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Abstract Background 2-
Amino-3-methyl-imidazo[4,5-
flquinoline (IQ) is a mutagen pro-
duced in cooked food. It is
commonly present in the human
diet and often used as a (pro)car-
cinogen for chemoprevention stud-
ies. Many foodstuffs act as chemo-
preventers by altering xenobiotic
metabolising enzyme expression in
favour of detoxication over bioacti-
vation pathways. However, IQ itself
can also affect enzyme expression,
which may be a confounding factor
in chemoprevention studies. Aim of
study Chronic low dose IQ expo-
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Contrasting effects of acute and chronic
dietary exposure to 2-amino-3-methyl-
imidazo[4,5-f]quinoline (IQ) on xenobiotic
metabolising enzymes in the male Fischer
344 Rat: implications for chemoprevention

studies

sure is intuitively closest to the hu-
man dietary situation. The aim was
to investigate the effects of chronic
dietary exposure to IQ on the ex-
pression of enzymes involved in
the bioactivation and detoxifica-
tion of xenobiotics and to compare
this with acute exposure, often
used in chemoprevention studies.
Methods Male Fischer rats received
IQ (300 ppm) in the diet (AIN-76)
for 52 weeks or were given I1Q
(20mg - kg™!) orally for 3 days. Ani-
mals were killed, livers removed
and subcellular fractions prepared.
A range of enzymes was selected to
allow investigation of several cellu-
lar mechanisms. Enzyme expres-
sion and activity were determined
by Western blotting and the use of
selective probe substrates as appro-
priate. Results Chronic exposure to
IQ led to an increase in phase II
detoxifying enzymes. Both the ac-
tivity and expression of glutathione
S-transferase (GST-A1/2) were in-
creased, as were NADPH: Quinone
oxidoreductase (NQO), UDP-glu-
curonosyl transferase (UGT) and
B-glucuronidase activities. There
were no statistically significant
changes in the potential for bioac-
tivation by three cytochrome
P450s. In contrast, acute IQ expo-

sure significantly increased the ex-
pression and activity of some cy-
tochrome P450 (CYP1A1 and
CYP1A2), UGT and B-glu-
curonidase, but significantly de-
creased glutathione S-transferase
expression and activity. There was
a non-significant decrease in NQO
but no change in CYP3A2 and
CYP2EL1 activities. Conclusions The
changes after acute exposure sug-
gest an interaction through the Ah
receptor and xenobiotic response
element, modified by the glucocor-
ticoid response element. In con-
trast, the pattern of effects after
chronic exposure suggests activa-
tion of the antioxidant response el-
ement (ARE). Although the acute
model is more practically conve-
nient for short-term chemopreven-
tion screening, the data suggest
that an entirely new mechanism is
being invoked that completely
masks effects of the ARE that occur
during chronic exposure. There is a
danger that chemopreventive
strategies developed using acute
models may be misleading, since
the mechanism is unlikely to occur
during human dietary exposures.
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Introduction

Xenobiotic metabolising enzymes (XME) are responsi-
ble for the biotransformation of various compounds.
Reactions include the oxidative cytochrome P450-de-
pendent monooxygenase (CYP450) pathway, as well as
enzymes such as NADPH: Quinone oxidoreductase
(NQO), glutathione S-transferase (GST) and UDP-glu-
curonosyl transferase (UGT). These reactions generally
result in the formation of polar metabolites that can be
cleared easily from the body. There is considerable in-
terest in regulation of these enzymes by dietary chemo-
preventive agents [1]. Although the expression of indi-
vidual CYP and GST enzymes may be specifically
induced or repressed, it seems likely that many such ef-
fects may occur through a more generalised response el-
ement. The xenobiotic response element (XRE) [also
known as the Ah receptor RE (AhRE)] is present in the
promotor region of several enzymes involved in xenobi-
otic metabolism, including the murine Aromatic Hydro-
carbon (Ah) battery of enzymes [2]. This includes six
genes: cyplal, cypla2, Nmol, Ahd4, Ugt1.06 and Gstal,
coding for two phase I enzymes: CYP1A1 and CYP1A2;
and four phase II enzymes: NAD(P)H-menadione oxi-
doreductase, aldehyde dehydrogenase, UDP-glucurono-
syl transferase (UGT) and glutathione S-transferase
(GST) Ya subunit. Activation of the XRE occurs via lig-
and binding directly to the Ah receptor, which is translo-
cated to the nucleus and binds to the XRE, leading to
transcriptional upregulation of the specific XME genes
[3]. In contrast, an antagonist to the Ah-receptor de-
creases the basal levels of the six enzymes [2]. The XRE
is also present in the promotor region of fos and jun
genes, whose expression may be stimulated with forma-
tion of activator protein-1 (AP-1) and consequent up-
regulation of expression of other genes [4]. A functional
antioxidant response element (ARE) is present in pro-
motor elements of GST and NADPH:Quinone oxidore-
ductase (NQO). This response element is thought to be
important in the basal expression of enzymes such as
GST [5]. The glucocorticoid response element (GRE) is
present in the promoter region of all six of the enzymes
on the Ah battery [6]. This response element is activated
by glucocorticoid and glucocorticoid-like structures by
glucocorticoid receptor-dependent or independent
binding to modulate a range of enzymes by many un-
clear, complex mechanisms in the mouse, rat and human
[6-8]. Linder et al. suggested that the glucocorticoid in-
teracted with the glucocorticoid receptor to produce
and attract elements that interfere with the Ah-receptor
mediated regulation of the enzymes [6]. It appears that
cellular stress, in the form of heat or chemical shock, can
potentiate the expression of these genes in mouse L929
cells (heat shock potentiation effect, or HSPE) [9]. How-
ever, such responses may also be seen as beneficial to the
organism and some agents thought to be chemopreven-

tive, e.g. quercetin may stimulate these response ele-
ments in MCF7 human breast carcinoma cells [10].

Heterocyclic amines (HCA), formed during high
temperature and long cooking of protein-rich foods
such as meat [2], are compounds that require metabolic
bioactivation for their toxicity. These compounds are
known mutagens in the Ames test [11] and there is a re-
lationship between dose and rate of cancer in laboratory
animals. Human data are inconclusive, since it is hard to
control for personal cooking preferences in epidemio-
logical studies [11-13]. One such heterocyclic amine, 2-
amino-3-methylimidazo[4,5-f]quinoline (IQ),is a colon
carcinogen thought to be present in the diet of 35% of
New Zealanders [14]. Although there is no epidemiolog-
ical evidence specifically linking IQ to increased rates of
cancer in humans, it is one of the five most common
HCA in cooked meats [11] and the International Agency
of Research on Cancer (IARC) concluded that IQ was a
probable human carcinogen [12]. There is considerable
interest in identifying dietary compounds that can in-
hibit the genotoxicity and carcinogenicity of such hete-
rocyclic compounds [15].

IQ has been used as a model carcinogen in both acute
[16,17] and chronic [14, 18] rat models to assess the abil-
ity of chemopreventive agents and foodstuffs to protect
animals from cancer. Dietary components that alter the
expression of xenobiotic metabolising enzymes in
mouse, rat and human [19-21] can potentially decrease
the bioactivation of procarcinogens such as IQ, which is
N-hydroxylated by human and rat CYP1A2 [22] and
CYP1B1 [23] to a reactive electrophilic compound that
can react with polyguanylic acids in DNA in a non-en-
zymatic fashion [24, 25].1Q is also thought to be bioac-
tivated by NQO since dicoumarol, an inhibitor of NQO,
inhibits the activation of IQ [26]. IQ also undergoes 5-
hydroxylation, catalysed by CYP, plus conjugation reac-
tions catalysed by UGT and sulphotransferases to yield
non-toxic metabolites in the rat and human [12, 27].
There is evidence that IQ itself can modulate the ex-
pression of the CYP enzymes involved in its own metab-
olism in the rat [28,29] at doses (20 -130 mg - kg™!) and
exposure regimes typically used in short-term chemo-
prevention studies [16,30]. As it is a planar molecule, IQ
was proposed as a ligand for the Ah-receptor and a sub-
sequent agonist for the xenobiotic response element
(XRE) [28]. XRE induction by the carcinogen being
tested against could well confound interpretation of
chemoprevention studies. In contrast, the effects of 1Q
on enzyme expression in long-term (40 -112 week) car-
cinogenicity studies, which often use doses of 100-800
ppm fed continuously in the diet [31], have not been in-
vestigated. Such models are, at least intuitively, closer to
the human feeding situation than acute exposure situa-
tions.

The present study has investigated the effects of
chronic dietary exposure to IQ on the expression of en-
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zymes involved in the bioactivation and detoxification
of procarcinogens such as IQ and compared this with
acute exposure, more typical of short-term chemopre-
vention studies. These experiments have been carried
out in the male Fischer 344 rat, a strain often used for
cancer studies, in order to construct a suitable animal
model for use in chemoprevention studies, more reflec-
tive of the natural human diet.

Materials and methods
Chemicals

2-Amino-3-methylimidazo[4,5-f]quinoline (IQ) was
from Toronto Research Chemicals (Canada). Glu-
tathione and 2,6-dichloroindophenol (DCPIP) were ob-
tained from ICN (Sydney, Australia). Resorufin and di-
coumarol were from Sigma (Castle Hill, Australia).
3,4-Dichloronitrobenzene (DCNB) was purchased from
Lancaster Chemicals (Eastgate, UK). Uridine diphos-
phate glucuronic acid (UDPGA), nicotinamide adenine
dinucleotide (NADH) and nicotinamide adenine dinu-
cleotide phosphate (NADPH) were from Boehringer
Mannheim (Auckland, NZ). 1-Chloro-2,4-dinitroben-
zene (CDNB) and 4-nitro-2-benzylchloride (NBC) were
obtained from ACROS (New Jersey, USA). Ethoxyre-
sorufin and methoxyresorufin were synthesised by Dr.
Brian Palmer, Auckland Cancer Society Research Cen-
tre, Auckland, NZ.

Dosing regimens

Inbred Fischer 344 rats were made available from the
Animal Laboratories at the University of Auckland Fac-
ulty of Medicine & Health Sciences and all experiments
received ethical approval from the University of Auck-
land Animal Ethics Committee (AEC No.499). Acute
studies involved 5-6 week old male Fischer rats (n =
4/group) fed control diet (AIN-76A, [32]) for 4 weeks
prior to IQ (20mg-kg™) administration in 0.01M
NaOH/0.1M HCl (4 mL-kg™) or vehicle control gavaged
daily for 3 days. Animals were killed 24 hours after final
exposure.

For the chronic study, male Fischer F344 rats (20 per
group) were fed defined AIN-76A control diet + IQ (125
ppm for the first 26 weeks then 300 ppm for the remain-
ing 26 weeks). The dose was increased after 26 weeks
when no pathological signs of disease, necessary for fu-
ture chemoprevention studies, were seen in the IQ ex-
posure group. Animals were killed after 52 weeks by CO,
euthanasia in line with institution guidelines [33], the
organs removed and examined for tumours. The inci-
dence was noted and histological analysis on the organs
and pathological analysis of the tumours performed.

Animals showing signs of suffering were killed prior to
the end of the experiment and the details noted (Table
1).

Livers were washed in ice-cold 67 mM phosphate
buffer containing 1.15% KCI and kept at -80°C until
subcellular fractions were prepared by differential cen-
trifugation [34]. Protein content was determined by the
bicinchoninic acid assay using bovine serum albumin as
the standard [35].

Western immunoblots

Hepatic cytosolic and microsomal samples were diluted
to 1 mg.mL"! with MilliQ water and then further diluted
1:4 with sample buffer. Samples were then boiled at 70 °C
for 20 minutes. SDS/PAGE was performed on 10 % acry-
lamide gels using the BioRad Mini-Protean III appara-
tus. Sample (20 pL) was added to each lane and run for
40 minutes at 200 V. Proteins were then transferred at
110 V for 60 minutes onto polyvinylidene difluoride
(PVDF) membrane (BioRad, Auckland, NZ). The PVDF
was blocked overnight in 5% non-fat milk protein con-
taining 0.4 % FCS. The membrane was then probed with
a monoclonal antibody to GST-A1 (Ya) or GST-A2 (Yc),
purchased from Biotrin (Dublin, Ireland); or CYP1A1/2,
CYP2E1 or CYP3A2 purchased from Gentest (USA). Sec-
ondary probing was done with the Elite ABC Vectastain
kit (Vector Labs, USA) and the proteins were visualised
by Enhanced Chemiluminescence (ECL) (Amersham,
UK) and the film (Kodak Scientific Imaging Film) ex-
posed for 60 seconds. Quantitative analysis of the bands
(area/density relationships) was achieved by the MD30
image analysis system (Leading Edge, Adelaide, Aus-
tralia).

Enzyme activity assays
CYP1A1/2

Ethoxyresorufin or methoxyresorufin (0-100 uM) were
incubated in triplicate with sample microsomes (1 mg of
protein) + 1 mM NADPH in 67 mM phosphate buffer,pH
7.4, containing 25 uM MgCl, in a final volume of 200 uL
for 20 minutes at 37 °C. The reaction was stopped by the
addition of ice cold methanol (1 mL), the precipitate re-
moved by centrifugation and the fluorescence of the su-
pernatant assessed using excitation 530 nm, emission
585nm. The formation of resorufin was determined
from a standard curve (0-200 uM) [36].

CYP2E1 activity assay

para-Nitrophenol (0-100 mM) was incubated in tripli-
cate with sample microsomes (0.2mg of protein final
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concentration) £ 1 mM NADPH in 67 mM phosphate
buffer, pH 7.4, containing 25 pM MgCl2 and 1mM ascor-
bic acid in a final volume of 200 uL and the change in ab-
sorption was recorded at 420 nm for 5 minutes at 37 °C.
The formation of para-nitrocatechol was determined
from a standard curve (0-100 uM) [37].

GST activity assays

The substrates 1-chloro-2,4-dinitrobenzene (CDNB), 3-
4-dichloronitrobenzene (DCNB) and 4-nitro-2-ben-
zylchloride (NBC) were used to measure the activity of
general GST, the GST-mu class and the GST-theta class,
respectively. Substrate (0.02-1 mM) was added to 1mM
glutathione and cytosolic protein (0.02mg) in 100 mM
potassium phosphate buffer, pH 6.5 to a final volume of
1 mL. The reaction was followed spectrophotometrically
at 340,345 or 310 nm for CDNB, DCNB and NBC with ex-
tinction coefficients of 9.6 mM'-cm™!, 8.5 mM!-cm™
and 1.9 mM™"- cm™ respectively [38, 39].

NQO activity assay

NQO activity was assessed in triplicate by adding 4 mM
DCPIP (10pL) to 50 mM Tris-HCI buffer, pH 7.5, con-
taining 0.1% BSA solution, 0.5 mM NADH, cytosolic
protein (0.2mg.mL™!) £ 100uL of the inhibitor di-
coumarol. The final incubation volume was 1 mL. The
loss of absorbance at 600 nm was monitored. NQO ac-
tivity was determined as the activity in the absence of
dicoumarol minus the activity in the presence of di-
coumarol [40]. A standard curve of 0-80 nM of DCPIP
was used.

UGT activity assay

The microsomal activity of UGT was measured by incu-
bating 0.1 mM 4-methyl umbelliferone with 0.5mg of
sample microsomes and 0.1M tris-HCI, pH 7.4 with the
addition of 20 mM UDPGA in 0.05% BSA tris-HCI pH
7.4, 5mM MgCI2. The decay of 4-methyl umbelliferone
fluorescence was measured [41].

-Glucuronidase activity assay

The activity of B-glucuronidase was determined by a
modification of the UGT assay described previously
[42]. 4-Methyl umbelliferone glucuronide (0.1 mM) was
incubated with 0.5 mg of sample microsomes and 0.1 M
tris-HCl, pH 7.4. The increase in fluorescence due to the
formation of the 4-methyl umbelliferone was measured
at excitation 355nm and emission 460 nm and deter-

mined from a standard curve (0-100nM) as described
above.

Analysis of data

The parameters Vmax and Km for each sample were cal-
culated using the Grafit® programme (Erithacus, UK).
The data shown in the text and the figures are mean *
s.e.m. Statistical analysis was by Student’s non-paired
t-test, taking P < 0.05 as significant.

Results.

Effects of 1Q exposure on Glutathione-S-transferase
activity and expression

A significant (p<0.01) increase of 101.7 %
56.0nmol- mg'-min~! from 166.3 * 13.5nmol-mg™!
min~!-in the Vmax occurred in the IQ-exposed group
after chronic exposure. No significant change was
detected for GST-M (control value of 15.9 %+
2.7nmol.mg™'- min™') or GST-T (control value of 61.4
5.6nmol.mg™!- min~') activity. The increase in total GST
activity matched the trend shown by the expression data
of the alpha class (Fig. 1). The expression of GST-Al and
GST-A2 increased significantly (p < 0.01) to 245 = 67 %
and 256.7 £ 97 % of control values (Fig.2). In contrast,
there was a decrease from 191.5 £ 3.7 nmol - mg™'- min™!
to 178.2 = 1.1 nmol-mg™'-min™! (p < 0.05) in total GST
activity after acute exposure to IQ. With no change in the
activity of GST-M or GST-T, it is assumed that the de-
crease in activity is due to the decreased alpha class ex-
pression (Fig. 1). Acute exposure significantly (p < 0.01)
decreased the expression of GST-A1 by 81.3 + 10% of
control and a non-significant decrease of 38 % was seen
for the expression of GST-A2 (Fig. 2).

Acute Exposure
| g s
AIN-76 +1Q

-
AIN-76

Chronic Exposure
i —— A —
AIN-76 AIN-76 +1Q

Fig.1 Western blot showing the effects of chronic and acute exposure to IQ on the
expression of glutathione S-transferases, GST-A1, in male Fischer 344 rats (n=3 per
group).
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Fig.2 Effects of acute high dose and chronic low dose exposure to 1Q on the ex-
pression of glutathione S-transferase (GST-A1 and GST-A2), as determined by
area/density relationships of Western blots. Values shown are mean £s.e.m. (n =
4foracute study; n= 15 for chronic study). ** P < 0.01 compared with relevant con-
trol (-1Q).

Effect of IQ exposure on CYP activity and expression

Chronic exposure resulted in non-significant decreases
in CYP1Al (from 11.4+2.4 pmol-mg'-min™ to
5.9+ 0.7 pmol-mg'-min~') and CYP1A2 (a decrease
of 51+0.2 pmol-mg! min?' from 10.2+25
pmol-mg™-min') activity, with no significant change
in the expression of CYP1A1/2 (121 + 17.4 % of control).
Acute exposure to IQ resulted in a significant (p < 0.001)
increase in activity of CYP1A1 from 19.5 + 2.0 to 52.9 +
1.2 pmol-mg'-min™ and an increase (p <0.01) in
CYP1A2from 19.2 + 2.0t0 58.5 *+ 4.6 pmol- mg~!- min~".
The increase in activity was reflected by a significant
(p < 0.001) increase in the expression of CYP1A1/2,
to 224 + 4% of control. No significant changes were
observed in either expression of CYP3A2 (102.7 £ 3%
of control for acute and 72.8 +7% of control for
chronic) or CYP2EL1 activity (control levels were 6.8
0.3nmol-mg?'-min' for acute and 9.6%
1.6 nmol - mg'- min~! for chronic).

Effect of 1Q exposure on NQO, UGT and
[-glucuronidase activity

Following chronic exposure to IQ, all animals had a
large and significant (p <0.001) increase in NQO
activity from 166.9 + 35.7nmol- min~'-mg-! to 1321
256.3 nmol-min~'-mg!, despite variability (274 %-
1400%). In contrast, after acute exposure to IQ there
was a non-significant decrease in the activity of
NQO (200.6 + 66.4nmol-min~'-mg-1 to 156.0 £
36.2nmol- min~'-mg™). After both acute and chronic
exposure to IQ, UGT activity increased significantly
(Fig.3). An increase of 27+ 5nmol.min'-mg’
(p <0.001) from 18 +5nmol-min~'-mg? occurred
after chronic exposure, whilst a smaller increase of
12+ 4nmol-min'-mg?  (p<0.01) from 43+
5nmol-min~'- mg™ occurred after acute exposure to IQ.
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Fig.3 Effect of acute (a) and chronic (b) exposure of male Fischer 344 rats to 1Q on
glutathione S-transferase (GST), UDP-glucuronosyl transferase (UGT), B-glu-
curonidase, NAD(P)H: Quinone oxidoreductase (NQO), cytochrome P450 (CYP)
1A1/2 and CYP2E1 activity. Values shown are mean + s.e.m. (n =4 for acute study;
n =15 for chronic study). * P < 0.05; ** P < 0.01; *** P < 0.001 compared with con-

trol (-1Q).

B-glucuronidase activity also increased after both
chronic (from 4.0 +0.7nmol-min™-mg’ to 6.0+
0.9nmol-min-'-mg?') and acute (from 8.1%
0.2nmol-min~'-mg' to 10.3 + 0.6 nmol- min~'-mg~', p
< 0.05) exposure.

Discussion

From previous studies [28], we had anticipated that a
primary effect of chronic IQ exposure would be upregu-
lation of CYP1A and possibly other CYP isozymes. How-
ever, no significant changes were observed for CYP1A,
CYP3A2 or CYP2E1.CYP3A2 and CYP2EI are regulated
by very different mechanisms compared to the other en-
zymes investigated [43, 44]. Instead of effects on CYP,
chronic exposure to the dietary carcinogen, IQ, caused
significant effects on several phase II enzymes, increas-
ing total glutathione transferase (GST) enzyme activity
and expression of GST-A1/2, the major hepatic forms of
the enzyme. UGT, B-glucuronidase and NQO activities
were also increased. No significant changes were ob-



44 European Journal of Nutrition, Vol. 40, Number 1 (2001)

© Steinkopff Verlag 2001

served for GST-M and GST-T, possibly due to the diffe-
rent mechanisms involved in the regulation of the vari-
ous isozymes of GST [8].

Taken together, the enzymatic changes seen after
chronic IQ exposure are not indicative of an XRE re-
sponse, but instead of the electrophile counter attack re-
sponse, mediated through the antioxidant response ele-
ment (ARE) [45]. The ARE controls the basal expression
of the detoxification enzymes GST-A, NQO [45] and
UGT [46]. These results were not anticipated since such
effects are associated with exposure to oxidants, and I1Q
is not necessarily considered as such. However, although
no GSH conjugates have been detected for IQ, it is pos-
sible that N-hydroxylated metabolites do form semi-
mercaptal conjugates that spontaneously rearrange to
sulphinamides which decompose to yield the parent
amine [47]. Such redox cycling may deplete intracellular
glutathione, which may in turn promote activation of
the ARE [48]. Such an event would appear biologically
plausible, since a chronic exposure regime would permit
an adaptive response that at least partially enables the
organism to cope with subsequent doses of the potential
dietary carcinogen.

These data, however, contrast with the limited infor-
mation on IQ-induced changes in XME that are cur-
rently described in the literature [28, 29, 49]. Such ob-
servations encouraged us to study further the effects of
acute exposure in the same animal strain as our chronic
studies. Intriguing differences were apparent in the
comparative effects of chronic and acute exposure to the
dietary carcinogen IQ on the expression and activity of
xenobiotic metabolising enzymes. Following acute ex-
posure, the activity and expression of CYP1A2 and
CYP1Al, responsible for the bioactivation of IQ, in-
creased confirming previous studies [29,49]. The level of
UGT and B-glucuronidase activity also increased. The
effect on glutathione transferase activity was opposite to
that after chronic exposure. Total GST activity decreased
significantly and this was reflected in the expression
data, especially for GST-A1, where a 81 % decrease oc-
curred.

The early work into the effects of IQ exposure on
XME had led to the proposal that IQ is a ligand for the
Ah-receptor and a subsequent agonist for the xenobiotic
response element (XRE) [28]. In the present acute expo-
sure study, we used a dose of 20mg.kg™, at least
1,000,000 times the concentration at which dioxin (the
classical Ah agonist) shows effects at the Ah receptor
[50]. Even for a weak agonist such as IQ [51], this high
dose would be expected to bind to the Ah receptor and
elicit a response through the XRE. However, both our
current results as well as recent literature on the mecha-
nisms of IQ induction of CYP1A1/2 support instead a
non-Ah receptor-mediated mechanism for IQ modula-
tion of XME. CYP1A1/2 activity and expression in-
creased after various acute doses of IQ in Ah-/- mice,

suggesting the increase in CYP1A1 and 1A2 was not due
to the Ah receptor [29]. The differential changes in the
activities of CYP1A1/2, UGT, GST-A2 and NQO in the
present study confirm that it is not a simple XRE-medi-
ated event, but may involve the glucocorticoid receptor
and glucocorticoid response element [6].

The glucocorticoid response element (GRE) is pre-
sent in the promoter region of all six of the enzymes on
the Ah battery and it has been shown previously to be af-
fected by carcinogenic polycyclic aromatic hydrocar-
bons (PAHs; [6]). At high doses, these act as Ah receptor
agonists in combination with the synthetic glucocorti-
coid dexamethasone. Such combinations resulted in
differential enzyme regulation: both CYP1A and UGT
increased, whilst GST-A2,NQO1 and aldehyde dehydro-
genase 3 decreased. The changes did not occur when
glucocorticoid was applied alone and they were blocked
by the glucocorticoid receptor antagonist RU38486.
Thus it was proposed that the glucocorticoid interacted
with the glucocorticoid receptor to produce and attract
elements that interfere with the Ah-receptor mediated
regulation of the enzymes [6].

The high dose of IQ used in the present acute study
produced a similar spectrum of XME changes to those
previously seen with PAHs and glucocorticoids [6]. We
suggest that IQ administered thus may be directly toxic
and so disturb the homeostatic mechanisms of the rat to
cause a cascade of effects including release of glucocor-
ticoids. The glucocorticoids may then activate the GRE,
which in turn may modulate the Ah-receptor response
caused by the high dose of IQ. However, such acute
exposure conditions do not reflect the normal dietary
situation.

It must be borne in mind that other factors could in-
fluence enzyme expression and activity in acute versus
chronically exposed animals. IQ is a carcinogen, and
chronic exposure resulted in metastatic tumours in the
rat. Cytokines such as interleukin-6, released in the can-
cer process, have been shown to decrease the expression
of GST in primary hepatocyte culture [52]. Hayes and
co-workers observed increases in GST-A and GST-M in
rats with hepatic pre-neoplasia, similar to the changes
that occurred with chemoprotection [53]. However, in
the present study not all the chronically exposed ani-
mals developed cancer: three of the exposure group
failed to have any pathological signs of the disease
(Table 1) and analysis of the expression and activity data
showed there was no difference between them and the
rest of the exposure group. Indeed, overall, there was no
relationship between tumour incidence and any of the
changes in activity or expression observed in the chron-
ically exposed rats.

Care must be taken to avoid the production of mis-
leading data that may result from confounding factors
contained in the normal rat diet. The defined diet such
as the AIN-76A used in this study eliminates phytoe-
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Tab.1 Total glutathione S-transferase (GST), glu-

curonosyl transferase (UGT) and NADPH: Quinone ox- Enzyme acE|1v 157 P Pathology
idoreductase (NQO) activities in the liver and patho- (nmol-mg~"- min™!) Lesions Tumours
L(;gplgihlr?;,? r:; jzdﬁtslé?eoru;: : :ﬁ;sz week dietary 1Q Animal GST UGT NQO Hyperplastic  Degenerative ~ Benign Malignant
1 203.1  N/A 11148 0 0 0 1
2 2233 74 1378.3 0 2 2 0
3 24122 57 3387.3 0 1 1 2
4 2788 9.1 1475.5 0 0 0 1
5 2540 45 816.1 0 0 0 1
6 2629 3.9 1579.5 0 0 0 0
7 3855 3.0 4528 0 0 1 1
8 2937 34 5265 0 0 0 2
9 1676 3.2 8006 0 2 0 0
10 1989 3.1 6536 0 0 0 1
1 3175 39 1444.5 0 0 1 2
12 331.0 3.6 863.5 2 1 3 1
13 306.5 2.9 4699 0 0 0 3
14 2442 1.9 8953 0 0 0 2
15 3117 74 39580 O 0 0 2

strogen and vitamin effects that are known to effect CYP
levels in the rat [54]. Age effects are also important: CYP
and other enzyme levels are known to alter with time
[55-57]. Indeed we observed the level of control en-
zymes alter in all enzyme measured between the acute
and the chronic study. All enzymes decreased their ex-
pression/activity after 52 weeks, except for CYP2EL,
where a 40 % rise from acute control level was observed.

Whilst the levels of IQ in the present study (0.03 %)
are several orders of magnitude higher than the typical
human exposure [11], the study demonstrates how im-
portant it is to regulate the dose, the duration and the
diet used in the study of both carcinogens and chemo-
preventative agents. Acute, high dose carcinogen expo-
sure elicits a response that appears to work through the
xenobiotic response element attenuated by the gluco-
corticoid response element, which may reflect a direct
toxic effect to the rat. The danger is that potentially

References

1. Guengerich FP (1995) Influence of nu-

5. Wasserman W, Fahl W (1997) Func-

chemopreventive dietary components that appear to be
active during such acute exposures to carcinogens may
work through a mechanism not applicable to the low
dose, chronic situation in humans, giving rise to poten-
tial artefacts in both tumour and short-term endpoints
such as DNA adducts. Furthermore, it should also be
noted that any chemoprevention study must be inter-
preted with caution and that investigations into the ef-
fect of IQ at lower doses must be undertaken. Looking at
the present study, the induction of the detoxification en-
zymes through the activation of the ARE would suggest
that IQ is a model monofunctional inducer, and hence
ideal chemopreventative agent [58].

Acknowledgements The authors thank Dr. Michael James (Auck-
land Veterinary Diagnostics) for the evaluation of pathological le-
sions, Marlene Goedhart and Kirsten Wrabetz for their technical sup-
port, as well as the Auckland Cancer Society and NZ Lottery Grants
Board (Health) for financial support for this research.

responsive element. Mol Pharmacol 55:

trients and other dietary materials on
cytochrome P-450 enzymes. Am ] Clin
Nutr 61 (suppl 3): 6515-658S

Rowlands J, Gustafsson J (1997) Aryl
hydrocarbon receptor-mediated signal
transduction. Crit Rev Toxicol 27:
109-134

Hankinson O (1995) The aryl hydrocar-
bon receptor complex. Annu Rev Phar-
macol Toxicol 35: 307-340

Hoffer A, Chang CY, Puga A (1996)
Dioxin induces transcription of fos and
jun genes by Ah receptor-dependent
and -independent pathways. Toxicol
Appl Pharmacol 141: 238-247

tional antioxidant responsive elements.
Proceedings of the National Academy
of SciencesUSA 94: 5361-5366

Linder M, Falkner K, Srinivasan G,
Hines R, Prough R (1999) Role of
canonical glucocorticoid response ele-
ments in modulating expression of
genes regulated by the arylhydrocarbon
receptor. Drug Metab Rev 31: 247-271
Falkner KC, Xiao GH, Pinaire JA,
Pendleton ML, Lindahl R, Prough RA
(1999) The negative regulation of the
rat aldehyde dehydrogenase 3 gene by
glucocorticoids: involvement of a single
imperfect palindromic glucocorticoid

10.

649-57

Hayes J, Pulford D (1995) The glu-
tathione S-transferase supergene fam-
ily: regulation of GST and the contribu-
tion of the isoenzymes to cancer
chemoprotection and drug resistance.
Crit Rev Biochem Mol Biol 30: 445-600
Li DP, Calzi S, Sanchez ER (1999) Inhi-
bition of heat shock factor activity pre-
vents heat shock potentiation of gluco-
corticoid  receptor-mediated  gene
expression. Cell Stress & Chaperones 4:
223-234

Ciolino HP, Daschner PJ, Yeh GC (1999)
The dietary flavonoids quercetin and



46

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

kaempferol are ligands of the aryl hy-
drocarbon receptor that differentially
affect CYP1A1 transcription. Proc Am
Assoc Cancer Res 40: 410

Keating G, Layton D, Felton ] (1999)
Factors determining dietary intakes of
heterocyclic amines in cooked foods.
Mutat Res 443: 149-156

IARC (1993) Some naturally occurring
substances: food items and con-
stituents, heterocyclic aromatic amines
and mycotoxins; IQ (2-amino-3-
methylimidazo[4,5-f]quinoline). IARC
Monographs on the evaluation of car-
cinogenic risks to humans 56: 165-195
Ferguson LR (1997) Micronutrients, di-
etary questionnaires and cancer. Bio-
medicine & Pharmacotherapy 51:
337-44

Ferguson L (1997) Micronutrients, di-
etary questionnaires and cancer. Bio-
med Pharmacother 51: 337-344
Schwab CE, Huber WW, Parzefall W,
Hietsch G, Kassie F, Schulte-Hermann
R, Kndssmuller S (2000) Search for
compounds that inhibit the genotoxic
and carcinogenic effects of heterocyclic
aromatic amines. Crit Rev Toxicol 30:
1-69

Dashwood RH (1992) Protection by
chlorophyllin against the covalent
binding of 2-amino-3-methylimi-
dazo[4,5-f]quinoline (IQ) to rat liver
DNA. Carcinogenesis 13: 113-8

Leiw C, Schut H, Chin S, Pariza M, Dash-
wood R (1995) Protection of conjugated
linoleic acids against 2-amino-3-
methylimidazo[4,5-f]quinoline-in-
duced colon carcinogenesis in the F344
rat: a study of inhibitory mechanisms.
Carcinogenesis 16: 3037-3043

Reddy B, Rivenson A (1993) Inhibitory
effect of Bifidobacterium longum on
colon, mammary, and liver carcinogen-
esis induced by 2-amino-3-methylimi-
dazol[4,5-f]quinoline, a food mutagen.
Cancer Res 53:3914-3918

Helsby NA, Chipman JK, Gescher A,
Kerr D (1998) Inhibition of mouse and
human CYP 1A- and 2El-dependent
substrate  metabolism by  the
isoflavonoids genistein and equol. Food
& Chemical Toxicology 36: 375-82
Dragstead LO, Strube M, Leth T (1997)
Dietary levels of plant phenols and
other non-nutritive components: could
they prevent cancer? Eur ] Cancer Pre-
vention 6: 522-528

Ameer B, Weintraub R (1997) Drug in-
teractions with grapefruit Juice. Clin
Pharmacokin 33: 103-121

Aoyama T, Gelboin HV, Gonzalez FJ
(1990) Mutagenic activation of 2-
amino-3-methylimidazo[4,5-f]quino-
line by complementary DNA-expressed
human liver P-450. Cancer Res 50:
2060-2063

Shimada T, Hayes C, Yamazaki H, Amin

European Journal of Nutrition, Vol. 40, Number 1 (2001)

© Steinkopff Verlag 2001

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

S,Hecht S, Guengerich F, Sutter T (1996)
Activation of chemically diverse pro-
carcinogens by human cytochrome
P-450 1B1. Cancer Res 56: 2979-2984
Snyderwine E, Writh P, Roller P, Adam-
son R, Sato S, Thorgeirsson S (1988)
Mutagenicity and in vitro covalent DNA
binding  of  2-hydroxyamino-3-
methylimidazolo-[4,5-f]quinoline.
Carcinogenesis 9: 411-418

Snyderwine E, Roller P, Adamson R,
Sato S, Thorgeisson S (1988) Reaction
of N-hydroxylamine and N-acetoxy
derivatives of  2-amino-3-methyl-
imidazo[4,5-f]quinoline with DNA.
Synthesis and identification of N-(de-
oxyguanosin-8-yl)-IQ. Carcinogenesis
9:1061-1065

De Flora S, Bennicelli C, D’Agostini F,
Izzotti A, Camoirano A (1994) Cytosolic
activation of aromatic and heterocyclic
amines. Inhibition by dicoumarol and
enhancement by viral hepatitis B. Envi-
ron Health Perspect 102: 69-74
Turesky RJ, Lang NP, Butler MA, Teitel
CH, Kadlubar FF (1991) Metabolic acti-
vation of carcinogenic heterocyclic aro-
matic amines by human liver and colon.
Carcinogenesis 12: 1839-1845
Rodrigues AD, Ayrton AD, Williams EJ,
Lewis DE, Walker R, Ioannides C (1989)
Preferential induction of the rat hepatic
P450 1 proteins by the food carcinogen
2-amino-3-methyl-imidazo([4,5-f]
quinoline. Eur ] Biochem 181: 627-631
Nerurkar PV, Anderson LM, Snyder-
wine EG, Park SS, Thorgeirsson SS, Rice
JM (1993) Specific induction of hepatic
cytochrome P4501a-2 in C57BL/6 and
DBA/2 mice treated with 2-amino-3-
methylimidazo[4,5-f]quinoline (IQ). J
Biochem Toxicol 8: 175-186

Tachino N, Hayashi R, Liew C, Bailey G,
Dashwood R (1995) Evidence for ras
gene mutation in 2-amino-3-methyl-
imidazo[4,5-f]quinoline-induced
colonic abberant crypts in the rat. Mol
Carcinogen 12: 187-192

Wakabayashi K, Sugimura T (1998)
Heterocyclic amines formed in the diet:
Carcinogenicity and its modulation by
dietary factors. J Nutr Biochem 9:
604-612

McIntosh G, Jorgensen L, Royle P (1993)
The potential of an insoluble dietary
fiber rich source from barley to protect
from DMH-induced intestinal tumors
in rats. Nutr Cancer 19: 213-221

Reilly ES (1993) Euthanasia of animals
for scientific purposes. ANZCART, Glen
Osmond, pp 17-22

Gill HJ, Tingle MD, Park BK (1995) N-
hydroxylation of dapsone by multiple
enzymes of cytochrome P450: implica-
tions for inhibition of haemotoxicity. Br
J clin Pharmacol 40: 531-539

Smith P, Krohn R, Hermanson G, Mallia
A, Gartner F, Provenzano M, Fujimoto

36.

37.

38.

39.

40.

41.

42.

43,

44.

45.

46.

47.

E, Goeke N, Olson B, Klenk D (1985)
Measurement of protein using bicin-
choninic acid. Anal Biochem 150: 76-85
Nerurkar P, Park S, Thomas P, Nims R,
Luber R (1993) Methoxyresorufin and
benzyloxyresorufin: substrates prefe-
rentially metabolized by cytochromes
P4501A2 and 2B, respectively, in the rat
and mouse. Biochem Pharmacol 46:
933-43

Reinke LA, Moyer M]J (1985) A microso-
mal oxidation which is highly inducible
by ethanol. Drug Metab Disp 13:
548-552

Habig WH, Pabst M], Jakoby WB (1974)
Glutathione S-transferases. ] Biol Chem
249:7130-7139

Gonzalez P, Tunon MJ, Manrique V, Gar-
cia-Pardo LA, Gonzalez ] (1989)
Changes in hepatic cytosolic glu-
tathione S-transferase enzymes in-
duced by clotrimazole treatment in
rats. Clin Exp Pharmacol Physiol 16:
867-871

Lind C, Cadenas E, Hochstein P, Ernster
L (1990) DT-Diaphorase: purification,
properties and function. Methods En-
zymol 186: 287-301

Collier AC, Tingle MD, Keelan JA, Pax-
ton JW, Mitchell MD (2000) A highly
sensitive  fluorometric  microplate
method for the determination of UGT
activity in cell lines and tissues. Drug
Metab Disp 28: 1184-1186

Trubetskoy OV, Shaw PM (1999) A fluo-
rescent assay amenable to measuring
production of beta-D-glucuronides
produced from recombinant UDP-gly-
cosyl transferase enzymes. Drug Metab
Disp 27: 555-557

Keeney D, Waterman M (1993) Regula-
tion of steroid hydroxylase gene expres-
sion: importance to physiology and dis-
ease. Pharmacol Ther 58: 301-7

Ronis M, Lindros K, Ingel-Sundberg M
(1996) The CYP2E subfamily. In: C.
Ioannides (eds) Cytochrome P450.
Metabolic and Toxicological Aspects.
CRC Press, pp 211-239

Jaiswal AK (1994) Antioxidant response
element. Biochem Pharmacol 48:
439-444

Munzel P, Schmohl S, Heel H, Kalberer
K, Bock-Hennig B, Bock K (1999) In-
duction of human UDP glucuronsyl-
transferases (UGT1A6, UGT1A9, and
UGT2B7) by t-butylhydroquinone and
2,3,7,8-tetrachlorodibenzo-p-dioxin in
Caco-2 cells. Drug Metab Disp 27:
569-573

Eyer P (1985) Reactions of ni-
trosoarenes with sulphydryl groups: re-
action mechanism and biological sig-
nificance. In: J. Gorrod and L. Damani
(eds) Biological Oxidation of Nitrogen
in Organic Molecules. Chemistry, Toxi-
cology and Pharmacology. Ellis Hor-
wood Chichester, pp 387-399



48.

49.

50.

Alexander ], Reistad R, Frandsen H,
Grivas S (1997) Binding of 2-amino-1-
methyl-6-phenylimidazo[4,5-b]pyri-
dine (PhIP) to protein- and low molec-
ular weight thiols and its role in ring
hydroxylation. Mutat Res 376: 7-12
Nerurkar PV, Schut HAJ, Anderson LM,
Riggs CW, Fornwald LW, Davis CD, Sny-
derwine EG, Thorgeirsson SS, Weber
WW, Rice JM, Levy GN (1996) Ahr Lo-
cus phenotype in congenic mice influ-
ences hepatic and pulmonary DNA
adduct levels of 2-amino-3-methylimi-
dazo[4,5-f]quinoline in the absence of
cytochrome P450 induction. Mol Phar-
macol 49: 874-881

Blankenship A, Matsumura F (1997)
2,3,7,8-Tetrachlorodibenzo-p-dioxin
(TCDD) causes an Ah receptor-depen-
dent and ARNT-independent increase
in membrane levels and activity of
p60%. Environ Toxicol Pharmacol 3:
211-220

R.A.C. McPherson et al.
Acute vs. chronic 1Q exposure

51.

52.

53.

Kleman M, Overvik E, Mason G,
Gustafsson J (1990) Effect of food mu-
tagens MeIQx and PhIP on expression
of CYP1A produced in various tissues
of male and female rats. Carcinogenesis
11:2185-2189

Voss S, Park Y, Kwon S, Whalen R, Boyer
T (1996) Role of interleukin 6 and cor-
ticosteroids in the regulation of expres-
sion of glutathione S-transferases in
primary cultures of rat hepatocytes. J
Biochem 317: 627-632

Hayes J,Mcleod R, Ellis E, Pulford D, Ire-
land L, McLellan L, Judah D, Manson M,
Neal G (1996) Regulation of glutathione
S-transferase and aldehyde reductase
by chemoprotectors: studies of mecha-
nisms responsible for inducible resis-
tance to aflatoxin BI. Principles
Chemoprev 139: 175-187

54.

55.

56.

57.

58.

47

Rosenberg D (1991) Dietary modula-
tion of cytochrome P450 in the small
intestinal epithelium. Pharmacol 36-46
Imaoka S, Fujita S, Funae Y (1991) Age-
dependent expression of cytochrome
P450ss in rat liver. Biochim Biophys Acta
1097: 187-192

Horbach G, van Asten J, Rietjens I, Kre-
mers P, van Bezooijen C (1992) The ef-
fect of age on inducibility of various
types of rat liver cytochrome P450.
Xenobiot 22: 515-522

Eke B, Vural N, Iscan M (1997) Age de-
pendent differential effects of cigarette
smoke on hepatic and pulmonary
xenobiotic metabolising enzymes. Arch
Toxicol 71: 696-702

Talalay P, Fahey JW, Holtzclaw WD,
Prestera T, Zhang Y (1995) Chemopro-
tection against cancer by phase 2 en-
zyme induction. Toxicol Lett 82/83:
173-179



