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As exposure to heterocyclic amines might increase the risk of
liver cancer, we investigated the carcinogenic potential of MeIQx
under conditions of liver damage caused by TAA. Male, 6-week-
old F344 rats (n = 280) were divided into 14 groups; groups 1–7
received TAA (0.03% in drinking water) and groups 8–14 received
water for the first 12 weeks. Thereafter, the animals received
MeIQx at doses from 0, 0.001, 0.01, 0.1, 1, 10 to 100 p.p.m. (groups
1–7 and 8–14, respectively) in pellet basal diet for 16 weeks. All
survivors were killed at week 28 for assessment of numbers and
areas of GST-P positive foci, considered to be pre-neoplastic lesions
of the liver. Values were increased significantly in all the groups
receiving TAA→→→→MeIQx compared to MeIQx alone (P < 0.01).
Numbers of GST-P positive foci were significantly increased in
groups 7 and 14 (treated with 100 p.p.m. MeIQx) as compared to
0 p.p.m.-MeIQx (groups 1 and 8) (P < 0.01), along with areas in group
14 compared to group 8 (P < 0.01). However, with the maximum
likelihood method, the data for numbers of GST-P positive foci
(groups 1–7 and groups 8–14) fitted the hockey stick regression
model, representing no differences from groups 1–5 and from groups
8–13, despite a linear dose-dependent increase of MeIQx-DNA
adducts from 0.1 to 100 p.p.m. We conclude that there is a no
effect level for MeIQx hepatocarcinogenicity, even on a background
of TAA-induced liver damage. (Cancer Sci 2006; 97: 453–458)

Exposure to dietary and environmental carcinogens in our
everyday lives may be closely related to the occurrence of

cancer.(1,2) Of many genotoxic carcinogens occurring naturally
in our environment, interest has been concentrated on
heterocyclic amines generated during the frying or grilling of
foods, especially meat and fish products.(3)

It has been generally considered that genotoxic carcinogens
have no threshold with regard to their carcinogenic potential.
However, this concept is theoretical and has been founded
on the limited data available for cancer risk assessment of
genotoxic carcinogen exposure.(4,5) Therefore it is important
to estimate the incidence and severity of adverse effects in
human populations at actual exposure levels, which means
that the focus should be on relatively low doses.(6–8)

MeIQx is a genotoxic heterocyclic amine causing DNA
adducts(9,10) and tumors with long-term treatment in mice
and rats.(11–13) It is likely that exposure to MeIQx may be
particularly harmful in persons suffering from liver disease,

such as cirrhosis, and this needs to be taken into account
in risk assessment and management. In the present study,
we experimentally induced liver damage in rats using
TAA, a well-known hepatotoxin, before feeding MeIQx at
doses from low to high levels, and evaluated quantitative data
for GST-P positive foci, which are considered to be pre-neo-
plastic lesions of the liver,(14–16) MeIQx DNA adducts, and 8-
OHdG in the liver. Because recent research has indicated that
dietary factors can affect DNA methylation,(17,18) an examina-
tion of this parameter was included.

Materials and Methods

Animals and treatment
Male, 6-week-old F344 rats (n = 280) were obtained from
Charles River Japan (Atsugi, Japan) and housed in a room
with a 12 h light/dark cycle, at constant temperature and
humidity. Rats were allowed free access to pellet chow diets
(MF-1, Oriental Yeast, Tokyo, Japan) during the experiment
and all procedures were approved by the Institutional Animal
Care and Use Committee.

Animals were divided into 14 groups: groups 1–7 received
TAA (Sigma-Aldrich, St Louis, MO, USA) in drinking water
at a concentration of 0.03% for 12 weeks, while groups 8–14
were given drinking water without TAA. Thereafter, they
received MeIQx (purity 99.9%, Nard Institute, Nishinomiya,
Japan) at doses of 0 (groups 1 and 8), 0.001 (groups 2 and 9),
0.01 (groups 3 and 10), 0.1 (groups 4 and 11), 1 (groups 5
and 12), 10 (groups 6 and 13), or 100 p.p.m. (groups 7 and
14) in pellet basal diet for 16 weeks continuously. All survi-
vors were killed at week 28 under ether anesthesia.

Bodyweight, food consumption and water intake of all ani-
mals were measured every week. At necropsy, liver weight
was measured, and liver tissue was fixed in 10% phosphate-
buffered formalin and routinely processed for embedding in
paraffin, and staining of 4-µm sections with hematoxylin and
eosin and Azan-Mallory for histopathological examination.
Further sections were applied for immunohistochemical
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staining. The remaining liver samples from all animals were snap-
frozen in liquid nitrogen for subsequent biochemical analyses.

Immunohistochemical examination of GST-P
The avidin–biotin complex method was used to demonstrate
GST-P in sections (4 µm) of liver tissue dewaxed with xylene
and hydrated through a graded ethanol series. Sections were
treated sequentially with 0.3% hydrogen peroxide, normal goat
serum, rabbit anti-GST-P antibody (MBL, Nagoya, Japan)
at 1:1000 dilution, biotin-labeled goat anti-rabbit IgG and
avidin–biotin–peroxidase complex (ABC kit; Vector Laboratories,
Burlingame, CA, USA). Immune complexes were visualized with
3,3′-diaminobenzidine tetrahydrochloride as a chromogen. As
a negative control, normal serum was used instead of primary
antibodies. The sections were counterstained with Mayer’s
hematoxylin to facilitate examination under a light microscope.

Quantification of GST-P positive foci
GST-P positive foci (having more than two positive cells)
of all animals were counted under a light microscope. Total
areas of GST-P positive foci and of the entire liver sections
were measured using a color image processor (IPAP, Sumica
Technos, Osaka, Japan) to allow calculation of the number of
foci per cm2 and the area (mm2) per cm2 of liver section. Data
were the mean ± SD value for all samples per group.

Quantification of MeIQx-DNA adduct levels in the livers
The levels of MeIQx-DNA adducts were measured by the
32P-postlabeling method under modified adduct intensification
conditions using frozen samples, as previously reported.(19)

Data were the mean ± SD value from three samples per group
and three independent experiments.

Quantification of 8-OHdG formation
DNA samples isolated from pieces of frozen liver weighing
500 mg were digested into deoxynucleosides by combined
treatment with nuclease P1 and alkaline phosphatase. Levels
of 8-OHdG were determined by high-performance liquid
chromatography (HPLC), as described earlier,(20) and results

were expressed as the number of 8-OHdG residues/105 total
deoxyguanosines. Data were the mean ± SD value for 10
samples per group and four independent experiments.

Immunohistochemical staining of 5-methylcytosine
The avidin–biotin complex method was used to demonstrate
5-methylcystosine in sections (4 µm) of liver tissue dewaxed
with xylene and hydrated through a graded ethanol series.
Sections in sodium citrate buffer (pH 6.0) were boiled in an
autoclave for 25 min and then treated with 3.5 N HCl and
3% hydrogen peroxide, normal horse serum, and anti-5-
methylcytosine antibody (Calbiochem, La Jolla, CA, USA) at
1:1000 dilution, followed by ABC-peroxidase procedures
(ABC kit). Immune complexes were visualized with 3,3′-
diaminobenzidine tetrahydrochloride as a chromogen. As a
negative control, normal serum was used instead of primary
antibodies. The sections were counterstained with Mayer’s
hematoxylin to facilitate examination under a light
microscope.

Statistical analysis
The Tukey–Kramer method was applied to the data of GST-
P positive foci, MeIQx-DNA adducts and 8-OHdG levels
using the JMP program (SAS Institute, Cary, NC, USA). For
all comparisons, P-values less than 5% (P < 0.05) were
considered to be statistically significant. For analysis of the
dose–response relationship for the data of GST-P positive
foci, the data of numbers of GST-P were divided into two
categories (groups 1–7 and groups 8–14), and the maximum
likelihood method(21) was used to obtain optimally fitted
models using the SAS/IML procedure (SAS Institute).

Results

Body and relative liver weights, and histopathological 
examination of liver
Marked growth retardation was noted during TAA treatment,
with a significant decrease in final bodyweights compared
with the corresponding non-TAA treatment groups (Table 1,

Table 1. Final bodyweights and relative liver and spleen weights
 

Group TAA
MeIQx 
(p.p.m.)

Number 
of rats

Initial 
bodyweight (g)

Final 
bodyweight (g)

Relative organ weight (%)

Liver Spleen

1 + 0 30 120.9 ± 5.4 331.1 ± 24.4** 3.2 ± 1.1* 0.2 ± 0.1*
2 + 0.001 30 118.8 ± 5.2 334.4 ± 23.3** 3.2 ± 1.1* 0.3 ± 0.1*
3 + 0.01 30 120.5 ± 5.6 331.5 ± 20.9** 3.4 ± 1.3** 0.3 ± 0.1**
4 + 0.1 30 121.9 ± 5.2 339.2 ± 21.0** 3.0 ± 0.8 0.2 ± 0.1
5 + 1 30 120.7 ± 5.5 337.6 ± 20.8** 2.9 ± 0.8 0.2 ± 0.1
6 + 10 30 120.2 ± 4.9 343.6 ± 19.7** 2.9 ± 0.6 0.2 ± 0.0
7 + 100 29 121.2 ± 5.0 326.0 ± 16.3** 3.3 ± 0.7 0.3 ± 0.1*
8 – 0 10 119.5 ± 6.8 390.8 ± 11.9 2.1 ± 0.1 0.2 ± 0.0
9 – 0.001 10 119.0 ± 6.0 404.8 ± 19.2 2.1 ± 0.1 0.2 ± 0.0

10 – 0.01 10 117.9 ± 4.9 403.9 ± 14.8 2.1 ± 0.1 0.2 ± 0.0
11 – 0.1 10 118.1 ± 5.5 399.5 ± 27.2 2.1 ± 0.2 0.2 ± 0.0
12 – 1 10 118.9 ± 3.1 399.5 ± 18.8 2.1 ± 0.1 0.2 ± 0.0
13 – 10 10 119.3 ± 5.9 394.5 ± 18.1 2.1 ± 0.1 0.2 ± 0.0
14 – 100 10 118.1 ± 6.2 389.9 ± 21.3 2.3 ± 0.1 0.2 ± 0.0

Data represent the mean ± SD. *,** Significantly different from the corresponding control group without thioacetamide (TAA) at P < 0.05 
and P < 0.01, respectively. MeIOx, 2-amino-3,8-dimethylimidazo[4,5-f]quinoxaline.
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Table 2. Number and area of glutathione S-transferase placental (GST-P) positive foci
 

Group TAA MeIQx (p.p.m.) Number of rats Number (no./cm2) Area (mm2/cm2)

1 + 0 30 21.836 ± 5.615* 6.291 ± 4.065*
2 + 0.001 30 21.074 ± 7.218 6.558 ± 3.651*
3 + 0.01 30 19.626 ± 6.597* 5.845 ± 3.856*
4 + 0.1 30 19.734 ± 6.708* 4.521 ± 3.246*
5 + 1 30 20.237 ± 6.115* 3.841 ± 1.261*
6 + 10 30 25.740 ± 7.942* 5.033 ± 2.771*
7 + 100 29 40.671 ± 12.187*,** 6.291 ± 2.529*
8 – 0 10 0.698 ± 0.844 0.002 ± 0.003
9 – 0.001 10 0.778 ± 0.746 0.001 ± 0.002

10 – 0.01 10 0.679 ± 0.441 0.001 ± 0.001
11 – 0.1 10 0.735 ± 0.894 0.002 ± 0.003
12 – 1 10 0.538 ± 0.475 0.002 ± 0.002
13 – 10 10 1.010 ± 0.981 0.001 ± 0.001
14 – 100 10 7.504 ± 1.977** 0.024 ± 0.012**

Data represent the mean ± SD. *Significantly different from the corresponding control group without thioacetamide (TAA) at P < 0.01. 
**Significantly different from control group (group 1 or 8) at P < 0.01. MeIOx, 2-amino-3,8-dimethylimidazo[4,5-f]quinoxaline.

Fig. 1. Immunohistochemical staining of glutathione S-transferase placental form (GST-P) positive foci and 5-methylcytosine in liver of rats. (A)
GST-P positive foci in a rat treated with 0.03% thioacetamide (TAA) in the drinking water for 12 weeks then 2-amino-3,8-
dimethylimidazo[4,5-f]quinoxaline (MeIQx) 100 p.p.m. for 16 weeks. (B) GST-P positive foci in a rat treated with MeIQx 100 p.p.m. for
16 weeks. (C) 5-methylcytosine in the liver from a rat treated with 0.03% TAA in the drinking water for 12 weeks then MeIQx 100 p.p.m.
for 16 weeks; note many hepatic cells in hepatic nodules show negative staining, but non-parenchymal cells are positive. (D) 5-
methylcytosine in the liver from a rat treated with normal diet (MeIQx 0 p.p.m.) for 16 weeks; most hepatic cells show positive staining;
bar = 100 µm.
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P < 0.01). There was a significant increase of relative liver
and spleen weight in groups 1, 2 and 3 compared with that of
groups 8, 9 and 10 (P < 0.05). Liver of animals treated with
TAA showed cirrhosis and/or fibrosis, with nodular areas of
hepatocytes, separated by fibrous septa with a collagenous
matrix and myofibroblast-like cells and fibroblasts. There
was one unscheduled death in group 7 during the experiment.

Quantitative data for GST-P positive foci
TAA treatment induced bigger GST-P positive foci compared
to MeIQx alone (Table 2 and Fig. 1A,B). Numbers and
area of GST-P positive foci increased significantly in all
groups receiving TAA→MeIQx compared to MeIQx alone
(P < 0.01). Moreover, the numbers of GST-P positive foci
were significantly increased in groups 7 and 14 (treated with
100 p.p.m. MeIQx) as compared to 0 p.p.m.-MeIQx (groups
1 and 8) (P < 0.01), while the areas were significantly increased
in group 14 compared to group 8 (P < 0.01). However, there
were no differences at 10 p.p.m. or below as compared to
control levels, with or without TAA.

With the maximum likelihood method, the data of numbers
of GST-P positive foci (groups 1–7 and groups 8–14) fitted
the hockey stick regression model, with no differences
from groups 1–5 and from groups 8–13 (Fig. 2A and 2B,
respectively).

MeIQx-DNA adduct levels in liver
Linear dose-dependent increase of MeIQx-DNA adducts was
evident from 0.1 to 100 p.p.m. (Fig. 3). However, there were no
differences between the groups treated with TAA→ΜeIQx
and those exposed to MeIQx alone. With the low MeIQx intake
of groups below 0.01 p.p.m., no adducts could be detected in
either TAA→MeIQx or MeIQx alone treated animals; their
levels might be under the detection limit (<5 × 10−10).

Quantitative data for 8-OHdG
HPLC analysis of 8-OHdG formation showed that there
were no differences among the groups (Fig. 4), including the
TAA→MeIQx and MeIQx alone groups.

Fig. 2. Analysis of the dose–response relationship for the number
of glutathione S-transferase placental form (GST-P) positive foci.
Statistical analyses were carried out as detailed in the Materials and
Methods section. (A) Numbers of GST-P positive foci demonstrated
no differences from groups 1–5. (B) Numbers of GST-P positive foci
demonstrated no significant variation from groups 8–13.

Fig. 3. 2-amino-3,8-dimethylimidazo[4,5-f]quinoxaline (MeIQx)-DNA
adduct levels in the livers of rats treated with MeIQx, with or
without thioacetamide (TAA). Levels of MeIQx-DNA adducts in the
liver were measured as detailed in the Materials and Methods
section. Data are the mean ± SD values from three samples per group
and three independent experiments. (O) TAA and MeIQx combined
treatment groups; (�) MeIQx alone groups. **Significantly different
from MeIQx 0.1 p.p.m. (P < 0.01).

Fig. 4. 8-OHdG formation levels in the livers of rats treated with 2-
amino-3,8-dimethylimidazo[4,5-f]quinoxaline (MeIQx), with or without
thioacetamide (TAA). Levels of 8-OHdG were determined as detailed
in the Materials and Methods section, and expressed as numbers of
residues/105 total deoxyguanosines. Data are the mean ± SD values
from 10 samples per group and four independent experiments.
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Immunohistochemical staining of 5-methylcytosine in 
liver
Around nodules, non-parenchymal cells such as fibroblasts or
myofibroblasts and bile ductular cells showed positive staining,
but many cells in hepatic nodules were negative (Fig. 1C).
However, most nuclei in livers from rats treated with normal
diet (MeIQx 0 p.p.m.) showed positive staining (Fig. 1D).

Discussion

We have shown earlier that low-dose treatment with MeIQx
results in elevation of DNA adducts, but no induction of
GST-P positive foci, 8-OHdG and mutation frequency in rat
liver.(6,7,22) These experimental results are line with the data for
several genotoxic carcinogens such as N-nitrosodiethylamine,
N-nitrosodimethylamine, 2-amino-1-methyl-6-phenolimidazo
[4,5-b]pyridine and 2-acetylaminofluorene.(6–8,23–25) In the present
study, the modifying effect of MeIQx on GST-P positive foci
was more marked with numbers than areas, but in both cases
there were no effect levels at lower doses regarding induction
of GST-P positive foci, with or without TAA treatment.

The dose–response pattern analysis of the foci using the
maximum likelihood method showed numbers to fit the hockey
stick regression model, with no differences from groups 1–5
and from groups 8–13. Although shortening of no effects levels,
it is particularly important that there were no effects even on
a background of liver damage.

No effect levels with biological responses may fluctuate with
health status and other exposures,(26) and may be associated
with repair of DNA damage(27,28) and homeostatic mechanisms
to maintain cellular equilibrium and normal function.(29)

However, as there may be a particular individual susceptibility
at a low dose,(30) intermittent exposure of genotoxic carcinogens
may be related to greater risk of genotoxic damage.(31)

Therefore, it is important to assay potential damage
induced by genotoxic carcinogens under complex conditions
in further studies.

Our previous findings on cotreatment of MeIQx with
CCl4 also showed no effect levels for the induction of GST-P

positive foci in liver of rats with mild fibrosis.(32) Compared
with the CCl4 method, continuous administration of TAA in
the drinking water is a non-invasive approach for chronic
induction of fibrosis and/or cirrhosis in large numbers of
animals.(33,34) In this study, we could evaluate the carcinogenic
potential of MeIQx without any chemical interference,
and found treatment of TAA induced liver fibrosis and/or
cirrhosis without mortality.

It is considered that DNA adduct formation is a good marker
for exposure to several carcinogens.(35,36) While an increase in
MeIQx-DNA adducts was noted with dose-dependence,
the additional liver disease did not exert any influence in the
present study. Furthermore, formation of 8-OHdG showed
no differences among the groups. Compared with previous
reports,(7,37,38) it seems older animals show higher background
levels of 8-OHdG and there is low sensitivity to MeIQx
treatment.

Immunohistochemical staining of 5-methylcytosine provided
evidence that hepatic nodules were characterized by hypomethyla-
tion status. Interestingly, around nodules, non-parenchymal
cells such as fibroblasts or myofibroblasts and bile ductular
cells showed positive staining. As involvement of global
hypomethylation and regional hypermethylation of tumor
suppressor genes in carcinogenesis has been proposed,(39,40)

alteration of methylation in genotoxic carcinogen-induced
tumors warrants further investigation.

In conclusion, in the present study, there was a no effect
level regarding hepatocarcinogenicity of MeIQx, even on a
background of TAA-induced liver damage.
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