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ABSTRACT

The mutagenic heterocyclic amine 2-amino-3-methylitnidazo[4,5-/]
quinoline (IQ) is carcinogenic in the Fischer-344 rat, affecting the liver
and small and large intestines, as well as several other organs. In male
animals the incidences of tumors in the liver, small intestine, and large
intestine were reported to be 67.5, 30.0, and 62.5%, respectively. Using
32P-postlabeling assays, the formation and persistence of IQ-DNA ad-

ducts in the liver and small and large intestines were studied in male
Fischer-344 rats. Young, adult animals were either given a single p.o.
dose (5, 25, or 50 mg/kg) of IQ and were killed 24 h later or were given
a single p.o. or i.p. dose (50 mg/kg) of IQ and were killed at different
time points, from 6 h to 31 days after p.o. treatment and from 6 h to 6
days after i.p. treatment, to follow adduct persistence. Up to five specific
adducts could be isolated, and adduct formation was dose related in all
three organs. Adduct 1, previously shown to be jV-(hydroxyguanosin-8-
yl)-IQ, was the major adduct in all cases, comprising up to 78% of the
total. After p.o. administration (6-24 h) adduct levels in the liver were
3- to 4-fold higher than after i.p. administration, while levels in the
intestines during this time period were independent of the route of
administration. At 24 h after p.o. administration total adduct levels in
the liver were 13.5-41.4 and 9.2-18.4 times higher than those in the
small intestine and large intestine, respectively. Maximum adduct levels
were observed between 6 and 24 h after administration, and from 1 to 6
days later, rates of removal from the liver were 7-fold and 2-fold slower,
respectively, than from the small and large intestine. Rates of adduct
removal from the intestines after i.p. administration were similar to those
after p.o. administration. Beyond day 15 adduct levels in all organs
constituted less than 12% of those on day 1, and low levels of adducts
persisted for up to 31 days. In all cases there was no preferential loss or
persistence of any of the adducts. It is concluded that total adduct levels
and persistence in target organs may, in part, be related to susceptibility
to IQ-induced carcinogenesis in the Fischer-344 rat.

INTRODUCTION

Several mutagenic and carcinogenic chemicals are formed in
food during cooking (1). One of these, IQ3 (Fig. 1), has been

isolated from broiled sardines (2), beef extract (3), and cooked
beef (4). The amount of IQ was 158 Mg/kg in broiled sun-dried
sardine, 0.02-0.06 /Â¿g/kgin broiled or fried beef (5), 0.02 /Â¿g/
kg in cooked ground beef (6), 20-40 Mg/kg in Difco beef extract
(7), 41.6 ng/kg in bacteriological-grade beef extract (8), and
0.16 ng/kg in fried walleye pollack (9). In addition, 0.26 ng of
IQ was reported to be present in each cigarette (10).

The in vitro and in vivo mutagenic effects of IQ in bacteria
and mammalian cells have been investigated. IQ showed potent
mutagenic activity toward several Salmonella typhimurium
tester strains (1) but no effects or only weak effects in a number
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of mammalian mutagenesis systems (reviewed in Refs. 11 and
12).

IQ has been reported to be carcinogenic in animal bioassays.
Fischer-344 rats of both sexes fed on a diet containing 0.03%

of IQ for up to 728 days developed tumors in several organs
(13). The Zymbal gland showed the highest tumor incidences,
which were 90% in males and 67.5% in females, and the tumors
in this organ were identified as squamous cell carcinomas.
Incidences of hepatocellular carcinoma were 67.5% in males
and 45% in females. Intestinal adenocarcinoma incidences were
higher in males than in females (30 and 62.5% in males, and
2.5 and 22.5% in females in the small and large intestines,
respectively). In the skin a 42.5% tumor incidence was observed
in males and only 7.5% in females. In addition, a 50% incidence
of clitoral gland squamous cell carcinoma was found in females.
Low incidences (2.5-5%) of oral cavity tumors were also found
in both sexes (13,14). In CDFi mice, IQ induced tumors mainly
in the liver, forestomach, and lungs (15). In female Sprague-
Dawley rats, IQ induced tumors principally in the mammary
gland and in the ear duct, and to a lesser extent in the liver,
pancreas, and urinary bladder (16). In addition, IQ was shown
to be hepatocarcinogenic in cynomolgus monkeys (17). Fur
thermore, short-term administration of IQ, followed by a pro
motional stimulus, induced liver, thyroid, and skin tumors in
rats and mice (18-20).

IQ and other heterocyclic amines undergo several activation
reactions to be converted in the body to their ultimate carcino
genic form, which can react with DNA or other cellular mac-
romolecules (21). Since the first and obligatory step in the
initiation of the carcinogenic process is believed to be the
irreversible covalent binding of a chemical carcinogen to cellular
DNA (22), an analysis of the types, extent, and persistence of
IQ-DNA adducts may shed light on organ specificity and sen
sitivity in the in vivo carcinogenic process. In the present
investigation, therefore, we have examined the occurrence and
persistence of specific IQ-DNA adducts in target organs of the
Fisher-344 rat after both i.p. and p.o. administration.

MATERIALS AND METHODS

Materials and Animal Treatment. IQ was a gift from Dr. Richard H.
Adamson of the National Cancer Institute. The purity of IQ was
>99.7% as established by high-pressure liquid chromatography using a
Partisphere Ci8 column (Whatman) eluted isocratically with metha-
nol:water (60:40).

Young adult male Fischer-344 rats (110-170 g) were obtained from
HarÃanSprague-Dawley (Indianapolis, IN). The animals were kept in
polycarbonate cages on corn-cob bedding in a temperature- [22 Â±2Â°C]

and humidity- (30-60%) controlled room. Commercial laboratory chow
and tap water were provided ad libitum. After 7-10 days of acclimation
each animal was given a single IQ dose (5, 25, or 50 mg/kg body
weight) in 1 ml of dimethyl sulfoxide:0.05 M sodium phosphate, pH
4.5 (1:4), either by gavage or i.p. injection. Rats were killed (2-3 rats/
dose/time point) at time points ranging from 6 h to 6 days after
treatment, and in one experiment retention of adducts was followed for
up to 31 days. All animals were killed by CO2 asphyxiation, and the
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Fig. l. Structures of IQ and /V-(deoxyguanosin-8-yl)-IQ.

liver and small and large intestines were removed. Each organ was put
into 5 ml of phosphate-buffered saline containing 1 mivi EDTA and
stored at -70Â°Cuntil isolation of DNA.

DNA Isolation. The liver from each rat was chopped into small pieces
(<2 mm2), and a random sample of approximately 0.5 g was taken for

DNA isolation. The rat small and large intestines were rinsed using
phosphate-buffered saline with 1 mM EDTA to remove the contents.
After cutting open the intestines longitudinally, the epithelial cell layer
was scraped off and pooled from the entire intestine. DNA was isolated
from the rat organs using a standard procedure (23) consisting of
solvent extraction and proteinase and RNase digestion. The DNA was
quantitated by measuring the absorbance at 260 nm using a value of 20
A26oabsorbance units/mg DNA.

IQ-DNA Adduct Determination by 32P-postlabeling Assay. The inten
sification version of the 32P-postlabeling assay (24) was used to quan-
titate IQ-DNA adducts as previously described (25, 26). Polyethylene-
imine-cellulose thin-layer plates were prepared in the laboratory as
described by Gupta et al. (27). After overnight washing the freshly
prepared plates were stored at 4Â°C.[-y-32P]ATP(approximately 4000

Ci/mmol) was freshly prepared for each postlabeling assay (27). The
amounts of DNA and [32P]ATP were carefully kept constant in each

assay, since the ratio of their concentrations determines the intensifi
cation factors of the individual IQ-DNA adducts (24) and, consequently,
the accuracy of the quantitation of adducts.

The 32P-labeled nucleoside bisphosphates were first purified on pol-
yethyleneimine-cellulose plates, which were developed in system DI
(2.3 M sodium phosphate, pH 5.8) in ascending fashion. A paper wick
(25 cm) was stapled to the top of the plate (20 cm) to allow solvent to
migrate off the plate overnight in order to facilitate the completeness
of the removal of normal (unadducted) nucleoside bisphosphates. Be
fore development in system D3 (2.16 M lithium formate-5.1 M urea, pH
3.5), the adduct area (origin) on the I>,plate was cut out and transferred
to a fresh polyethyleneimine-cellulose plate using the magnet transfer
technique as described by Lu et al. (28). Development in system D4 (0.7
M sodium phosphate-7.0 M urea, pH 8.0) and that in system D5 (1.7 M
sodium phosphate, pH 6.0) were in the same direction but perpendicular
to that of D3. In system D5 a 4-cm paper wick was stapled to the top
edge of the plate, and the solvent was allowed to migrate to the upper
edge of the wick.

32P-labeled IQ-DNA adducts were located on the plates by autora-
diography, exposing films at -70Â°Cfor varying periods of time. Radio

active spots (adducts) were cut out and quantitated by Cerenkov count
ing (27). RAL values were calculated by dividing the cpm per adduct
by the sum of the cpm in the adduct and the normal nucleotides, making
adjustments for dilution and aliquot factors (27). (RAL) values ob
tained under intensification conditions were adjusted to the actual RAL
values (standard, ATP-saturating conditions), using the previously de
termined intensification factors for each adduct (25).

RESULTS

After p.o. administration of IQ, up to five IQ-DNA adducts
were detected in all organs (Fig. 2). Vehicle-treated control rats
showed no IQ-related adducts (data not shown).

The binding levels of IQ with liver DNA, 24 h after IQ gavage
with three different doses (50, 25, and 5 mg/kg), are shown in
Fig. 3. The data on DNA adduct formation in all three organs
is shown in Table 1. Adduct 1 showed the highest incorporation
of 32P, amounting to 31.2-77.8% of the total incorporated in
all adducts, while adduct 2 comprised 13.6-27.8% of the total
incorporation in DNA from the three organs. Adducts 3, 4, and
5 made up 2.1-17.2%, 4.2-7.0%, and 6.4-14.8%, respectively,
of the total adducts in the three organs tested. The liver showed
the highest IQ adduct formation among the three organs,
followed by the large intestine and small intestine. The total of
the adducts formed in the liver 24 h after IQ gavage was 13.5-
41.4 and 9.2-18.4 times higher than those formed in the small
intestine and large intestine, respectively, while the IQ-DNA
adduct frequency in the large intestine was 1.5-2.3 times higher
than that in the small intestine. Adduct levels were dose related
in all three organs (Table 1).

Between 6 and 24 h after i.p. IQ injection total adduct levels
remained essentially unchanged in all three organs (Fig. 4).
Significant decreases occurred at times beyond 24 h, so that
after 6 days 31.8, 4.5, and 14.2% remained in the liver, small
intestine, and large intestine, respectively (Fig. 4). After p.o.
administration adduct levels in the liver were 3- to 4-fold higher
than after i.p. administration (6-24 h after administration; Figs.
4 and 5), while adduct levels in the intestines after i.p. admin
istration (Fig. 4) were approximately the same as those after
p.o. administration (Fig. 5) during this time period.

Six days after i.p. administration levels of adducts in the liver
decreased to approximately 30% of those observed 24 h after
injection (Fig. 4), while those in the intestines underwent a
decrease to lower levels (<15%) during this 6-day period (Fig.
4). After p.o. administration liver adducts decreased by approx
imately 60% between 1 and 6 days (Fig. 5) and, by day 15, had
further decreased to approximately 10% of the day 1 levels
(Fig. 6), with little or no change thereafter, even up to 31 days.
In the small and large intestines adduct levels further decreased
to very low levels during the period from 6 to 31 days (Fig. 6).
In all cases there was no preferential loss of any of the adducts,
i.e., the relative distribution of the five adducts was the same in
all organs and at all time points (data not shown).

DISCUSSION

IQ-DNA adduct patterns observed after p.o. administration
were similar to those seen after i.p. administration (25). In
addition, the relative distribution of the five adducts (Fig. 3)
was similar to that observed before (25), with adduct 1 com
prising an average of 62.5% of the total. We have observed a
similar distribution of IQ-DNA adducts in the livers of the
CDFi mouse and cynomolgus monkey after p.o. administration
of IQ, as well as in DNA from S. typhimurium and in calf
thymus DNA after incubation with either IQ (with a liver S9
activating system) or /V-hydroxy-IQ (without a liver S9 activat
ing system) (26). In addition, we have identified adduct 1 as
being identical to /V-(deoxyguanosin-8-yl)-IQ (Fig. 1) and have
provided evidence that the /V-hydroxylation of IQ is a critical
step in the formation of all five IQ-DNA adducts (26). The
nature of adducts 2-5 (Fig. 2) is not known. IQ-DNA adduct
examination by 32P-postlabeling in other systems (29-32) has

yielded results that are different from our present findings in
that, in most cases, no major adduct was discerned and patterns
of higher complexity were obtained. The reasons for these
discrepancies are not clear but are possibly related to differences
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Fig. 2. IQ-DNA adduci maps in the liver (a), small intestine (6), and large intestine (c) of the male Fischer-344 rat, after a single p.o. dose of 50 mg IQ/kg. The
"P-postlabeling assay was run under intensification conditions. Plates were exposed to X-ray film for 70, 180, and 200 min for the liver, small intestine, and large

intestine, respectively, or, origin.
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Table 1 Total IQ-DNA adducts in rat organs 24 h after a single p.o. dose of 50
mg IQ/ kg

12345 12345

adduct number

12345

Fig. 3. IQ-DNA adduct distribution in male Fischer-344 rat liver 24 h after
single p.o. doses (50, 25, and 5 mg/kg) of 1Q. Columns, mean of 2 rats; bars, SD.
*, 2 identical values.

in the enzymatic digestion of adducted DNA, 32P-labeling, and/
or Chromatographie procedures used in the 32P-postlabeling

method.
Among the 3 target organs analyzed for IQ-DNA adducts,

liver DNA had by far the highest concentration of adducts,
amounting, on the average, to 25.3 and 12.0 times the adduct
concentrations in DNA from the small and large intestines,
respectively (Table 1). These differences between the three
organs may be, in part, a reflection of the capacity of cells in
these organs to metabolically activate IQ, as has been demon
strated in vitro with intact cells and subcellular fractions from
the liver and small intestine, when used as activating systems
in the Ames test (33). In addition, in the human colon, microbial
flora have been shown to be able to metabolize IQ to 7-hydroxy-
IQ, a direct-acting mutagen in Salmonella (34). The role of 7-
hydroxy-IQ in IQ-DNA adduct-mediated mammalian cytotox-
icity remains to be established, since, to date, only the N-
(deoxyguanosin-S-yl)-IQ adduct has been identified. The geno-
toxic effect of IQ in the colon has been demonstrated in the
mouse, in which both colonie aberrant crypts (35) and nuclear
aberrations in crypts (36) were found after p.o. administration

IOcinse(mg/kg)50

255Liver16.93;
23.71

9.55; 13.32
3.67; 2.95Total

RAL (xlO7)"Small

intestine1.11;

1.91
0.52; 0.55
0.09; 0.07Large

intestine2.02;

2.38
1.01; 1.71
0.19; 0.16

1Individual values from 2 rats.
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Fig. 4. IQ-DNA adduct formation and removal in organs of the male Fischer-
344 rat after a single i.p. dose of 50 mg IQ/kg. Columns, mean of 3 rats; bars,
SD.

of IQ. The role of colonie IQ-DNA adducts in these processes
is not known, but these findings, combined with the known
carcinogenicity of IQ in the rat colon (13, 14), suggest that IQ
may be involved in the etiology of human colon cancer.

Rates of adduct removal from the liver were similar after i.p.
and p.o. administration with 31.8% and 42.3% remaining after
6 days, respectively (Figs. 4 and 5). Similarly, rates of adduct
removal from the intestines were independent of the route of
administration (Figs. 4 and 5) but much faster than those in
the liver. These findings imply that the rate of IQ-DNA adduct
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removal is more likely to be related to cell turnover, which is
much higher in the intestine than in the liver, than to be related
to the initial extent of adduci formation, which, in the case of
the liver, is dependent on the route of administration of IQ
(Figs. 4 and 5). It is not known whether the enterohepatic
circulation of IQ (37, 38) influences rates of formation and
removal of DNA adducts in either the liver or the intestines.

The incidence of hepatocellular carcinoma in Fischer-344

rats given dietary IQ was approximately the same (68%) as that
of colonie adenocarcinoma (63%), while that of adenocarcino-

mas of the small intestine was approximately 30% (13, 14).
Initial adduci levels in the inlestines reflect the difference in IQ
tumorigenicity, since the large inlesline has approximalely
Iwice as many adducls as Ihe small inlesline (Table 1). This
correlalion belween lumor incidence and adduci levels is absent
when comparing Ihe liver lo Ihe inleslines, since Ihe liver has
13.5-41.4 times as many adducls as Ihe small intestine (Table
1), while the tumor incidence differs by only a faclor of 2 in
Ihese organs (14). The absence of such a correlation may be
relaled in pari to the higher level of adducls in Ihe liver during
Ihe firsl 15 days after dosing (Fig. 6). The colon-specific aro-
malie amine DMABP also binds al much higher levels lo liver
DNA lhan lo inleslinal DNA, and intestinal DNA adducls are
removed al much higher rales lhan liver DNA adducls (39).
The high lurnover rale of inleslinal cells has been relaled (39)
lo "fixing" of Ihe mulalion induced by DMABP adducls, re

sulting in inteslinal tumors. In Ihe case of IQ, where Ihe liver
is Ihe main larget organ, addilional faclors musi play a role in
Ihe carcinogenic process, especially when considering lhal Ihe
major IQ- and DMABP-DNA adducls are al Ihe same sile, i.e.,
Ihe 8-carbon of guanine (26, 39). Il is noi known whelher Ihe
low level of persislenl adducls in all Ihree organs (Fig. 6), even
after 31 days, is relaled lo Ihe carcinogenic process, bul such
long-lerm low-level persistence after a single dose of a carcin
ogen has been observed before (24).

A salienl finding in ihis sludy was Ihe faci lhal each of Ihe
five adducls exhibiled Ihe same degree of persislence, regardless
of dose or organ. This is in conlrasl to previous dala oblained
wilh Ihe model aromalic amine AAF, which, like IQ, is also
aclivaled by W-hydroxylalion (for a review see Ref. 40). AAF
induces hepalocellular carcinoma in Ihe male ral (41), and Ihree
AAF-DNA adducls have been identified in Ihe liver: 7V-(deox-
yguanosin-8-yl)AAF (C8-AAF), yV-(deoxyguanosin-8-yl)AF (C8-
AF), and 3-(deoxyguanosin-A^-yl)AAF (N2-AAF) (42, 43). The
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Fig. 5. IQ-DNA adduci formation and removal in organs of the male Fischer-

344 rat after a single p.o. dose of 50 mg IQ/kg. Columns, mean of 3 rats; bars,
SD. *, one value.
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Fig. 6. Persistence of IQ-DNA adducts in the male Fischer-344 rat after a

single p.o. dose of IQ (50 mg/kg). The adduct persistence levels were expressed
as percentages of 6-h adduct values.

C8 adducls (C8-AAF and C8-AF) conslilule Ihe major adducls,
while Ihe N2-AAF adduci is a minor adduci under mosl exper-

imenlal condilions (42, 43). There is a remarkable difference in
Ihe persislence of Ihe Ihree AAF-DNA adducts in thai C8-AAF
has a relalively short half-life of approximalely 1 week, while
Ihose of Cs-AF and N2-AAF are several weeks, and these Iwo

adducls accumulale, Iherefore, upon repealed administration of
AAF (43, 44). In faci, only C8-AF is delecled in hepalic DNA
after 30 days of feeding 0.02% AAF in Ihe diel and during Ihe
28 days following ihis period (44). We have found lhal Ihe
relalive distribution of Ihe five IQ-DNA adducls after daily
dosing p.o. of Fischer-344 rals wilh IQ is Ihe same (45) as after
a single dose (Fig. 3). After dosing wilh IQ, which, by analogy
10 Ihe silualion wilh AAF, resulls in a major DNA adduci wilh
Ihe 8-carbon of guanine (26), all five adducls are removed al
similar rales, and Ihese rales are much fasler (Figs. 4 and 5)
lhan Ihose of Ihe C8-AF and N2-AAF adducls. Il appears,

Iherefore, lhal Ihe rale of adduci removal may be relaled lo
carcinogenic potency in Ihe liver. AAF is a much more polenl
carcinogen in Ihe ral liver lhan is IQ, inasmuch as male rals on
a 0.03% (w/w) AAF diel for 8 monlhs exhibiled a 54% incidence
of hepalocellular carcinoma (41). This compares lo a 67.5%
incidence of hepalic tumors in male Fischer-344 rals after
feeding of a diel conlaining 0.03% of IQ for 728 days (13, 14).
Thus, while Ihe C8 adduci of aromalic amines is clearly a
mulagenic lesion (26, 46, 47), ils formalion and persistence in
vivo are probably noi sufficienl lo induce lumor formalion. In
Ihe case of AAF liver lumorigenesis, Ihe presence of an addi
lional persislenl adduct of a differenl chemical nalure, i.e., N2-

AAF, may explain, al leasl in part, Ihe greater carcinogenic
potency of AAF as compared lo lhal of IQ. The minor, hilherlo
unidentified IQ-DNA adducts (Fig. 2, adducts 2-5) may con
tribute lo the mulagenicily and carcinogenicily of IQ. Finally,
11is well eslablished lhal Ihe ad ivat ion of TV-hydroxy-AAF by
sulfolransferase plays an essenlial role in AAF carcinogenesis
(40) and AAF-DNA adduci formalion (48). This enzyme does
noi appear lo be involved in Ihe aclivalion of jY-hydroxy-IQ
(49, 50). Under idenlical experimenlal condilions hepalic AAF-
DNA adducls in Fischer-344 rals are 3-5-fold higher than IQ-
DNA adducls.4 These findings suggesl lhal Ihe mechanism of

enzymalic activation may influence both the extent of adduct
formalion as well as Ihe subsequenl induclion of tumors.

4 H. A. J. Schut and K. Dashner, unpublished observations.
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