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Abstract

The mycotoxin aflatoxin B1 (AFB1) may initiate cancer by causing oxidatively damaged DNA, 
specifically by  causing 8-oxo-7,8-dihydro-2’-deoxyguanosine (8-oxodG) lesions. Base excision repair 
removes these lesions, with 8-oxoguanine glycosylase (OGG1) being the rate-limiting enzyme. 
The aim of this study was to determine the effect of ogg1 deficiency on AFB1-induced oxidatively 
damaged DNA and tumourigenesis. Female wild-type, heterozygous and homozygous ogg1 null 
mice were given a single dose of 50 mg/kg AFB1 or 40  µl dimethyl sulfoxide (DMSO) ip. Neither 
ogg1 genotype nor AFB1 treatment affected levels of oxidised guanine in lung or liver 2 h post-
treatment. AFB1-treated ogg1 null mice showed exacerbated weight loss and mortality relative to 
DMSO-treated ogg1 null mice, but AFB1 treatment did not significantly increase lung or liver tumour 
incidence compared with controls, regardless of ogg1 genotype. Suspect lung masses from three of 
the AFB1-treated mice were adenomas, and masses from two of the mice were osteosarcomas. No 
osteosarcomas were observed in DMSO-treated mice. All liver masses from AFB1-treated mice were 
adenomas, and one also contained a hepatocellular carcinoma. In DNA from the lung tumours, the 
K-ras mutation pattern was inconsistent with initiation by AFB1. In conclusion, ogg1 status did not 
have a significant effect on AFB1-induced oxidatively damaged DNA or tumourigenesis, but deletion 
of one or both alleles of ogg1 did increase susceptibility to other aspects of AFB1 toxicity.

Introduction

Aflatoxin B1 (AFB1) is a known human liver carcinogen and potential 
human lung carcinogen (1–3). Produced by species of Aspergillus, 
AFB1 contaminates food crops in humid and hot conditions. One 
mechanism by which AFB1 is believed to cause cancer requires bio-
transformation of AFB1 into a reactive epoxide that binds to guanine 
residues in DNA, forming DNA adducts; if left unrepaired, these 
adducts can cause mutations that may lead to cancer (4,5). However, 
AFB1 has also been shown to cause oxidatively damaged DNA, 
which could potentially result in the same mutations caused by AFB1 
alkylation, also leading to cancer (6,7).

The most abundant and commonly studied product of oxidatively 
damaged DNA is 8-oxo-7,8-dihydro-2’-deoxyguanosine (8-oxodG). 
8-oxodG can be produced by the attack of the hydroxyl radical on 
C-8 of guanine, and is one of the most highly mutagenic DNA lesions 
(8,9). In vivo treatment with AFB1 causes an increase in 8-oxodG in 

mouse lung DNA (10,11), and 8-oxodG lesions can cause G to T 
transversions and G to A transitions (12), which are consistent with 
K-ras mutations found in AFB1-induced mouse lung tumours (13,14). 
Specifically, when 8-oxodG is paired with adenine, it is able to mim-
ick thymine functionally by adopting the syn conformation around 
the N-glycosidic bond, establishing the primary structural basis for 
8-oxodG mutagenicity, resulting in G to T transversions (12).

Oxidatively damaged DNA is repaired primarily by base excision 
repair (BER). BER handles the largest number of cytotoxic and muta-
genic base lesions, (12,15) and is the main mechanism for the removal 
of DNA lesions that cause minor helix distortions, such as 8-oxodG 
damage (16,17). 8-Oxoguanine glycosylase (OGG1) is the rate lim-
iting enzyme in the BER pathway that specifically excises 8-oxoG 
lesions (9). Interestingly, acute exposure to a tumourigenic dose of 
AFB1 increases 8-oxodG levels in mouse lung, which corresponds 
with an increase in BER activity and an increase in OGG1 protein 
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levels (11). As such, AFB1-induced oxidatively damaged DNA may be 
an important contributing process in AFB1-induced carcinogenesis. 
Mice deficient in ogg1 have been developed and allow for the ability 
to determine the consequences of 8-oxodG lesions specifically.

To date, the role of oxidatively damaged DNA in AFB1-induced 
tumourigenesis has not been directly assessed. In this study, we inves-
tigated the impact of deletion of just one or both ogg1 alleles on 
oxidatively damaged DNA and tumourigenesis following a single 
tumourigenic dose of AFB1.

Materials and methods

Materials
Chemicals were obtained as follows: AFB1, alkaline phosphatase, 
nuclease P1 from Sigma (St. Louis, MO, USA). Ultra-free-MC 10 000 
nominal molecular weight limit (NMWL) filter units from Millipore 
(Bedford, MA, USA). Ten percent neutral buffered formalin and his-
tology cassettes from Fisher Scientific (Toronto, ON, Canada). All 
other chemicals were reagent grade and were obtained from com-
mon commercial suppliers.

Animals and housing conditions
Mice deficient in the ogg1 gene on a 129/C57Bl/6 genetic back-
ground were generated as described (18). ogg1 knockout mice were 
kindly provided by Dr. Christi A. Walter at the University of Texas 
Health Science Center at San Antonio (San Antonio, TX, USA) and 
maintained in the Queen’s University animal facility. The genotype 
of each mouse was determined by isolating DNA from a small por-
tion of each mouse’s tail at weaning, using a Qiagen DNeasy Blood 
and Tissue kit (Toronto, ON, Canada) and a polymerase chain reac-
tion (PCR) analysis was performed using a Qiagen multiplex PCR 
kit (Toronto, ON, Canada). The primer sequences have been pub-
lished previously (19). The PCR conditions were 95°C for 15:00 min, 
(94°C for 0:30 min, 58oC for 1:30 min, 72°C for 1:30 min) repeated 
30 times, 72oC for 10:00 min, and 15°C until sample retrieval.

All animal experiments were conducted in accordance with 
institutional guidelines and the policies of the Canadian Council on 
Animal Care.

Measurement of oxidatively damaged DNA
Female wild-type mice (+/+) as well as those with a heterozygous 
(+/−) or homozygous (−/−) deficiency of the ogg1 gene, aged 7–10 
weeks, were housed with a 12-h light/dark cycle and provided food 
and water ad libitum. Mice were treated with either 50 mg/kg AFB1, 
which results in pulmonary tumourigenesis in AC3F1 mice and A/J 
mice (13,14) or with 40  µl dimethyl sulfoxide (DMSO) ip. One 
hundred minutes post-dosing, mice were given heparin ip (1.12 mg/
mouse in 0.1 ml sterile saline) to aid in tissue perfusion. Two hours 
post AFB1 treatment, mice were killed by cervical dislocation. Lungs 
and livers were perfused with Tris–EDTA (pH 7.9), excised and 
stored at −80°C until DNA isolation. 

DNA was isolated from lung and liver using a Wako DNA TIS 
Extractor kit (WAKO Chemicals USA, Richmond, VA, USA), accord-
ing to the manufacturer’s recommendations with minor additions: 
0.1 mM desferoxamine mesylate (DFO) was added to the lysis solu-
tion, enzyme reaction solution and TE buffer, while 0.3 mM DFO 
was added to the sodium hydroxide solution. DFO is an iron-chelat-
ing agent that prevents Fenton reactions and production of hydroxyl 
radicals that could artifactually oxidise DNA during sample prepa-
ration (20). Concentration and purity of DNA were determined by 
spectrophotometry.

Fifteen micrograms of DNA was digested per sample, using 
nuclease P1 and alkaline phosphatase (21). Briefly, 10 µl of 0.5 M 
sodium acetate (pH 5.1) and 1 µl of 1 M MgCl2 were added to 100 µl 
of 0.15 mg/ml DNA. To denature genomic DNA, samples were 
heated at 100°C for 5 min, then cooled on ice for 5 min. One µl of 
nuclease P1 enzyme (Sigma N8630) was then added and the DNA 
samples were incubated for 1 h at 37°C. Solution pH was adjusted to 
7.8 by adding 1.25 µl of 1 M Tris (pH 10.5). Ten µl of 0.1 U/µl por-
cine alkaline phosphatase were added to each sample. Samples were 
then further incubated for 1 h at 37°C. Enzymes were precipitated 
by adding 2 µl of 5.8 M acetic acid, then samples were transferred to 
10 000 NMWL filter units and centrifuged (12 000 × g for 20 min at 
4°C) to separate digested nucleosides from enzymes.

The concentration of oxidised guanine in digested liver and lung 
DNA was determined by interpolation using an eight-point standard 
curve (R2 = 0.997 ± 0.0015) generated using a commercially avail-
able DNA Oxidative Damage Enzyme-linked Immuno-Assay (EIA) 
kit (Cayman Chemical, Ann Arbor, MI). The antibody supplied with 
the DNA oxidative Damage EIA kit does not differentiate between 
8-oxo-7,8-dihydro-2′-deoxyguanosine (8-oxodG), 8-oxoguanosine 
(8-oxoGuo) and 8-oxoguanine (8-oxoGua), so the assay product 
is referred to as oxidised guanine. However, the hydrolysis step in 
the DNA digestion process should only yield 2′-nucleosides, and the 
8-oxoGuo should be removed by the RNase step during DNA diges-
tion, leaving just 8-oxodG. The results presented have been corrected 
for weight of DNA digested.

Lung tumour induction and diagnosis
Fifty female mice per genotype were treated with either 50 mg/kg 
AFB1 or with 40 µl DMSO ip. Mice that developed skin ulcerations 
or prolonged seizures, as well as those that lost > 15% of pre-study 
body weights, were humanely killed prior to study end. All remain-
ing mice were killed after 75 weeks. Mice were killed by CO2 inhala-
tion and suspect individual lung and liver masses ≥ 1 mm in diameter 
were counted, measured and excised with the aid of a dissecting 
microscope. A portion of each mass was frozen in liquid nitrogen 
and stored at −80°C, and the remainder was fixed in 10% neutral 
buffered formalin. The liver and the remainder of the lungs were 
also excised; a portion of each liver and the left lobe of each lung 
were fixed in 10% neutral buffered formalin, and the remainder of 
the organs were frozen in liquid nitrogen prior to storage at −80°C. 
Evaluation of formalin-fixed, paraffin-embedded sections stained 
with hematoxylin and eosin was carried out by a pathologist (PVT) 
without knowledge of animal treatment and genotype.

K-ras mutation analysis
DNA was isolated from frozen lung tumours with a Qiagen DNeasy 
Blood and Tissue Kit (Qiagen, Toronto ON), according to the manu-
facturer’s recommendations. Exon 1 of K-ras, which contains codons 
12 and 13, and Exon 2 of K-ras, which includes codon 61, were 
amplified by PCR (14).

Size of PCR products was confirmed by electrophoresis in 3% 
agarose gels. The remaining PCR products were then purified using 
a PCR Purification Kit (Qiagen, Toronto, ON, Canada), according 
to the manufacturer’s instructions. The purified PCR products were 
sequenced by the TCAG Sequencing Facility (Toronto, ON, Canada) 
using the forward PCR primers for K-ras exon 1 and exon 2.

Data analysis
Results are expressed as mean ± SD. To assess differences in oxi-
datively damaged DNA, a two-way analysis of variance (ANOVA) 
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followed by a Bonferonni post hoc test was used. To assess weight 
changes, an unpaired t-test was used when comparing two groups 
and a one-way ANOVA followed by a Student Newman–Keuls 
post hoc was employed when comparing three or more groups. 
Tumour multiplicity was analysed using a Mann–Whitney U-test 
and genotype effects were compared using a two-way ANOVA with 
a Bonferonni post hoc test. For analysis of survival and mass inci-
dence with respect to time, a Log-Rank (Mantel–Cox) test was used. 
Differences in the numbers of mice with lung or liver tumours and 
the frequencies of K-ras mutations in lung tumours between DMSO 
and AFB1-treated mice were analysed using Fisher’s exact test. In all 
cases, analysis was performed using Prism software (version 5.00) 
with statistical significance defined as P < 0.05.

Results

Oxidatively damaged DNA
Levels of oxidised guanine 2 h post-DMSO treatment did not dif-
fer between ogg1 genotypes in lung or liver, (P > 0.05, Figure 1). 
In addition, 50 mg/kg of AFB1 did not increase the concentration of 
oxidatively damaged DNA compared with vehicle control 2 h post-
treatment, regardless of ogg1 genotype or tissue (P > 0.05, Figure 1).

Health status of mice in tumour study
All mice treated with AFB1 had significant weight loss 5 days post-
treatment, whereas weights of control animals were unaffected 
(Figure 2A). In addition, 9 of 36 ogg1 (−/−) mice treated with AFB1 
were removed from the study within the first week post-treatment 
due to signs of dehydration and sluggishness. This only occurred in 
AFB1-treated ogg1 (−/−) mice. As such, ogg1 (−/−) mice treated with 
AFB1 were given sterile saline subcutaneously on days 3, 5, 7, 9 and 
11 post-treatment. Once this fluid regimen was started, all ogg1 (−/−) 
mice survived treatment. The amount of AFB1-induced weight loss 
did not differ between ogg1 genotypes (Figure 2B); however, ogg1 
(−/−) mice needed sterile saline to survive, suggesting that without 
the intervention the ogg1 (−/−) mice would have lost significant 
weight and potentially have died.

Following the initial weight loss 5  days post-treatment, both 
treated and control mice gained weight throughout the study. 
When the data for all genotypes were combined, AFB1-treated 
mice weighed on average ~2 g less than control mice for the first 24 
weeks, but recovered to similar weights for the remaining 51 weeks 
(Figure 2C). The number of time points that treated mice weighed 
less than control mice varied between genotypes. AFB1-treated ogg1 
(+/+) mice weighed less than the ogg1 (+/+) controls at one time 
point, AFB1-treated ogg1 (+/−) mice weighed less than controls of 

the same genotype at five time points, and the AFB1-treated ogg1 
(−/−) mice weighed significantly less than the ogg1 (−/−) control mice 
at eight time points, indicating a genotype related treatment effect 
for weight (Figure  2D–F). No difference in weight was observed 
between the three ogg1 genotypes in control mice (P > 0.05), or the 
three ogg1 genotypes in AFB1-treated mice (P > 0.05), emphasising 
that genotype alone did not affect mouse weight (data not shown).

Over the course of the entire study, survival was not different 
between control and AFB1-treated mice, regardless of ogg1 genotype 
(Figure 3). ogg1 genotype also did not affect survival of control mice 
(P > 0.05, data not shown).

Tumour induction
At the completion of the study, a total of 30 lung masses and 10 liver 
masses ≥ 1 mm in diameter were excised. More lung and liver masses 
appeared to occur in AFB1-treated animals than in DMSO controls, 
but the differences were not significant (Table 1). Mean lung mass 
multiplicity appeared to be greater in the AFB1-treated mice ver-
sus controls, (0.29 ± 1.08 lung masses/mouse and 0.06 ± 0.29 lung 
masses/mouse respectively), but this was not significant (P = 0.08; 
Figure 4A). Lung mass multiplicity also was not different between 
control and treated when comparing just ogg1 (+/+) mice (0.16 ± 0.47 
lung masses/mouse and 0.48 ± 1.5 lung masses/mouse, respectively; 
Figure 4A). Low numbers of lung masses precluded analysis within 
ogg1 (+/−) and ogg1 (−/−) mice.

Overall, a trend towards AFB1-treated mice developing lung 
masses earlier than control mice was apparent, but fell short of 
significance (P  = 0.08; Figure 4B). No significant differences were 
observed between AFB1 treated and control mice for each genotype 
individually (Figure  4B). Of all of the control mice, only control 
ogg1 (+/+) mice developed lung masses (Table 1). When comparing 
ogg1 genotypes within AFB1-treated mice only, no difference in time 
of lung mass development was observed (data not shown).

At the completion of the study, suspect lung masses from 12 mice 
were evaluated microscopically (three DMSO-treated mice and nine 
AFB1-treated mice). Of the suspect lung masses from DMSO-treated 
mice, those from two of the mice consisted of foci of alveolar hyper-
plasia or inflammation, and that from the other mouse was a pulmo-
nary adenoma. Of the suspect lung masses from AFB1-treated mice, 
those from four of the mice were inflammatory foci, those from 
three of the mice were adenomas, and those from two of the mice 
were osteosarcomas (from an ogg1 (+/+) mouse and from an ogg1 
(+/−) mouse). No osteosarcomas were observed in lung masses from 
DMSO-treated mice. Representative photomicrographs are shown 
in Figure 5. Five liver tumours were also evaluated microscopically 
(one from a DMSO-treated mouse and four from AFB1-treated mice). 

Figure 1.  Concentration of oxidised guanine in control and AFB1-treated mouse liver and lung in ogg1 wild type, heterozygous and null mice. No significant 
differences were observed in oxidised guanine concentrations across ogg1 genotypes or due to AFB1 treatment, P > 0.05 (two-way ANOVA followed by 
Bonferonni post hoc test, n = 4).
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The liver from the DMSO-treated mouse had localised angiectasis 
surrounded by hepatocytes undergoing marked fatty degeneration. 
The liver masses from AFB1-treated mice were uniformly complex 
and often mixed tumours were present. The four liver masses from 
AFB1-treated mice had hepatocellular adenomas, and one also had 
a hepatocellular carcinoma (from ogg1 (+/+) mouse). Other micro-
scopic findings in livers from these animals included altered cellu-
lar foci, scattered hepatocyte atypia and bile ductule proliferation. 
Representative photomicrographs are shown in Figure 6.

K-ras mutation analysis in lung tumours
Of the 30 lung masses excised, 18 were large enough for K-ras muta-
tion analysis. K-ras mutations were observed in 3 of the 4 masses from 
DMSO-treated mice and in 3 of the 14 masses from AFB1-treated mice 
(Table 2). There was no statistical difference between the number of 
masses with K-ras mutations observed in control versus treated mice.

Discussion

Previous studies have indicated that AFB1 can induce oxidatively 
damaged DNA, specifically 8-oxodG lesions, both in animal 
models and in humans (11,22). Additionally, acute exposure to a 

tumourigenic dose of AFB1 causes an increase in BER in the lung, 
which is correlated with an increase in OGG1 protein levels (11). 
Since adult mice develop lung tumours following exposure to AFB1, 
oxidatively damaged DNA, specifically 8-oxodG lesions, may be 
a contributing factor in AFB1-induced tumourigenesis. To test this 
hypothesis, we employed a mouse model deficient in OGG1, the 
rate-limiting enzyme in the removal of 8-oxodG lesions.

The observed lack of effect of ogg1 genotype on levels of 8-oxodG 
in lungs and livers of control mice is consistent with an earlier report 
(23). However, oxidatively damaged DNA, as measured by sensitiv-
ity to formamidopyrimidine DNA glycosylase, a bacterial enzyme 
that can excise 8-oxoGua lesions, was increased in ogg1 knockout 
mouse lung compared with wild-type mice, and the amount of oxi-
datively damaged DNA increased with age (23,24). Therefore, a 
difference in oxidatively damaged DNA may have been observed 
using a different method of detection, or differences in levels of oxi-
dised guanine between ogg1 genotypes perhaps would have been 
observed with older mice. AFB1 treatment also did not affect the 
levels of oxidised guanine in lung or liver tissues 2-h post-treatment. 
These results contrast with previous studies that have shown that 
8-oxodG levels increased 2-h post-treatment with the same dose of 
AFB1 (10,11). It is possible that the increase in 8-oxodG in this study 

Figure 2.  Mouse weights throughout the tumourigenesis study. (A) weight change 5 days post treatment in all mice treated with DMSO or AFB1 compared with 
time 0; (B) weight change 5 days post-treatment in AFB1-treated ogg1 (+/+), (+/−) and (−/−) mice, compared with time 0; (C) comparison of weights of all control 
and all treated mice, regardless of genotype; weights of control and treated: (D) ogg1 (+/+) mice; (E) ogg1 (+/−) mice; and (F) ogg1 (−/−) mice. Error bars have 
been removed from graphs D–F for clarity. Significantly different from DMSO control at that time point (*P < 0.05, unpaired t-test (A, C–F); P > 0.05, one-way 
ANOVA with a Newman–Keuls post hoc test (B).
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occurred at an earlier or later time point than the 2-h time point 
measured, occurred only within specific lung cell types, or occurred 
in tissues other than the lung or liver. It is also possible that the 
hybrid mice employed are less sensitive to production of 8-oxodG 
lesions than mouse strains previously utilised.

Human exposure to AFB1 occurs most commonly through inges-
tion of AFB1-contaminated foods. As such, human exposure to AFB1 
is often to low doses over a long period of time, which differs from 
the acute exposure protocol used in this study. However, the AFB1 
treatment regimen employed in the current study is a tumourigenic 
dose that produces AFB1-DNA adducts that occur following human 
exposure to AFB1 (1,25). By employing this model of AFB1 toxicity, 
the results of this study can be directly compared with the results of 
previous studies investigating the mechanisms of AFB1 toxicity that 
employed the same dosing regimen.

Based on previous tumourigenesis studies employing AFB1, a sin-
gle ip dose of 50 mg/kg AFB1 to adult mice causes exclusively lung 
tumours, with up to 100% incidence in susceptible strains (13,14). 
The initial weight loss we observed in all mice after AFB1 treatment, 
regardless of genotype, and the mortality in the ogg1 (−/−) mice that 
occurred within one week of AFB1 treatment, were unexpected results. 
However, previous research indicates that efficiency of food use is 
consistently less in animals exposed to AFB1 than those not exposed 
(26). In addition, aflatoxin exposure was related to stunting and low 
body weight in children in Benin and Togo (26). The specificity of 
early AFB1-induced mortality for ogg1 (−/−) mice (Figure 3) suggests 
that OGG1 plays an important role in protecting tissues from damage 
induced by AFB1 exposure. Since OGG1 repairs 8-oxodG lesions, it 
is likely that increased oxidatively damaged DNA was at least partly 
responsible for the increased mortality in ogg1 (−/−) mice. As ogg1 
(−/−) mice showed signs of dehydration, and administration of sterile 
saline to the ogg1 (−/−) mice alleviated the toxicity associated with 
AFB1 exposure, perhaps the gastrointestinal tract had increased oxi-
datively damaged DNA and water absorption was impaired. An alter-
native possibility is that the ogg1 (−/−) mice drank less water than 
ogg1 (+/−) or ogg1 (+/+) mice, a behaviour that is controlled by the 
hypothalamus. Due to the unanticipated and late-occurring dehy-
dration, coupled with the necessity to hydrate the animals parenter-
ally, assessment of fluid intake was not possible. However, OGG1 is 
expressed and active in the hypothalamus of rats (27), allowing for the 
possibility that oxidatively damaged DNA was significantly increased 
in the hypothalamus of AFB1-treated ogg1 (−/−) mice, which could 
cause alterations in the expression of genes that regulate water con-
sumption. A final possibility could be perturbed fluid regulation due to 
AFB1-induced oxidatively damaged DNA in the kidney.

After the first week following treatment, overall survival was not 
affected by either AFB1 treatment or ogg1 genotype, and although ini-
tially AFB1-treated mice weighed less than DMSO-treated mice, this effect 
was lost as the study progressed, indicating a transient toxicity of AFB1. 
It was interesting, however, that ogg1 (−/−) and ogg1 (+/−) mice weighed 
less than wild-type controls at more time points than did the AFB1-treated 
ogg1 (+/+) mice. This result suggests that without both OGG1 alleles, the 
mice were slower to recover from damage caused by AFB1.

Overall, tumour incidence was much lower in this study than 
in previous AFB1-induced tumourigenesis studies (13,14). One pos-
sibility for this outcome is the mouse model employed, given that 
C57Bl/6 mice are relatively resistant and sv129 mice are of inter-
mediate susceptibility to lung tumourigenesis. When considering the 
genotypes individually, no significant effects were observed between 
treated and control mice, which may have been a result of the low 
numbers of lung and liver masses.
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Adult mice are resistant to AFB1-induced hepatocarcinogenic-
ity, a phenomenon attributable at least in part to constitutive 
expression of glutathione S-transferases in mouse liver, which 

have high catalytic activity toward detoxifying the AFB1-epoxide 
(28–31). In addition, mouse liver nucleotide excision repair 
activity is about 6-fold higher than rat liver nucleotide excision 

Figure 4.  Lung mass incidence and multiplicity. (A) Lung mass multiplicity following in vivo treatment with AFB1 in all genotypes combined and ogg1 (+/+) mice 
(P > 0.05, Mann–Whitney U-test). (B) Lung mass incidence with respect to time in all ogg1 genotypes combined, ogg1 (+/+) mice, ogg1 (+/−) mice and ogg1 (−/−) 
mice (P > 0.05, Mantel–Cox test).

Figure 3.  Overall survival, expressed as the percentage of mice surviving in a week in: (A) all mice; (B) ogg1 (+/+) mice; (C) ogg1 (+/−) mice and (D) ogg1 (−/−) 
mice. No significant differences in survival were observed (P > 0.05, Mantel–Cox test).
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repair activity, which also correlates with species susceptibility to 
AFB1-induced liver tumours (32). Since liver tumours were only 
observed following AFB1 treatment, and occurred at similar fre-
quencies for all three ogg1 genotypes, this result was not attribut-
able to deletion of ogg1. In the few liver tumours that were excised 
from AFB1-treated mice, many interesting pathologies were found. 

Notable was the presence of hepatocellular carcinoma, which is 
the human lesion commonly associated with chronic exposure to 
AFB1 (25,33).

It was surprising that two of the AFB1-treated mice had multiple 
osteosarcomas in their lungs. Indeed, certain DNA repair syndromes in 
humans are associated with an increased incidence of osteosarcomas, 

Figure 5.  Representative photomicrographs of lungs with corresponding magnification and treatment: (A) normal (×100; AFB1); (B) inflammation (×100; AFB1); 
(C) hyperplasia (×400; DMSO); (D) adenoma (×400; DMSO); (E) osteosarcoma (×40; AFB1); (F) osteosarcoma (×400; AFB1).

Table 2.  Summary of K-ras mutations in AFB1-induced and spontaneous OGG1 mouse lung massesa

Treatment ogg1 genotype No. of masses with K-ras mutationsb Codon 12 (normal = GGT) Codon 61 (normal = CAA)c

GAT CGA CTA CAC

DMSO Wild type 3/3 1 1 1 0
Heterozygous 0/1 0 0 0 0
Null 0/0 0 0 0 0
All 3/4 1 1 1 0

AFB1
d Wild type 2/8 0 0 0 2e

Heterozygous 0/3 0 0 0 0
Null 1/3 0 1e 0 0
All 3/14 0 1 0 2

AFB1, aflatoxin B1; DMSO, dimethyl sulfoxide.
aNo mutations were found in K-ras codon 13.
bOf masses analysed for K-ras mutations (not all masses were available to analyse).
cToo few masses to compare mutation pattern statistically in specific K-ras codons.
dNo difference in number of K-ras mutations between AFB1 and DMSO, Fisher’s exact test, P > 0.05.
ePotential mutation, signal was faint.
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(34) and we have demonstrated previously that AFB1 perturbs DNA 
repair in mice (32). However, the low osteosarcoma incidence (2 of 
75 AFB1-treated mice) precludes drawing conclusions regarding 
cause-and-effect.

Results of the K-ras mutation analysis were consistent with the 
lung masses in DMSO-treated mice being spontaneous, as antici-
pated. In addition, lung masses from AFB1-treated mice did not 
have the characteristic G to T transversion mutations in codon 
12 of K-ras that are associated with AFB1-induced mouse lung 
tumours (13,35).

Inactivating mutations in the OGG1 gene have been docu-
mented in a small number of sporadic human lung, kidney and gas-
tric tumours (36,37). In this study, ogg1 genotype did not appear to 
have a significant effect on AFB1-induced tumourigenesis, although 
due to low numbers of lung and liver masses, a definitive conclu-
sion cannot be made. The apparent lack of effect could be due to 
the possibility that 8-oxodG lesions are not major contributors to 
AFB1-induced tumourigenesis. Another possibility is that a gen-
otype-specific effect to the susceptibility of AFB1 tumourigenesis 
was not observed due to the particular hybrid mice employed, as 
mouse strains vary in their susceptibility to AFB1-induced effects. 
Finally, the lack of effect could potentially indicate that even with-
out OGG1, adaptive processes were able to compensate for any 
increase in 8-oxodG lesions. For example, in the absence of OGG1, 

translesion DNA synthesis can contribute to protecting the cell 
from 8-oxodG residues (38).

In conclusion, mice with compromised ability to repair oxidised 
DNA did not have increased sensitivity to AFB1-induced oxidatively 
damaged DNA and tumourigenesis, suggesting that oxidatively 
damaged DNA may not be a major contributing process in AFB1-
induced tumourigenicity. However, deletion of one or both alleles of 
ogg1 did increase susceptibility to other toxic effects of AFB1.
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