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The formation of DNA adducts by the covalent binding of genotoxic chemicals to
DNA represents a valuable marker for assessing exposure to carcinogens but as yet the role
of DNA adducts as a biomarker of carcinogenic susceptibility still needs to be clearly
ascertained. To address this question an animal study was instigated using mice (SWR
(high), BALB/c (intermediate) and C57BL/6J (low)) varying in their susceptibility to lung
carcinogenesis. Groups of animals from each strain were dosed with a single
intraperitoneal injection of saline or N-nitrosodiethylamine (NDEA) at 15 or 90 mg kg–1

body weight. Lung and liver tissues were removed at different time points following
dosing. Further groups of mice dosed with the same regime had urine samples collected
24 h post dosing and were then left up to 18 months to allow for the development of
tumours. Immunoslot-blot analysis was used for the determination of N-7 ethylguanine
(N-7EtG) and O6 ethylguanine (O6EtG) adduct levels in the DNA from the tissues and
gas chromatography–mass spectrometry (GC–MS) was used to determine N-3
ethyladenine (N-3EtA) adduct levels in the urine samples. Levels of alkyltransferase
(ATase) were also determined in the tissues. The results showed that the DNA adduct
levels and persistence were similar across the three strains of mice following dosing with
15 and 90 mg kg–1 NDEA. High levels of adducts were observed in the urine of the
BALB/c strain, implying an increased metabolic or repair capacity in this strain. However
there were no differences in the levels of ATase in the lung and liver of the three strains of
mice following dosing with 15 mg kg–1 NDEA. The incidence of tumours in C57BL/6J
mice was lower compared with the other two strains and showed a dose dependent
increase. The results from this study show that the differences in susceptibility to lung
carcinogenesis between the three strains of mice do not appear to be linked to the
formation of the two adducts detected. These results imply that dosing with NDEA
resulted in toxicity which may have led to cell death and induction of tumours by
compensatory cell proliferation. Although these results do not allow decisive conclusions

B
io

m
ar

ke
rs

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

C
ha

ng
hu

a 
C

hr
is

tia
n 

H
os

pi
ta

l o
n 

11
/1

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



to be drawn concerning the relationship between total levels of DNA adducts and
differences in carcinogenic susceptibility for the three strains of mice it is clear that the
increased presence of a DNA adduct in the target tissue increases the likelihood of tumour
development.

Introduction
DNA adducts can be used as simple markers of internal dose but they have the

potential to be used to investigate different host factors in response to carcinogen
exposure and to gain insight into the susceptibility of certain individuals to cancer.
DNA adducts have an important role to play in the multistage process of
chemically-induced carcinogenesis as DNA adduct formation appears to be the
� rst critical event involved in its initiation (Wright 1991, Gaylor et al. 1992, Dipple
1995, La and Swenberg 1996). Experimental evidence in the literature suggests
that the levels of DNA adducts produced are dependent upon the dose of chemical
carcinogen, and the general assumption is that there is a positive correlation
between the extent of DNA adduct formation and tumour induction in a speci� c
tissue, with tumours rarely being formed in tissues containing no adducts (Yuspa
and Poirier 1988).

A number of animal models have been used to assess the relationship between
DNA adducts and carcinogenesis by measuring levels of DNA adducts in target
tissues from animals that were continuously exposed to carcinogenic compounds
(Beland and Poirier 1993). The advantage of using an animal model over short-
term genotoxicity tests such as the Ames test is that the latter do not provide any
information regarding involvement of chemical carcinogens in the stages of
promotion or progression of carcinogenesis. Furthermore, short-term tests do not
account for the detoxi� cation of carcinogens, DNA repair and replication, all of
which can be assessed using DNA adduct determinations in an animal model. The
importance of DNA adducts for evaluating exposure to chemical carcinogens has
been clearly established, however their role as markers for carcinogenic sus-
ceptibility still remains to be determined.

Mouse lung carcinogenesis, which was � rst observed in mice 100 years ago,
provides a valuable biological model for studying the different stages of tumour
development and the mechanism by which carcinogenesis is in� uenced by genetic
and environmental factors. Furthermore, mouse lung tumours have analogous
morphological, histogenic and biochemical features to those found in human lung
adenocarcinoma and represent a good model for studying human lung
carcinogenesis (Malkinson 1992). Inbred strains of mice have differing
susceptibilities to spontaneous and induced tumour formation. A strain which
develops spontaneous tumours within approximately a year after birth will also
develop many tumours within a few months following carcinogen administration.
The opposite is true for a strain that does not develop spontaneous tumours, which
will be more resistant to the carcinogen (Malkinson 1989). Inbred mice which have
been brother–sister mated for at least 20 generations have a theoretical genetic
similarity of greater than 95 %, thus eliminating any genetic variability that may
arise in experiments (Dragani et al. 1995, Festing 1997).

NDEA was chosen as the model compound for this study since extensive
background literature has been published describing its metabolism and
carcinogenic properties in detail (Preussmann and Wiessler 1987, Gray et al. 1991,
Peto et al. 1991, Swenberg et al. 1991). NDEA is a procarcinogen requiring
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metabolic activation by cytochrome P450 2E1 and 2A6 whose activities vary among
individual mice and humans, to form the ultimate genotoxic species, a diazonium
ion, which acts as an ethylating agent (Yamazaki et al. 1992, Camus et al. 1993). A
number of DNA adducts can be formed which include those ethylated at the O6,
N2, N-7 and N-3 positions of guanine, the N-7 and N-3 positions of adenine, the
O2 position of cytosine and the O2 and O4 position of thymine as well as the
phosphodiester backbone (Singer 1985, Beranek 1990). The lesions thought to be
important in initiating carcinogenesis result from alkylation of the O6 position of
guanine and O4 position of thymine, which can lead to GC to AT and AT to GC
base pair transitions, respectively (Singer and Essigmann 1991). These lesions can
be repaired by ATase which catalyses the direct stoichiometric transfer of the ethyl
group from the DNA onto itself resulting in irreversible inactivation. Basal ATase
levels have been shown to vary among species, tissues and cells and an inverse
relationship between ATase levels and tumour formation has been observed in
rodents (Myrnes et al. 1983, Rudiger et al. 1989, Pegg 1990).

Single doses of NDEA can be used to generate mouse lung tumours, making
this a highly appropriate model for studying the relationship between adducts and
carcinogenesis. In the study presented here we administered tumorigenic doses of
NDEA to different strains of mice varying in their susceptibility to lung
carcinogenesis, SWR (high), BALB/c (intermediate) and C57BL/6J (low)
(Malkinson 1989). Levels of N-7EtG and O6EtG were measured in lung and liver
as well as the levels of ATase and excretion of N-3EtA in urine, for comparison
with lung tumour incidence and multiplicity in the three strains of mice.

Materials and methods
Materials

Ribonuclease A (RNase A), proteinase K and NDEA were purchased from Sigma Chemical Co. Ltd,
Dorset, UK.

Animals
Three strains of speci� c pathogen free (SPF) female mice supplied by Harlan UK Ltd (Blackthorn,

Bicester, UK) were used, differing in their susceptibility to lung carcinogenesis, SWR (high), BALB/c
(intermediate) and C57BL/6J (low).

All the animals were electronically tagged using a Trovan TagTM and randomized prior to cage
assignment. When the animals were obtained from the suppliers, they were left to acclimatize for 2
weeks prior to dosing, so that they were approximately 8 weeks old at the time of dosing.

Dosing of animals with NDEA
Part 1—Early biomarkers: Each mouse (three mice per group) received either a single intraperitoneal

dose of saline or NDEA in saline at 15 mg or 90 mg kg–1 body weight. Lung, liver and kidney tissues
were removed 5 h, 10 h, 24 h, 4 d, 7 d, 28 d and 56 d after dosing and immediately frozen in liquid
nitrogen for subsequent DNA adduct analysis. In a further experiment the same three strains of mice
were dosed with saline or NDEA in saline at 15 mg kg–1 with lung and liver tissues being removed at 2 h,
5 h, 10 h, 24 h, 72 h and 7 d after dosing. The tissues were immediately frozen in liquid nitrogen for
subsequent DNA adduct analysis and measurement of ATase levels.

Part 2—Tumour development: A separate group of animals treated with the same dosing regime of
NDEA were left up to 18 months to develop tumours (� gure 1). Prior to dosing with NDEA the animals
were placed in individual metabolism cages and 24 h pre-dosing urine samples were collected and stored
at –20 °C. The animals (25 per strain) were dosed with NDEA or 0.9 % saline, replaced into the
metabolism cages and 24 h post-dosing urine samples collected and again stored at –20 °C. These urine
samples were subsequently used for the determination of N-3EtA adduct levels by GC–MS analysis. All
the mice were sacri� ced by cervical dislocation, and the major organs were examined and � xed in 10 %
neutral buffered formalin. The multiplicity of lung tumours was determined at autopsy by counting the
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number of tumours visible per tumour-bearing mouse. Sections (5 µm) of paraf� n wax embedded
tissues were prepared and examined histologically.

DNA isolation
DNA was isolated from animal tissues, which had � rst been crushed in liquid nitrogen to a � ne

powder and dissolved in 50 mM Tris–HCl, 100 mM EDTA, pH 8.0, using a standard phenol/
chloroform–isoamylalcohol method following pre-treatment with RNase A (100 µg ml–1), SDS (0.5 %) at
room temperature and � nally with proteinase K (500 µg ml–1) at 37 °C overnight. An equal volume 
of the phenol extraction buffer (10 mM Tris-equilibrated phenol: chloroform: m-cresol: isoamyl al-
cohol (47.2:47.2:4.7:0.94) and 8-hydroxyquinoline (0.1 % by weight)) was added to the tissue solution.
The two phases were separated by centrifugation at 3000 rpm for 10min at 4 °C (GPR Beckman cen-
trifuge, Beckmann Instruments Inc., Palo Alto, CA, USA) and the top layer was removed, re-extracted
with an equal volume of the phenol extraction buffer and centrifuged again. An equal volume of
chloroform:isoamyl alcohol, (24:1, v/v) was added to the top layer and centrifuged as before. The DNA
was precipitated by the addition of 3 M sodium acetate, pH 6.5 (0.1 volume) and 0.8 volume of ice-cold
isopropanol (assuming the total volume was equal to 1.0) to the top aqueous layer and washed with
absolute alcohol followed by 70 % ethanol in water before resuspending in SCC buffer (1.5 mM NaCl,
150 µM trisodium citrate, 1.0 µM EDTA, pH 7.3). The purity of the DNA was checked by the
determining the ratio of the absorbance at 260 and 280 nm (Kontron UVikon 860 spectrophotometer)
and the concentration determined by assuming that A260nm = 1 is equivalent to 50 µg ml–1 for double-
stranded DNA.

Determination of N-7EtG in calf thymus DNA standards used for the immunoslot-blot by HPLC-electrochemical
detection

The N-7EtG level in the calf thymus DNA treated with N-ethyl-N-nitrosourea in vitro was
determined by HPLC with electrochemical detection. The � rst step in the analysis involved the release
of the adducted base from the DNA backbone, which was achieved by hydrolysing the DNA sample in
0.1 M formic acid, pH 2.3 at 70 °C for 1 h. An enrichment step was performed on the sample by using
reverse phase HPLC to separate N-7EtG from guanine and adenine, which were also generated by the
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Figure 1. Scheme showing the design of the study.
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hydrolysis conditions utilised. The HPLC fraction containing N-7EtG was lyophilized, redissolved in
water and analysed by electrochemical detection (Singh et al. 1997). This calf thymus DNA was used as
a standard to construct the calibration line for the immunoslot-blot.

Determination of N-7EtG and O6EtG levels in DNA from tissues obtained from the 90 mg kg–1 NDEA dose group by
immunoslot-blot analysis

Preparation of DNA samples: The method has been described previously by Mientjes et al. (1996).
Brie� y, DNA samples to be analysed were diluted with 10 mM di-potassium hydrogen orthophosphate
(K2HPO4), pH 7.0, to a concentration of 100 µg ml–1 in a � nal volume of 200 µl and then sonicated for
5 s (Branson soni� er 250, Dawe Ultrasonics, Middlesex, UK). The DNA samples were incubated with
4.7 µl of 3 M NaOH at 37 °C for 30 min followed by the addition of 6.0 µl of 1 M potassium dihydrogen
orthophosphate (KH2PO4) and then 15–16 µl of 1 M HCl to maintain the pH at approximately 7.5. The
DNA samples were heated to 100 °C for 5 min following the addition of 75 µl of phosphate buffered
saline (PBS) and then cooled to 0 °C for 10 min. The UV absorbance was determined at 260 nm using
2 M ammonium acetate:PBS (1:1, v/v) as the blank, following the addition of 2 M ammonium acetate
(500 µl) and the concentration of DNA in each sample was calculated by assuming that A260nm = 1 is
equivalent to 40 µg ml–1 for single stranded DNA.

Immunoslot-blot analysis: The DNA samples were applied onto the nitrocellulose � lter (0.1 µm,
Schleicher and Schuell, Dassel, Germany) by pipetting a volume that contained 1 µg of DNA into each
well of the immunoslot-blot apparatus (Minifold S, SRC 60D, Schleicher and Schuell) followed by 1 M
ammonium acetate (200 µl). The � lter was heated at 80 °C for 1 h and then bathed in 50 ml of PBS-T
(PBS plus 0.1 % Tween-20 (polyoxyethylene-sorbitan monolaurate, Sigma)) plus 5 % non-fat milk
powder (Marvel, Nestle Ltd) at room temperature for 1 h. The � lter was then washed twice for 5 min
with PBS-T and incubated with the primary antibody for N-7EtG (obtained from Dr J. H. M. Van
Delft, AJ Zeist, The Netherlands) or O6EtG (obtained from Prof. M. F. Rajewsky, Essen, Germany) 
at 4 °C overnight. Both antibodies were diluted in 20 ml of PBS-T plus 0.5 % milk powder (0.1 g) 
1000 ´ and 60 ´ , respectively. The � lter was washed with PBS-T (30 ml) for 1 min followed by a further
two 5 min washes and incubated at room temperature for 1 h with either the secondary antibody 
for N-7EtG (goat anti-mouse immunoglobulin horseradish peroxidase conjugated, Dako A/S, Den-
mark) or O6EtG (rabbit anti-rat immunoglobulin horseradish peroxidase conjugated, Dako A/S,
Denmark) and then washed with PBS-T (30 ml) for 15 min followed by a further two 5 min washes.
Each antibody was diluted 2000 ´ in 16 ml of PBS-T plus 0.5 % milk powder. Adduct levels in each
sample were determined by comparison with a series of standards derived from the dilution of calf
thymus DNA incubated with 5 mM N-ethyl-N-nitrosourea dissolved in 0.1 M Tris–HCl, pH 7.5 at 37 °C
for 1.5 h, which were blotted onto the same nitrocellulose � lter. The chemiluminescence generated
following bathing of the nitrocellulose � lters with ECL reagents (Amersham International plc,
Buckinghamshire, UK) was determined by densitometry (Molecular Dynamics instrument and
ImageQuant software (v. 3.3) Sunnyvale, CA, USA) following exposure of Hyper� lm-ECL
(Amersham).

Determination of N-7EtG and O6EtG levels in DNA from tissues obtained from the 15 mg kg–1 NDEA dose group by
immunoslot-blot analysis

A modi� ed procedure with improved sensitivity of the immunoslot-blot method described above
was used to detect adduct levels in the low dose group. DNA samples were prepared as described above
and applied onto the nitrocellulose � lter by pipetting a volume that contained 1 µg of DNA into each
well of the immunoslot-blot apparatus, Minifold II micro� ltration apparatus (Schleicher and Schuell).
The � lter was heated at 80 °C for 1.5 h under vacuum and then bathed in 50 ml of PBS-T plus 2 % non-
fat milk powder at room temperature for 1 h. The � lter was then incubated with the primary antibody
for N-7EtG or O6EtG in 20 ml of PBS-T plus 1 % non-fat milk powder at 4 °C overnight using a
Hybaid (Teddington, Middlesex, UK) roller hybridization chamber. Following two washes with PBS-T
the � lter was incubated with the secondary antibody diluted 2000 ´ in 20 ml of PBS-T plus 1 % non-fat
milk powder for 2 h at room temperature. The � lter was immersed in Supersignal â ULTRA
chemiluminescent substrate (Pierce, Rockford, IL, USA) and the signal detected as described above.

Determination of DNA binding to the nitrocellulose � lters: The nitrocellulose � lters were checked for
equivalency of DNA binding using Southern hybridization with sonicated single-stranded genomic
mouse DNA. The � lters were hybridized overnight in 5́ SSC buffer (0.75 M sodium chloride, 0.075 M

sodium citrate), Denhardt’s solution (2 % (w/v) bovine serum albumin, 2 % (w/v) FicollTM, 2 % (w/v)
polyvinylpyrrolidone), 100 µg ml–1 denatured salmon sperm DNA and 10 % dextran sulphate at 65 °C
using 106 cpm ml–1 of [a - 32P] dCTP labelled probe prepared by random primer synthesis. Non-
speci� cally bound probe was three times washed in 0.5 ´ SSC and 0.1 % SDS for 20 min at 65 °C
followed by 0.1 % SSC and 0.1 % SDS. Quantitation of band intensity was performed by storage
phosphoimage detection (Molecular Dynamics instrument and ImageQuant software (v. 3.3) Sunnyvale,
CA, USA).
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Determination of N-3EtA in urine by GC–MS
The method has been described previously by Prevost et al. (1993). Brie� y N-3EtA was isolated

from urine (5 ml) by immunoaf� nity chromatography. The puri� ed extract was treated with derivatizing
agent and analysed by gas chromatography–mass spectrometry. N-3EtA was quantitated by reference to
a deuterium labelled internal standard.

Determination of ATase levels in lung and liver tissues obtained from mice dosed with the 15 mg kg –1 NDEA
Following the addition of phenylmethylsulphonyl � uoride (� nal concentration 87 µg ml–1), frozen

lung and liver tissues were homogenized and sonicated in 50 mM Tris pH 8.3, 1 mM EDTA, 3 mM

dithiothreitol, centrifuged to remove cell debris and then extracts were assayed for activity. Assay
mixtures (300 µl) contained [3H] methylated DNA ( ~ 2000 dpm, excess substrate conditions) and various
amounts of tissue extracts. Alkylated DNA substrate was prepared by treatment of calf thymus DNA
with [3H]-N-methyl-N-nitrosourea (18.7 Ci mmol–1, Amersham International). The assay was based on
the transfer of the O6 methyl group from methylated guanine in DNA to the alkyltransferase protein
present in the homogenate. Protein and DNA were precipitated by the addition of 10 mg ml–1 BSA
(100 µl), 4 M perchloric acid (100 µl) and 1 M perchloric acid (2 ml) following incubation for 1 h at 37 °C.
The precipitate was incubated at 75 °C for 50 min to ensure hydrolysis of DNA substrate and
centrifuged. The pellet was washed with 1 M perchloric acid (4 ml) and centrifuged. The supernatant
was discarded and the pellet neutralized with 10 mM NaOH (300 µl). The radioactivity present in the
protein precipitate was measured by scintillation counting. Each determination for ATase activity for
the different strains is the mean value from three tissues from individual animals (unless indicated).
Each tissue was assayed such that at least three points were obtained for the linear portion of a protein
dependence curve. Bicinchoninic acid protein assay was used for protein determinations (Sigma).

Data analysis
Statistical evaluation of adduct levels with respect to sacri� ce time and strain was carried out by a

general linear model two-way analysis of variance (ANOVA).

Results
Immunoslot-blot analysis was performed on the DNA samples to ascertain if

there was any differences in the levels of adducts between the strains. The
immunoslot-blot method is a rapid and sensitive way to measure DNA adduct
levels, offering the advantage of not requiring radiolabelled standards which can be
dif� cult to synthesise or costly to purchase. Previous studies have mostly relied
upon 32P-postlabelling methodologies which though highly sensitive have certain
disadvantages when used to determine small alkyl DNA adducts (Randerath and
Randerath 1994). The requirement of a 3 ¢ -monophosphate-2 ¢ -deoxynucleoside
standard of the adduct to determine labelling ef� ciency and the normally long
period of time required for the assay to be performed make 32P-postlabelling
unsuitable for this type of study in which large numbers of samples need to be
analysed. Furthermore, the sensitivity of the immunoslot-blot method is greatly
enhanced since only 1 µg of DNA is utilized per adduct determination, with the
added advantage that each sample is analysed in triplicate. Since quantitation of
adduct levels is based on a calibration line derived from standards with known
amounts of modi� cation blotted onto the same � lter as samples, the results can be
standardized for different analyses.

Initial experiments showed that the levels of adducts were below or close to the
limits of detection in the 15 mg kg–1 NDEA dose groups, with results only being
obtained from the livers of SWR and BALB/c mice. Attempts to improve the
sensitivity of the immunoslot-blot method were made by increasing the amount of
DNA loaded onto the nitrocellulose � lters; Nehls et al. (1984) have shown that the
nitrocellulose � lters can bind up to 3–4 µg of DNA. However we found that
increasing the amount DNA resulted in a corresponding increase in the
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background signal from the control DNA due to non-speci� c binding of the
antibody, and hence an improvement in sensitivity was not obtained. An
improvement in sensitivity of the method was, however, obtained by using
Supersignal â ULTRA chemiluminescent substrate, which allowed for detection of
adducts in the 15 mg kg–1 dose group (Mattson and Bellehumeur 1996). Figure 2
represents a typical image obtained of the nitrocellulose � lter using this reagent.
Detection of N-7EtG and O6EtG is shown in lane A and B respectively. Lane C
shows the same � lter probed for mouse genomic DNA to con� rm equal loading in
each band (1 µg per slot). The immunoslot-blot method used for detection of
adducts in the 90 mg kg–1 dose group had a detection limit of 100 adducts per 108

nucleotides compared with the improved sensitivity of the method used for the
detection of adducts in the 15 mg kg–1 NDEA dose group which had a limit of
detection of 5–10 adducts per 108 nucleotides. 

Formation and persistence of N-7EtG adducts in SWR, BALB/c and C57BL/6J mice
Lungs: Figure 3(A) represents the levels of N-7EtG adducts in DNA from the

lungs of SWR, BALB/c and C57BL/6J mice dosed with 90 mg kg–1 NDEA. Levels
of N-7EtG ranged from 170 to 660 adducts per 108 nucleotides. DNA from
C57BL/6J lung contained the highest level of N-7EtG at 5 and 10 h, which
decreased to levels similar to those found in the other two strains at 24 h. The level
of the adduct in the C57BL/6J strain was signi� cantly different (p < 0.0001) from
the other strains. The C57BL/6J strain also exhibited a difference in the time
course of adduct build up and elimination (p < 0.05). Figure 3(B) represents the
equivalent results obtained following dosing with 15 mg kg–1 NDEA with the lung
DNA containing approximately 4–10-fold lower adduct levels than observed with

DNA adducts in relation to lung tumours 329

Figure 2. Typical image obtained of the immunoslot-blot � lter. DNA (1 µg per slot) was blotted onto
the nitrocellulose � lter and then incubated with primary monoclonal antibody recognizing N-
7EtG (lane A) O6EtG (lane B) adducts followed by secondary horseradish peroxidase-linked
antibody. The bands were detected by bathing the � lters with chemiluminescent substrate.
Results obtained for the standard curve (ranging from 50 to 200 adducts per 108 nucleotides) and
lung samples (1, SWR; 2, BALB/c; 3, C57BL/6J) at different times following dosing with 15 mg
kg–1 NDEA are shown. Each sample was blotted in triplicate and adduct levels determined from a
calibration line generated by densitometric evaluation of the standards. Lane C shows � lters
hybridized with single-stranded mouse DNA to show equivalency of binding.
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the 90 mg kg–1 dose. Adduct levels could be detected until 168 h with peak adduct
levels being observed at the earliest time point measured after dosing (2 h).
Removal of the adduct was relatively slow, with 50 % of the 2 h levels still present
after 168 h for all three strains. Again signi� cantly higher levels of adducts were
found in the lungs of C57BL/6J strain compared with the SWR and BALB/c
strains at 5 h ( p < 0.03) but no statistical difference in the build up or removal of N-
7EtG was found between the three strains.

Liver: Figure 3(C and D) shows that N-7EtG was detectable in the liver until
168 h following dosing with 15 and 90 mg kg–1 doses of NDEA. The liver
contained 590–1670 N-7EtG adducts per 108 nucleotides over 24 h (Figure 3(C))
following dosing with 90 mg kg–1 NDEA. Adduct levels in the BALB/c strain
peaked between 5 and 10 h and this strain exhibited a signi� cant 1.5–2-fold higher
adduct level than the other two strains ( p < 0.01). Levels of N-7EtG in C57BL/6J
mice ranged from 70 to 150 adducts per 108 nucleotides between 2 and 24 h
following dosing with 15mg kg–1 NDEA (� gure 3(D)). These levels were
approximately eight-fold lower than those observed following dosing with 90 mg
kg–1 NDEA. The liver contained 3–5-fold higher N-7EtG adduct levels than the
lung following dosing with 90 mg kg–1 NDEA. In summary no marked difference
in adduct levels was found between the DNA from the liver tissues between the
three strains of mice following dosing with 15 mg kg–1 NDEA.
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Figure 3. Formation and removal of N-7EtG adducts in DNA extracted from lungs (A and B) and livers
(C and D) of SWR, BALB/c and C57BL/6J mice treated with a single intraperitoneal dose of 15
and 90 mg kg–1 NDEA. Adduct levels were determined by immunoslot-blot analysis using a speci� c
antibody recognizing the ring-opened form of N-7EtG. The values shown are the means obtained
from three animals per time point (except for the SWR strain and liver at the low dose where the
values represent the mean of two animals) and the error bars indicate the standard deviation.
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Formation and persistence of O6EtG adducts in SWR, BALB/c and C57BL/6J mice
Lung: Figure 4(A) shows the levels of O6EtG ranging from 70 to 350 adducts

per 108 nucleotides in the lung DNA from the three strains of mice following
dosing with 90 mg kg–1 NDEA. Signi� cantly higher levels of adducts were found in
the lungs of the C57BL/6J strain compared with the SWR and BALB/c strains at
5 h ( p < 0.02). A time and strain effect was also observed with adduct levels peaking
at 5 h in C57BL/6J mice before declining whereas levels peaked at 10 h in SWR
and BALB/c mice. Levels of O6EtG were detectable up to 168 h in the lungs of
mice dosed with 15 mg kg–1 NDEA (� gure 4(B)). However no statistical differences
in the level of the adduct determined at the different time points were found
between the three strains.

Liver: Figure 4(C) shows the levels of O6EtG ranging from 370 to 960 adducts
per 108 nucleotides in the liver DNA from the three strains of mice following
dosing with 90 mg kg–1 NDEA over a 24 h period. The levels of the adduct were
maximal at approximately 10 h in the liver in all three strains. Again no statistical
differences in the level of the adduct determined at the different time points were
found between the three strains. Approximately two orders of magnitude lower
adduct levels were detected in the mice dosed with 15 mg kg–1 NDEA, with levels
ranging from 40 to 140 adducts per 108 nucleotides detectable up to 10 h (� gure
4(D)).
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Figure 4. Formation and removal of O6EtG adducts in DNA extracted from lungs (A and B) and
livers (C and D) of SWR, BALB/c and C57BL/6J mice treated with a single intraperitoneal dose
of 15 and 90 mg kg–1 NDEA. Adduct levels were determined by immunoslot-blot analysis using a
speci� c antibody recognizing O6EtG. The values shown are the means obtained from three
animals per time point (except for the SWR strain and liver at the low dose where the values
represent the mean of two animals) and the error bars indicate the standard deviation.
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Levels of ATase in lung and liver of SWR, BALB/c and C57BL/6J mice dosed with 15 mg kg–1

NDEA
ATase enzyme levels were measured in the lung and liver of the three strains of

mice dosed with 15 mg kg–1 NDEA to determine whether differences in
tumourigenicity correlated with the level of the repair enzyme. Approximately
19 fmol mg–1 protein of ATase were present in untreated lung tissues (� gure 5(A))
whilst higher levels, 88–98 fmol mg–1 protein were present in untreated liver tissues
(� gure 5(B)). In the lung ATase levels were similar to control levels amongst the
three mouse strains at different time points following dosing with 15 mg kg–1

NDEA. In the liver dosing with NDEA resulted in the rapid depletion of ATase
levels to 30–35 % of control levels after 2 h and these remained depleted until at
least 5 h in all three mouse strains (� gure 5(B)). The levels of ATase were the same
or exceeded control levels when measured at 72 h and 168 h with the rate of
recovery of ATase activity being similar between the three strains of mice.

Levels of N-3EtA excreted in the urine of SWR, BALB/c and C57BL/6J mice dosed with 15 and
90 mg kg–1 NDEA

Analysis of N-3EtA levels by GC–MS in the urine 24 h following dosing with
15 and 90 mg kg–1 NDEA showed that there was no signi� cant difference in the
level of adducts between the three strains. A considerable inter-individual variation
of the levels of N-3EtA was noted for each of the strains. However there was no
correlation between levels of N-3EtA and tumour incidence for individual animals.
Following dosing with 15 mg kg–1 NDEA the average levels of N-3EtA excreted 
in 24 h were 4.2 ± 4.0. 14.1 ± 11.2 and 5.5 ± 5.9 pmol for SWR, BALB/c and
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Figure 5. ATase levels (fmol mg–1 protein) in lung and liver from SWR, BALB/c and C57BL/6J at
different time points following a single dose of 15 mg kg–1 NDEA. ATase activity was
determined in lung (A) at 0, 2, 5, 10, 24, 72 (n = 3) and 168 h (n = 1) and in liver (B) at 0, 2, 5, and
72 h (n = 2). For BALB/c 5 and 168 h n = 1, ND = not determined.
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C57BL/6J mice, respectively. Dosing with 90 mg kg–1 NDEA resulted in average
levels of N-3EtA excreted in 24 h that were 50.4 ± 34.1, 97.6 ± 53.3 and
80.3 ± 43.2 pmol for SWR, BALB/c and C57BL/6J mice, respectively (� gure 6). In
both dose groups the highest levels of N-3EtA were obtained in the BALB/c mice.

Tumour incidence in SWR, BALB/c and C57BL/6J mice dosed with 15 and 90 mg kg–1 NDEA
Histological and ultrastructural examination of mouse tissues obtained from

the Part 2 tumour development study was consistent with previous reports in the
literature (Rehm et al. 1994) indicating lung tumours as originating from either
alveolar type II or possibly Clara cells. Interestingly, polyps which are very rare
tumours in mice were detected in the small intestine. However these tumours were
found not only in NDEA dosed BALB/c mice but also in control mice. Deaths
occurring before the 18 month autopsy were mainly restricted to the 90 mg kg–1

NDEA dose group with the C57BL/6J strain having the greatest number of
animals that survived. Tumours were found in the majority of the animals that did
not survive to 18 months. The lung tumour incidence and multiplicity in SWR,
BALB/c and C57BL/6J mice is shown in � gure 7. The tumour multiplicity
increased with the administered dose of NDEA for both SWR and BALB/c mice
but only a slight difference was observed for the C57BL/6J mice. At the 90 mg kg–1

NDEA dose a difference in lung tumour multiplicity could be observed. SWR mice
had the highest tumour multiplicity (7.5±3.6, n = 16) followed by BALB/c mice
(6.1 ± 3.8, n = 21) with C57BL/6J mice having the lowest multiplicity (2.6 ± 1.7, 
n = 24). A high tumour incidence in susceptible and intermediate BALB/c mouse
strains was observed at both doses while in the C57BL/6J strain a dose-dependent
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Figure 6. The excretion of N-3EtA into the urine at 24 h from SWR, BALB/c and C57BL/6J mice
following dosing with a single intraperitoneal dose of saline, 15 or 90 mg kg–1 NDEA.
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increase in tumour incidence was observed (30 % at 15 mg kg–1 and 75 % at
90 mg kg–1). In contrast no clear difference in tumour multiplicity is observed for
the three mice strains dosed with 15 mg kg–1 NDEA. In the control dose groups the
incidence of spontaneous tumours resulting from an epigenetic mechanism or
endogenous DNA damage, parallels the expected susceptibility for each strain.
Figure 8 shows that both N-7EtG and O6EtG adduct levels measured in the lungs
of C57BL/6J mice at 24 h following dosing with NDEA correlated with tumour
incidence. Similar correlations were not observed for the SWR and BALB/c strains
because virtually all the animals had tumours at the lower dose.

Discussion
Chemical carcinogenesis appears to be a multistep process that in many cases

requires the formation of DNA adducts for its initiation. In an animal model we
have addressed the question whether DNA adduct levels can explain reasons
behind the differences in susceptibility to carcinogenesis. In this study we have
examined the formation and persistence of N-7EtG and O6EtG in the lung and
liver following administration of a single dose of NDEA in three mouse strains of
known differing susceptibility to spontaneous lung tumours. The highest level of
adducts were initially present in the livers of all three mouse strains, but the lung
remained the target tissue for tumour formation. We found lung adduct levels,
tumour multiplicity and incidence increased with NDEA dose in all three strains.
The results obtained for the SWR and BALB/c strains showed that tumour
incidence was saturated at the 15 mg kg–1 NDEA dose but tumour multiplicity was
dose-dependent. However the C57BL/6J strain exhibited a linear relationship of
tumour incidence and multiplicity with NDEA dose. Urinary excretion of N-3EtA
was similar between the three strains of mice with only signi� cant differences in
levels related to NDEA dose. Given the rapid rate of repair of N-3EtA following
excision by DNA glycosylases and its lack of direct mutagenic effect these
observations con� rm the use of this adduct as predominantly a marker of exposure
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Figure 7. Representation of the lung tumour incidence (A) and multiplicity (B) in animals left up to 18
months following dosing with a single intraperitoneal dose of saline, 15 or 90 mg kg–1 NDEA.
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to ethylating agents (Krokan et al. 1997). No signi� cant differences in the levels of
ATase were observed in the lung, implying that the differences in lung tumour
susceptibility are not related to the capacity to repair DNA damage for the three
strains of mice.

At early time points following administration of NDEA adduct formation and
persistence was dose- and tissue-speci� c within a given mouse strain. However the
resistant C57BL/6J strain had the highest DNA adduct levels in the lung at 15 and
90 mg kg–1 doses of NDEA. The results obtained indicated that levels of N-7EtG
and O6EtG determined in the lungs of the three mice strains did not explain the
reason for the differences in susceptibility to lung carcinogenesis. Similar
conclusions have been reached by Papanikolaou et al. (1998) and Yan et al. (1998)
who have found that DNA adducts are not predictive of tumour susceptibility in
different strains of mice and rats, respectively. In other model systems where
polycyclic hydrocarbons have been used, there has been no association found
between different strain susceptibility to carcinogenesis and DNA damage (Phillips
et al. 1978).

Clearly to derive any conclusions from these results we must determine the
mechanistic nature of NDEA induced carcinogenesis in this study. The formation
of tumours resulting from the presence of DNA adducts may be as a result of
either increased cell death due to toxicity induced by NDEA leading to increased
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Figure 8. Correlation of O6EtG and N-7EtG adduct levels determined at 24 h with lung tumour
incidence for C57BL/6J mice.
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cell proliferation (Cohen and Ellwein 1990) or mutational events where a number of
genes may be involved, leading to increased cell replication (Dragani et al. 1996).
From these results it seems likely that differences in cell turnover may have more of
an impact on the role of DNA adducts in tumour incidence. It has been shown that
susceptible mouse strains have a higher turnover rate of alveolar type II and Clara
cells than resistant strains (Malkinson 1991, La and Swenberg 1996). Increased cell
turnover decreases the time available for DNA repair. Thus at high doses,
cytotoxicity of NDEA may result in regenerative hyperplasia with increased rates
of cell proliferation and enhanced tumour incidence. In particular the 90 mg kg–1

dose of NDEA may have produced toxicity in the cells of the lung, which may have
resulted from the saturation of DNA repair pathways and detoxifying enzymes,
and thus the levels of adducts may not be representative of the normal homeo-
stasis, even though the LD50 of NDEA in mice following intraperitoneal injection
is 200 mg kg–1 (Diwan and Meier 1976). Therefore tumour incidence in the three
strains following exposure to NDEA may not be related directly to DNA adduct
levels and could be a consequence of a non-speci� c mechanism, such as increased
cell division to compensate for the cell death that has occurred following the toxic
effects of NDEA. This would explain the high incidence of tumours observed in
all three mice strains at the high dose.

The results obtained from the low dose group should provide more relevant
information concerning the relationship of DNA adducts and tumour
development, since one would not expect cell toxicity at this dose, the levels of
adducts would be expected to be produced under conditions of non-saturated
metabolism and DNA repair. Thus an explanation for the lower tumour incidence
in the C57BL/6J mice may be because these mice have a greater capability of
detoxifying or metabolizing NDEA in the liver compared with the other strains, so
that less of the compound is available to cause DNA damage in the lungs. Evidence
to support this hypothesis comes from results in the literature obtained following
the partial hepatectomy of rats which have been dosed with low doses of
N-nitrosodimethylamine (NDMA) leading to an increased incidence of kidney
tumours. This was explained in terms of the partial removal of the liver resulting in
an increased proportion of the dose of NDMA reaching the kidney due to
decreased detoxi� cation in the liver (Craddock 1975). The restriction of tumour
development to lung following a single intraperitoneal administration of NDEA
probably re� ects the greater DNA repair capacity in the liver and also cell division
(turnover) might be lower in the liver compared with the lung, thus allowing for the
complete repair of the adducts before replication of the DNA ensues.

DNA adducts have a role in the carcinogenic process, although the latter
appears to be a multistep process which is not solely dependent on the presence of
adducts. DNA adducts alone do not seem to explain the differences in carcinogenic
susceptibility. Evidence from the literature suggests that lung carcinogenesis occurs
following the accumulation of genetic damage resulting from the activation of more
than one gene by point mutations, recombinations, ampli� cations and/or deletions
(Sugimura et al. 1992). The multiplicities of lung tumour incidence may be
governed by at least three genes according to Thaete et al. (1991), which are
referred to as the pulmonary adenoma susceptibility (Pas) genes with ras oncogenes
being one candidate for such genes. Genetic linkage analysis experiments for
hepatocarcinogenesis, performed by crossing a highly susceptible mouse strain
(C3H) with resistant strains (A/J, M. spretus), have shown that six different regions,
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on chromosomes 2, 5, 7, 8, 12 and 19 were linked to tumour development. This
leads to the conclusion that polygenic inheritance was probably responsible for the
genetic basis of the strain variation in susceptibility to hepatocarcinogenesis
(Dragani et al. 1995b).

The adducts that were investigated in this study were O6EtG and N-7EtG
which may or may not be the major adducts involved in the carcinogenicity
attributable to NDEA in this animal model. Though Pegg (1984) has suggested
that the promutagenic O6 methylguanine is the most likely adduct present in DNA
involved in the initiation of carcinogenesis by methylating agents, evidence from
the literature is rather contradictory. A signi� cant correlation was found between
the pyridyloxobutyl adducts produced in alveolar type II cells following dosing of
Fischer 344 rats with 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone and tumour
incidence but no correlation was observed for the O6 methylguanine adduct
(Staretz et al. 1997). In contrast the N-7EtG adduct is not regarded to be
promutagenic but may result in the formation of apyrimidic sites by spontaneous
depurination thus altering the � delity of DNA replication. Since the results show
that the persistence of N-7EtG is greater than O6EtG, the signi� cance of this
adduct may be more relevant. Results obtained by Jansen et al. (1994) have shown
that O6EtG was more rapidly lost than N-7EtG in both pouch skin � broblasts and
liver tissue from rats treated with N-methyl-N-nitrosourea and N-ethyl-N-
nitrosourea. There are also species differences in the formation and persistence of
alkylguanine adducts following dosing with NDEA. The N-7EtG adduct in
hamster liver DNA was found to be eliminated at a faster rate as compared with the
rat liver. In contrast O6EtG persisted longer in hamster than rat liver DNA (Becker
and Shank 1985). Clearly the persistence of adducts is dependent on the dose used,
as one would expect the adducts to be longer lived due to saturation of repair
mechanisms.

An adduct which may have a more critical role in the initiation of carcinogenesis
may be O4 ethylthymidine (O4EtT) (Travis et al. 1991). Evidence from the
literature suggests that O4EtT may be more promutagenic than the O6EtG adduct.
The O4EtT adduct is longer lived than O6EtG since it is less ef� ciently repaired by
alkyltransferases. The O4EtT adduct has been shown to accumulate in the liver
DNA of 8-week-old Fischer 344 rats during continuous administration of NDEA
as a consequence of less ef� cient repair compared to that of O6EtG (Dyroff et al.
1986). Swenberg et al. (1982) have shown that continuous exposure of rats to
NDEA results in a time dependent increase in the level of the O4EtT adduct with
steady state levels being reached at 28 d. Furthermore statistically signi� cant
higher levels of O4EtT have been found in human liver autopsy samples of patients
having liver and other cancers compared to those patients with non-cancerous
diseases presumably as a result of exposure to ethylating agents in vivo (Huh et al.
1989). Clearly the levels of this adduct need to be determined in tissues from the
three mouse strains since it may be a more relevant marker of carcinogenic
susceptibility compared to N-7EtG and O6EtG. An immunoslot-blot based method
for determining O4EtT has been described by Wani and D’Ambrosio (1987).

The results presented here clearly indicate that the presence of DNA adducts
increases the likelihood of tumour development but the two adducts studied here
(O6EtG and N-7EtG) do not appear to give an insight into reasons behind the
differences in susceptibility for the three mice strains. However it appears that the
formation of adducts is just one event in the process of carcinogenesis and
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subsequent events may modify the risk of developing tumours. Therefore the
presence of DNA adducts implies that the risk is increased although its magnitude
is not known. A more relevant marker for tumour susceptibility may be the O4EtT
adduct which persists for longer in vivo compared with the O6EtG adduct since it is
less well repaired. The relevance of phosphotriester and histone adducts in the
carcinogenic process is not fully understood, and for example these could lead to
alterations of the chromatin structure which may lead to aberrant gene expression.

In conclusion DNA adducts are relevant markers of carcinogenic risk since the
likelihood of tumour development increases with presence of adducts, although
carcinogenesis is not solely dependent on the presence of DNA adducts. The
susceptibility of individuals or strains may be ultimately dependent on differences
in bioactivation, detoxi� cation pathways and DNA repair which is con� ned to
different cell types within tissues, which ultimately leads to alteration of cellular
proliferation.
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