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Abstract
Polyunsaturated fats have been linked to occurrences of sporadic colon cancer. One possible cause may be degradation of
polyunsaturated fats during cooking, resulting in multiple reactive carbonyl species (RCS) that can damage nuclear DNA
and proteins, particularly in rapidly dividing colon crypt cells. This study describes a novel antiserum against RCS-modified
DNA, with apparent order of reactivity to DNA modified with 4-hydroxy-trans-2-nonenal�glyoxal�acrolein�
crotonaldehyde�malondialdehyde; some reactivity was also observed against conjugated Schiff base-type structures.
Anti-(RCS-DNA) antiserum was successfully utilised to demonstrate formation of RCS-DNA in a human colon cell model,
exposed to RCS insult derived from endogenous and exogenous lipid peroxidation sources. Further utilisation of the
antiserum for immunohistochemical analysis confirmed RCS-modified DNA in crypt areas of ‘normal’ colon tissue. These
results fully support a potential role for dietary lipid peroxidation products in the development of sporadic colon cancer.
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Introduction

Reactive carbonyl species (RCS) are predominant

products of lipid peroxidation, generated primarily as

a result of oxidative degradation of lipid hydroper-

oxides [1,2]. It is also known for RCS to be generated

via oxidative sugar degradation [3] as well as being

released into the environment from car exhaust fumes

and cigarette smoke [4,5]. The oxidation of dietary

polyunsaturated fatty acids (PUFAs) during food

processing and cooking is gaining increasing impor-

tance as a source of RCS that may have deleterious

effects within the digestive tract [6�8]. This is

especially problematic in Western countries, where

diets high in polyunsaturated fatty acids have been

associated with an increased risk of sporadic color-

ectal cancer [9�12].

A well-established hypothesis for the initiation of

colonic neoplasia may be as a result of the oxidation

of dietary PUFAs during the cooking process [13]

and food storage. Redox cycling food chemicals

formed during food processing or present as con-

taminants [6] can, through an autocatalytic process,

initiate peroxidation of PUFA and, additionally,

lipoproteins present as cellular components of the

gastrointestinal mucosa. Extensive studies by Wilson

et al. [14] and Linsteisen and Wolfram [8] have

shown that foodstuffs contain oxidized lipids that are
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readily absorbed from the diet. PUFAs are readily

oxidizable compounds leading to the production of

lipid hydroperoxides that decompose to form an

extensive number of reactive carbonyl compounds

such as malondialdehyde (MDA) and 4-hydroxyno-

nenals (4-HNE) which, in particular, show significant

cytotoxicity and mutagenicity following adduction

with DNA and protein [15].

Human exposure to RCS is potentially widespread

via both endogenous and exogenous sources. Evi-

dence for the generation of RCS has been extensively

reviewed, especially in terms of thiobarbituric acid

reactive products (TBARS) and 4-hydroxy-trans-2-

nonenal (HNE)-modified proteins, in diabetes and

atherosclerosis [16,17], Alzheimer’s disease [18] and

colon cancer [19�21]. The colonic mucosa is com-

posed of crypts lined with epithelial cells, all of which

are at varying degrees of proliferation and differentia-

tion. Precursor, or stem cells, lining the base of the

crypt are undifferentiated and have a large prolifera-

tive capacity, and these cells migrate towards the

luminal surface [22�24]. We propose here that these

undifferentiated, proliferating cells represent a target

population for carcinogenesis and that damage to

these cells from RCS carries an increased likelihood

of initiating carcinogenesis.

DNA adducts formed by RCS are known to

possess strong miscoding potential in vitro [25] and

of the DNA adducts formed by MDA, pyrimi-

do(1,2a)purin-10(3H)one (M1G) is readily detected

in many human tissues. Other propano-adducts also

originate from a,b-unsaturated aldehydes or enals

such as acrolein (Acr), crotonaldehyde (Cro), glyoxal

(Gly) and HNE. Adducts formed by HNE have been

detected in healthy human colon tissue [26]. Etheno-

DNA adducts are formed from the epoxides of enals

and elevated levels of this type reflect the extent

of oxidative stress [27]. Antibodies, both poly-

and mono-clonal, have been generated against

RCS-modified DNA bases. For example, MDA-

deoxyguanosine [28], deoxycytidine-glyoxal [29],

deoxyadenosine-acrolein [30], 1,N(6)-ethenodeoxya-

denosine [31] and ethenodeoxyguanosine [32].

These specific RCS-DNA antibodies have been

successfully used to measure carbonyl stress in hu-

man and animal studies following oxidative and

peroxidative insult [33,34]. However, in an attempt

to monitor global carbonyl stress (DNA and protein)

we describe the development and characterization of

a novel polyclonal antiserum with apparent reactivity

against (a) DNA modified with multiple RCS com-

prising MDA, HNE, GLY, CROT and ACR and (b)

conjugated Schiff base-type structures formed from

MDA modification of lysine residues. The application

of this anti-(RCS-DNA) antiserum is illustrated by

the immunocytochemical demonstration of RCS-

modified DNA formation in undifferentiated human

colonocytes exposed to products of endogenous and

exogenous (dietary) lipid peroxidation. In addition, a

further use of the antiserum is demonstrated for the

detection of RCS-modified DNA in the immunohis-

tochemical analysis of ex vivo, normal, colon tissue

obtained from patients undergoing surgery for colon

cancer.

Materials and methods

General materials

Calf thymus DNA was from Calbiochem Novabio-

chem UK Ltd (Nottingham, UK). 96-well Nunc,

Immuno Maxisorp ELISA plates were purchased

from Life Technologies Ltd (Paisley, Scotland) and

dried skimmed milk was from Tesco Stores Ltd.

(UK). Goat anti-rabbit immunoglobulins IgG, M,

A-peroxidase labelled secondary antibody was from

DAKO Ltd (High Wycombe, UK). Ethanol was

purchased from Fisher Scientific (Loughborough,

UK). All other chemicals were obtained from Sigma

Chemical Co (Dorset, UK) unless indicated other-

wise. Human colonic epithelial cells (CRL-1807)

were obtained from the American Tissue Culture

Collection Repository (Rockville, MD). Monoclonal

antibody M1G (anti-MDA-deoxyguanosine) was a

gift from Professor L. J. Marnett.

Preparation of reactive carbonyl species-modified DNA

(RCS-DNA)

Calf thymus DNA (1 mg/ml, final concentration) was

incubated in 0.05 M sodium phosphate, 0.003%

Tween 20 buffer, pH 7.0 containing either 10 mM

glyoxal (GLY) for 1 h at 378C [35]; 0.58 mM

4-hydroxynonenal (HNE prepared in tetrahydro-

furan, THF), 24 mM copper (II) sulphate and 25 ml

70% (v/v) t-butyl hydroperoxide in a total volume of

10 ml for 2 h at 378C (conditions adapted from in-

house methodology); 100 mM malondialdehyde

(MDA) for 96 h at 378C where 100 mM malondial-

dehyde bis-(dimethyl-acetal) was used to generate

MDA (conditions adapted from in-house methodol-

ogy); 1 M acrolein (ACR) for 2 h at 378C or 0.5 M

crotonaldehyde (CROT) for 18 h at 378C (modified

from [36]). DNA was precipitated from aqueous

solution using 0.1 volumes, 3M sodium acetate, pH

5.4 and 2 volumes of ice-cold absolute ethanol. DNA

was resuspended in 500 mL H2O, dialysed against two

washes of PBS at 48C and stored at �208C.

Modification of DNA was assessed by direct binding

ELISA utilising an anti-reactive oxygen species anti-

body, as described in Mistry et al. [35]. Increased

binding of antibody over that to native DNA was seen

for each aldehyde modified DNA (results not shown).
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Preparation of reactive carbonyl species-modified BSA or

LDL

BSA (1 mg/ml) and LDL (1 mg/ml) were modified as

described for calf thymus DNA.

Production of anti-(RCS-DNA) polyclonal antiserum

Immunization of a New Zealand White rabbit was as

described previously for Reactive Oxygen Species-

modified DNA (ROS-modified DNA [32]). The

immunogen was prepared using equal volumes of

individually modified RCS-DNA.

Immunoglobulin G purification using protein-A

Prior to characterization, the anti-(RCS-DNA) anti-

serum was purified to obtain the IgG fraction using a

protein A column. Briefly, 0.125 g Protein A beads

(cyanogen bromide activated and immobilized on

sepharose CL-4B) were allowed to swell in water (1 g

swells to:4 ml) and passed through a 1 ml column

with a bed of glass wool. Antiserum (1 ml) was

adjusted to pH 8.0 with 1 M Tris-base and layered

onto the protein A column which had been pre-

washed using five column volumes of 100 mM Tris,

pH 8.0. Following washing with a further 10 column

volumes of 100 mM Tris, pH 8.0, IgG was eluted with

10 column volumes of 100 mM glycine, pH 3.0. Each

column volume was collected in 1.5 ml aliquots

containing 50 mL 1 M Tris, pH 8.0. IgG containing

fractions were identified by UV absorbance at 280 nM

(1 OD:0.8 mg/ml) and subsequently combined.

The final concentration of IgG was 1.78 mg/ml.

Enzyme-linked immunosorbent assay (ELISA)

Characterization of the anti-(RCS-DNA) antiserum

was carried out using direct and inhibition ELISA, as

previously described [35]. IgG fraction of the anti-

serum was used at a final dilution of 1:500 (3.6 mg/

ml) and secondary peroxidase-labelled anti-rabbit

conjugate at a dilution of 1:2000.

Preparation of heat-oxidized oil mixture

In order to simulate the effects of exposure to

exogenous (dietary) products of lipid peroxidation,

a heat-oxidized oil mixture was prepared as follows: 1

ml of Methyl-linoleic acid and 1 ml of Methyl-

linolenic acid were mixed in an open top heat

resistant tube and heated to 1808C for 20 min. The

oil was then allowed to cool to room temperature for

2 h and was stored at �208C under argon until use.

Prior to incubation with cells, a PBS extract of the

oil mixture was prepared as follows: 300 ml of heat-

oxidized oil was added to 2.7 ml PBS and vortex

mixed for 2 min, followed by rotational mixing for a

further 10 min. The oil/PBS mixture was then

centrifuged at 1300 g for 5 min and the upper

aqueous phase was removed for immediate use.

Human colon epithelial cell culture

The human normal colon cell line CRL-1807 trans-

formed with heat sensitive SV40 virus (tsSV40)

(American Tissue Culture Collection Repository;

Rockville, MD) was maintained in 25 cm3 tissue

culture flasks in Dulbecco’s modified Eagle’s medium

supplemented with 10% (v/v) foetal bovine serum,

50 mg/ml gentamycin at 378C in a humidified atmo-

sphere containing 5% (v/v) CO2.

Exposure of CRL-1807 cells to products of lipid

peroxidation

Two models were used to simulate exposure of colon

cells to products of lipid peroxidation;

. Model A: Endogenous lipid peroxidation was simu-

lated by treatment of CRL-1807 cells with the lipid

peroxidation initiator AAPH (2,2?-azo-bis-(2-ami-

nopropane)-dihydrochloride) as follows: CRL-

1807 cells were seeded onto 8-well covered glass

chamber slides (200 cells/well) and allowed to

attach overnight. Cells were incubated with

600 ml of AAPH solution (1 mM) for 24 h at

378C in a humidified atmosphere of 5% (v/v) CO2.

. Model B: Exogenous (dietary) lipid peroxidation

was simulated by treatment with a PBS extract of

heated oil mixture, as follows: CRL-1807 colon

cells were seeded onto 8-well covered glass cham-

ber slides (200 cells/well) and allowed to attach

overnight. Cells were incubated with medium

containing either 6 or 15 ml heat oxidized oil/PBS

extract for 24 h at 378C in a humidified atmo-

sphere of 5% (v/v) CO2.

Untreated CRL-1807 cells, or cells treated with oil

which had not been heat oxidized, were used as

controls. Following treatment, the medium was

removed and cells were washed twice with cold

PBS. Cells were then fixed with 100% ice-cold

ethanol for 5 min, following which excess ethanol

was discarded and cells allowed to dry at RT.

Immunocytochemical analysis

CRL-1807 cells previously exposed to products of

lipid peroxidation using either Model A or B were

subsequently analysed for RCS-DNA formation.

IgG-fraction of anti-(RCS-DNA) antiserum was

added to each chamber (200 ml/chamber; 1:500 in

PBS) and incubated for 1 h at 378C in a humidified

atmosphere. Following two washes with PBS, a

FITC-labelled anti-rabbit IgG antibody (1:100 in

PBS; 200 ml/chamber) was added and incubated

(protected from exposure to light) for a further 1 h
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as described above. The slides were then washed

twice with PBS before nuclear counterstaining

with 4,6-diamidino-2-phenylindole (DAPI, 5 mg/ml;

200 ml/chamber) for 5 min at RT. Following two

washes with PBS, the chambers were removed and

the cells mounted using Vectashield fluorescence

mounting medium (Vecta Laboratories, Peterbor-

ough, UK).

Imaging software

Images were viewed on an Axioskop fluorescence

microscope (magnification�40) and captured using

a Hamamatsu 12-bit digital camera. FITC or DAPI

filters were placed on a 10-position filter wheel and

controlled using Openlab 3.14 software (Improvision,

University of Warwick Science Park, Coventry, UK).

Images were originally captured as a 12-bit greyscale

image, following which DAPI images were coloured

as red (nuclear counterstain) and anti-(RCS-DNA)

antiserum binding as green. DAPI and FITC images

were subsequently superimposed to assess specific

antibody binding to nuclear DNA (yellow/orange).

Immunohistochemical analysis of ex vivo colon tissue

Samples of ‘normal’ colon tissue were obtained from

10 patients undergoing surgery for colon cancer,

nine of whom were subsequently diagnosed with

colon cancer. Tissue samples were initially frozen in

liquid nitrogen and stored at �808C. Sections were

thawed prior to tissue sectioning (8 mm thickness)

and plated onto microscope slides pre-coated with

silane (Sections were prepared by Department of

Histopathology, University Hospitals of Leicester,

Leicester Royal Infirmary). Slides were stored at

�808C until required.

Frozen sections were allowed to reach RT for 30 min

prior to analysis. Sections were incubated for 30 min in

a blocking solution of PBS, pH 7.2 containing 2% (v/v)

normal goat serum (NGS) at RT in a covered

chamber. Following three washes with PBS, sections

were incubated with anti-(RCS-DNA) antiserum

(1:500 dilution) or with monoclonal antibody M1G

(1:500 dilution; reactive against MDA-deoxyguano-

sine adducts [37]) as a positive control, for 2 h at RT in

a covered chamber. Control sections were incubated

with 2% (v/v) NGS/PBS. Sections were washed three

times with PBS and incubated with biotinylated goat

anti-rabbit immunoglobulins (DAKO E432) or bioti-

nylated goat anti-mouse immunoglobulins (DAKO

E433). Control sections (without primary antibody)

were treated with biotinylated goat anti-mouse im-

munoglobulins. Sections were washed three times with

PBS, followed by incubation with FITC-labelled

streptavidin (Vector Labs, SA-5001) at 1:100 dilution

for 30 min at RT in a covered chamber. All procedures

from this point onwards were carried out in the dark.

Sections were rinsed three times with PBS and

incubated with DAPI (1 mg/ml) for 5 min at RT.

Sections were then rinsed three times with PBS and

mounted using Vectashield fluorescence mounting

medium. All sections were subsequently stored in a

light-tight container at 48C prior to analysis, as

described previously.

Results

Antigenicity of RCS-modified DNA

At regular intervals throughout the immunization

schedule, test bleeds were screened by direct ELISA

for reactivity against native DNA, the immunogen

(comprising a mixture of HNE-, MDA-, GLY-, ACR-

and CROT-modified DNA) and DNA modified with

individual RCS. Following completion of the immu-

nization schedule, a bleed-out serum was obtained

and purified for the IgG fraction. A working dilution

(1:2000) of the anti-(RCS-DNA) antiserum was

established by direct ELISA against the immunogen,

with minimal reactivity noted against native DNA

(Figure 1, inset). Reactivity of the anti-(RCS-DNA)

antiserum was also established against DNA modified

with individual RCS (Figure 1, main). Reactivity to

HNE-modified DNA was comparable to that against

the immunogen (mean abs9SD of 0.74190.035

and 0.78990.010, respectively). Increased reactivity

over that to native DNA (mean abs of 0.04790.015)

was also observed against GLY- and ACR-modified

DNA (mean abs of 0.62590.017 and 0.34290.012,

respectively). Reactivity of the anti-(RCS-DNA)

antiserum to CROT- and MDA-modified DNA

(mean abs of 0.16090.0078 and 0.07890.0081,

respectively) was only marginally increased above that

against native DNA (mean abs of 0.04790.015).

The antiserum was further characterized against

double- and single-stranded (ds- and ss-DNA) anti-

gens by inhibition ELISA, utilising GLY-DNA as

solid phase antigen and anti-(RCS-DNA) antiserum

at a dilution of 1:500 (Table I). Increased reactivity of

the anti-(RCS-DNA) antiserum over that to native

DNA was observed towards HNE-, GLY- and ACR-

modified DNA for both ds- and ss-antigens. For

GLY-DNA, the antiserum was considerably more

reactive with the ds antigen, in comparison with the ss

antigen (IC50 values of 7 and 178 mg/ml, respec-

tively). In contrast, reactivity of the anti-(RCS-DNA)

antiserum to ssCROT-DNA and ssHNE-DNA (IC50

values �300 and 175 mg/ml, respectively) was

generally greater than that to the ds antigens (IC50

values of�400 and 265 mg/ml for dsCROT-DNA and

dsHNE-DNA, respectively).

Cross-reactivity of anti-(RCS-DNA) antiserum to RCS-

modified proteins

The immunogen used to generate the anti-(RCS-

DNA) antiserum was hydrostatically bound to a
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protein hapten (BSA) and therefore the antiserum has

a potential for cross-reactivity to RCS-modified pro-

teins. This was assessed by direct ELISA utilising

RCS-modified BSA as antigen. In addition, reactivity

to RCS modified low density lipoprotein (LDL) was

also investigated as the apolipoprotein component of

LDL contains a large proportion of lysine residues

which is known to be highly reactive with carbonyl

species. Minimal reactivity of the antiserum above that

seen to the native antigen was noted for all RCS-

modified antigens. However, binding of the anti-

(RCS-DNA) antiserum to MDA-modified LDL was

seen to be significantly raised above that of native LDL

(mean abs9SD of 1.102590.014 and 0.45890.032,

respectively; pB0.0001; described but not shown).

Utilization of anti-(RCS-DNA) antiserum for detection

of RCS-modified DNA

In vitro Model A: Endogenous lipid peroxidation. CRL-

1807 cells were incubated with AAPH (1 mM) to

simulate the effects of exposure of colon cells to

endogenously derived products of lipid peroxidation.

Formation of RCS-modified DNA was subsequently

analysed using immunocytochemical techniques, uti-

lising the anti-(RCS-DNA) antiserum for detection

of RCS-modified DNA. Antibody binding was visua-

lized using an anti-rabbit FITC-labelled secondary

antibody conjugate (green fluorescence) with DAPI

being used as a nuclear counterstain (red fluores-

cence). Figure 2A illustrates that increased binding of

the antiserum was observed in cells treated with 1

mm AAPH (i) over that seen in untreated cells (ii).

DAPI staining was consistent in both AAPH treated

(iii) and untreated cells (iv).

In vitro Model B: Exogenous lipid peroxidation. CRL-

1807 cells were incubated with a PBS extract of heat-

oxidized Methyl-linoleic/linolenic acid mixture to

simulate the effects of exposure of colon cells to

Figure 1. Reactivity of anti-(RCS-DNA) antiserum. Direct binding ELISA was used to assess reactivity of the antiserum against DNA

modified with reactive carbonyl species (RCS); native�native DNA; immunogen�mixture of DNA modified with individual RCS; HNE�
DNA modified with 4-hydroxynonenal; Glyoxal�DNA modified with glyoxal; MDA�DNA modified with malondialdehyde; Crot�DNA

modified with crotonaldehyde; Acr�DNA modified with acrolein. Inset shows reactivity of anti-(RCS-DNA) antiserum against immunogen

and native DNA, as determined by direct binding ELISA. All values represent the mean absorbance at 492 nm (9SD) of triplicate

determinations for each RCS-modified or native DNA.

Table I. Reactivity of anti-(RCS-DNA) antiserum. Inhibition of

antiserum binding by double- and single-stranded DNA modified

with reactive carbonyl species. IC50 values (concentration of anti-

gen giving 50% inhibition of antibody binding; mg/ml) were deter-

mined using inhibition ELISA with glyoxal-modified DNA as solid

phase antigen. All values represent the mean of duplicate deter-

minations.

IC50 (mg/ml)

Competitor dsDNA ssDNA

HNE-DNA 265 175

Gly-DNA 7 178

Acr-DNA 157 199

Crot-DNA �400 �300

MDA-DNA �635 �970

Native-DNA �525 369

HNE�4-hydroxynonenal; Gly�glyoxal; Acr�acrolein; Crot�
crotonaldehyde; MDA�malondialdehyde.
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exogenously-derived products of lipid peroxidation,

such as those found in the diet. Formation of

RCS-modified DNA was analysed by immunocyto-

chemistry utilising the anti-(RCS-DNA) antiserum,

as described for model A. Figure 2B illustrates that

CRL-1807 cells incubated with 15 ml heat-oxidized

Methyl-linoleic/linolenic acid (ii) showed an in-

creased binding of the antiserum over that seen in

CRL-1807 cells incubated with either 6 ml heat-

oxidized Methyl-linoleic/linolenic acid (i) or 15 ml

unoxidized oil as control (iii).

Ex vivo colon tissue

The anti-(RCS-DNA) antiserum was further utilised

for the immunohistochemical analysis of ex vivo

samples of ‘normal’ colon tissue. As shown in Figure

3, a light microscope image (magnification�20) of

(a)

(b)

Figure 2. (A) Immunocytochemical analysis of anti-(RCS-DNA) modified antiserum binding to human normal epithelial (CRL-1807)

cells exposed to endogenous lipid peroxidation. Antibody binding in cells exposed to (i) 1 mm AAPH and (ii) untreated controls was

visualized using anti-rabbit FITC-labelled secondary antibodies (green fluorescence). DAPI (red fluorescence) was also used as a nuclear

counterstain on AAPH treated (iii) and untreated control cells (iv). (B) Immunocytochemical analysis of anti-(RCS-DNA) antiserum

binding to undifferentiated human normal epithelial (CRL-1807) cells exposed to exogenous lipid peroxidation (PBS extract of heat-

oxidized Methyl-linoleic/linolenic acid). Antibody binding in cells exposed to (i) 6 ml or (ii) 15 ml of heat-oxidised oil or (iii) 15 ml of

unoxidized oil as control was visualized using anti-rabbit FITC-labelled secondary antibodies. FITC images (green staining) are shown

superimposed on images from DAPI nuclear counterstaining (red staining) and positive binding of anti-(RCS-DNA) antiserum can be

identified as areas of yellow staining. This figure is reproduced in colour in Free Radical Research online.
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the colon tissue shows specific apex and crypt

structures (i) with nuclear components highlighted

using DAPI (ii; red fluorescence). The presence of

RCS-modified DNA in the colon tissue was con-

firmed by an increased binding of the anti-(RCS-

DNA) antiserum (iii; green fluorescence) over that

seen in the control (iv; no primary antibody). The

FITC and DAPI images obtained were subsequently

superimposed and showed that RCS-modified DNA

was localized within the nuclei of cells associated with

colon crypts (v; orange staining). FITC and DAPI

images were obtained in the same way for positive

control monoclonal antibody M1dG and, when

superimposed, confirmed localization of antibody

binding within the nuclei of cells associated with

colon crypts (vi; orange staining).

Discussion

In this manuscript we describe the characterization

and application of a novel polyclonal antiserum raised

(iii) (iv) 

Crypt

(i) Apex (ii)

Crypt 

RCS-DNARCS-DNA 

Crypt

(v)

Crypt

RCS-DNA

RCS-DNA

(vi) 

Figure 3. Immunohistochemical analysis of anti-(RCS-DNA) antiserum and anti-(MDA-deoxyguanosine) monoclonal antibody (M1dG)

binding to ex vivo colon tissue section. (i) Light microscope image (�20 magnification) of colon tissue showing crypt and apex structures;

(ii) DAPI nuclear counterstaining of colon tissue; (iii) anti-(RCS-DNA) antiserum binding to colon tissue visualized with anti-rabbit FITC-

labelled secondary antibodies (green staining); (iv) no primary antibody control visualized with anti-rabbit FITC-labelled secondary

antibodies (green staining); (v) superimposed FITC and DAPI image showing localization of anti-(RCS-DNA) antiserum binding to colon

crypts (orange staining); and (vi) superimposed FITC and DAPI image showing localization of monoclonal antibody M1dG binding to

colon crypts (orange staining). This figure is reproduced in colour in Free Radical Research online.
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against an immuogen comprising a mixture of DNA

modified with RCS. The RCS selected for inclusion

in this study focused on those known to have

significant cytotoxic and mutagenic properties when

adducted with DNA or protein [15] and to be present

in human tissues [25�27]. The application of specific

RCS-DNA antibodies to measure carbonyl stress in

human and animal studies has been previously

described [33,34]. In contrast, the approach adopted

in this study potentially allows for monitoring of

carbonyl stress (DNA and protein) at a more global

(but not totally inclusive) level and was successfully

demonstrated in human colonic cells exposed to RCS

derived from lipid peroxidation.

Using direct binding ELISA against DNA modified

with individual RCS as antigen, an apparent order of

reactivity of the anti-(RCS-DNA) antiserum was

demonstrated as HNE�GLY�ACR�CROT�

MDA. The effect of using the RCS-modified antigens

in the ds- or ss- form on antiserum reactivity was

assessed by inhibition ELISA. In general, reactivity

was seen to be similar to both ds- and ss-RCS-

modified antigens with the exception of glyoxal-DNA

where the antiserum demonstrated considerably

greater reactivity to the ds-antigen than to the ss-

antigen. MDA-DNA was seen to be less antigenic for

the anti-(RCS-DNA) antiserum than native DNA;

however the bulky nature of MDA-DNA may have

made this antigen unsuitable for use in this type of

ELISA format.

It was not within either the aims or the scope of this

study to fully characterize the adducts produced

during reaction of each RCS with DNA. However, it

is possible using published literature for us to postulate

the identity of the main adducts formed. The reaction

of DNA with HNE was carried out in this study in a

comparable way to that described by Douki et al. [38],

who identified 1, N2-propano-2?-deoxyguanosine as

the major adduct formed from the reaction, with 1,

N6-ethenoadenine and 1-N2-ethenoguanine also

being produced, but at significantly lower levels.

Similarly, Olsen et al. [39] reported that, under

comparable reaction conditions to ours, the major

adduct formed from the reaction of Glyoxal and DNA

was 2?-deoxyguanosine-glyoxal with 2?-deoxyadeno-

sine-glyoxal adduct also being formed at lower levels.

From the study described by Pawlowicz et al. [40] we

can also postulate that 2?-deoxyadenosine-acrolein

adducts are the likely main adducts formed from the

reaction of acrolein with DNA, whereas reaction with

Crotonaldehyde could have lead to the formation of

Michael addition products and the Schiff base N2-(3-

hydroxybut-1-ylidene)dG [41]. For the remaining

RCS used in our study, MDA, we can surmise from

the work reported by Marnett [25] that the most

abundant adduct formed by reaction of MDA and

DNA is likely to have been pyrimidol[1,2a]purin-

10(3H0-one), M1G, with N6-(3-oxo-propenyl) deox-

yadenosine, M1A being formed at lower levels. N4-(3-

oxopropenyl)deoxycytidine, M1C, may also have been

present but in trace amounts.

The potential cross-reactivity of the anti-(RCS-

DNA) antiserum to RCS-modified proteins was

assessed using RCS-modified BSA and LDL.

Although BSA was used as a hapten during immuniza-

tion and a degree of cross-reactivity could therefore

reasonably be expected, negligible recognition of

RCS-modified BSA over that to native BSA was

observed. Recognition of RCS-modified LDL by the

antiserum was also negligible, with the exception of

MDA-LDL where reactivity was seen to be signifi-

cantly higher (pB0.0001) than to native LDL. These

results suggest recognition of conjugated Schiff base-

type structures by the anti-(RCS-DNA) antiserum,

formed during MDA-modification of lysine residues

on the apolipoprotein B component of LDL [42].

Following characterization, the utilization of the

anti-(RCS-DNA) antiserum for both immunocyto-

chemical and immunohistochemical analysis was

successfully demonstrated. A human epithelial colon

cell-model, comprising CRL-1807 cells, was exposed

to an RCS insult derived from endogenous (using

AAPH) and exogenous (using an extract of heat-

oxidized Methyl-linoleic/linolenic acids) lipid perox-

idation sources. RCS-modified DNA formation was

demonstrated for both sources of RCS with increased

binding of the anti-(RCS-DNA) antiserum localized

to the cell nucleus. A degree of antiserum binding

within the cell cytoplasm was also noted (data not

shown) with the exogenous lipid peroxidation model,

suggesting reactivity of the antiserum against RCS-

modified lysine or extrusion of damaged DNA that

may be associated with DNA repair processes. How-

ever, it has been reported using Microarray analysis

that undifferentiated CRL-1807 cells are only able to

initiate DNA repair processes in response to DNA

damage resulting from exposure to RCS from en-

dogenous and not exogenous lipid peroxidation [43].

Therefore, it would seem more likely that antiserum

binding within the cell cytoplasm was due to reactiv-

ity with RCS-modified lysine residues.

The study reported here also demonstrated the

successful utilization of the anti-(RCS-DNA) anti-

serum in the immunohistochemical analysis of ‘nor-

mal’ colon tissue samples obtained from 10 patients

undergoing surgery for colon cancer. Subsequent to

the immunohistochemical analysis, nine of the

10 patients from whom samples were taken were

positively diagnosed with colon cancer. RCS-mod-

ified DNA was detected in the majority of samples

using both the anti-(RCS-DNA) antiserum and

anti-(MDA-deoxyguanosine) monoclonal antibody
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(M1G) and was found to predominate in colon

crypts. These results strongly indicate that the

undifferentiated stem cells located at the base of

colon crypts sustain greater damage from lipid

peroxidation products (whether from an endogenous

or exogenous source) than the differentiated cells at

the apex. Together with supporting evidence showing

that CRL-1807 cells exposed to exogenous lipid

peroxidation products are unable to initiate a DNA

repair response [43] the results reported here strongly

support a role for oxidized PUFA intake as a

contributing factor in development of sporadic color-

ectal cancer.
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