consensus results. Once these are achieved, their use in larger stud- 

ies will be possible. With additional studies, utilizing more diverse 

cohorts, we will be able to begin correlating and understanding the 

relationships between, the various markers of oxidant stress, DNA 

damage, and human DNA repair capacity. The verification of each 

of these markers is essential to our understanding of how to accu- 

rately assess the potential clinical applications of these measures 

or to identify other more relevant and correlative markers. 
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