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Strong Inhibition of 2-Amino-6-methyldipyrido[1,2-a:3,2"-d]imidazole-induced
Mutagenesis and Hepatocarcinogenesis by 1-0-Hexyl-2,3,5-trimethylhydroquinone
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The effects of 3-O-dodecylcarbomethylascorbic acid (3-O-DAsA), 3-O-ethylascorbic acid (3-O-EAsA)
and 1-(-hexyl-2,3,5-trimethylhydroquinone (HTHQ) on 2-amino-6-methyldipyrido[1,2-a:3",2'-d]-
imidazole (Glu-P-1)-induced mutagenesis and hepatocarcinogenesis were examined. In a Salmonella
assay, addition of 2.5 to 20.0 mg of HTHQ to Salmonella TA 98 in the presence of S-9 mixture
dose-dependently inhibited Glu-P-1-induced mutagenesis. The highest dose showed a 99% reduction
in revertants. 3-O0-DAsA and 3-O-EAsA were without effect. In an animal study using the medium-
term bioassay system for the detection of hepatocarcinogens or hepatopromoters in F344 male rats,
treatment with Glu-P-1 alone was associated with a significant increase in the number and area of
GST-P-positive foci (47.5+8.9 and 11.1+ 4.7, respectively). Combined treatment with 1.0 HTHQ
significantly reduced the number and area of GST-P-positive foci (to 8.1+2.1 and 0.6 +0.2) while
3-0-DASsA exerted marginal inhibition and 3-O-EAsA had no effect. On the other hand, all three of
these compounds slightly enhanced the numbers and areas of foci when given alone, The results
indicate that HTHQ is a potent chemopreventer of Glu-P-1-induced hepatocarcinogenesis.
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During the last fifteen years several mutagenic and
carcinogenic heterocyclic amines have been isolated as
pyrolysis products from amino acids and proteins.” 2-
Amino-6-methyldipyrido[1,2-a:3',2’ - d]imidazole (Glu-
P-1), found in glutamic acid pyrolysates, was shown to
induce malignant tumors in the liver, large intestine,
small intestine and Zymbal’s glands of male and female
F344 rats, and in the liver and blood vessels of CDF,
mice.>® Although the carcinogenic dose is thousands of
times higher than the estimated human ingestion level,
these heterocyclic amines could conceivably still play a
part in human environmental carcinogenesis, since small
amounts of a variety of heterocyclic amines were de-
tected in human urine and feces after ingestion of fried
ground beef,” and DNA adducts could be formed in
mouse liver treated with only one-thousandth of the
carcinogenic dose for 12 weeks.” Therefore it is impor-
tant to determine whether the potential hazard from
heterocyclic amines could be eliminated by chemopre-
ventive measures. Antioxidants are an interesting class
of chemicals in this regard. Many phenolic compounds,
vitamins, flavonoids, sulfur compounds and seleno
compounds have been shown to inhibit carcinogen-
induced mutagenesis and to block chemical carcino-

genesis when applied at the initiation stage.*” The novel
lipophilic and water-soluble ascorbic acid derivatives 3-
O-dodecylcarbomethylascorbic acid (3-0-DAsA) and 3-
O-ethylascorbic acid (3-G-EAsA), respectively, and the
lipophilic phenolic compound 1-0O-hexyl-2,3,5-trimethyl-
hydroquinone (HTHQ) all possess strong antioxidative
activity.*'” In the present experiment, the effects of
3-0-DAsA, 3-0-EAsA and HTHQ on Glu-P-1-induced
mutagenesis were studied in the Ames assay, and their
influence on Glu-P-1-induced hepatocarcinogenesis was
determined by using the medium-term bioassay system
for the detection of hepatocarcinogens or hepatopro-
moters in F344 male rats.

For the anti-mutagenesis assay, the methods of Ames
et al'”? were basically followed, with the use of the
preincubation modification of Yahagi et al' Test com-
ponents were added as follows: (1) 89 mixture (Oriental
Yeast Co., Tokyo}, 0.5 ml; (ii) overnight bacterial cul-
ture of strain TA 98, 0.1 ml and (iii) one of four doses of
test drugs along with 0.02 or 0.005 zg of Glu-P-1, each

" in 0.1 ml of dimethyl sulfoxide (DMSO) (3-G-DAsA,

HTHQ and Glu-P-1) or 0.1 M phosphate buffer (3-0O-
EAsA). In the case of lipophilic 3-0-DAsA and HTHQ),
the dose of Glu-P-1 was increased to .02 ug because
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the higher amount of DMSO (0.2 ml) decreased the
number of His" revertants. Tubes containing reaction
mixtures were incubated for 20 min in a small shaker at
37°C and 2 ml of soft agar was added to each tube. The
tubes were vortexed and their contents were poured onto
minimal glucose agar plates, which were allowed to stand
for 30 min and then incubated for 48 h at 37°C. At the
end of the incubation, the number of growing colonies of
histidine revertants on each plate was counted. Each
assay included a set of negative controls (only DMSO
or phosphate buffer added) and positive controls (only
mutagen added}. The mean number of colonies from
duplicate or triplicate plates was used to determine the
percentage inhibition of mutagenicity by test drugs. 3-
O-DAsA, 3-O-EAsA and HTHQ were obtained from
Dainippon Ink and Chemicals, Inc., Tokyo. Their purity
were over 99.9% by HPLC analysis. Glu-P-1 (Glu-P-
1.HC]) was from the Nard Institute, Osaka. Bacterial
strain TA 98 was kindly supplied by Dr. T. Nohmi of the
National Institute of Hygienic Sciences, Tokyo.

For the animal study, a total of 120 6-week-old F344
male rats (Charles River Japan Inc., Atsugi) were given
an intraperitoneal injection of 200 mg/kg body weight
diethylnitrosamine (DEN, Tokyo Kasei Kogyo Co.,
Ltd., Tokyo). Two weeks after the DEN treatment,
15 animals each were maintained on powdered diet
{Oriental MF, Orienial Yeast Co., Tokyo) supplemented
with 0.039% Glu-P-1 alone, 0.03% Glu-P-1 plus 1.09%

Table I.  Anti-mutagenic Effects of Antioxidants on Glu-P-1-
induced Mutagenesis

3-O-DAsA or 1.09% 3-O-EAsA or 1.09% HTHQ, one of
the antioxidants alone, or basal diet alone for 6 weeks.
All rats were subjected to two-thirds partial hepatectomy
at the end of week 3 and killed at the end of week 8.
Immediately upon killing, the livers were excised and cut
into 2-3 mm thick slices, three of which, one from the
expanded caudate lobe and two from the right anterior
lobe, were fixed in ice-cold acetone for subsequent
immunohistochemical examination of glutathione S§
transferase placental form (GST-P) expression. GST-P
immunchistochemistry was performed as previously de-
scribed.”™ The numbers and areas of GST-P-positive
foci of more than 0.2 mm in diameter and the total areas
of the liver sections examined were measured with the
aid of a video image processor (VIP-21C, Olympus Co.,
Tokyo). Fisher’s exact test and Student’s ¢ test were used
for the statistical analysis of the data.

In the mutagenesis assay, Glu-P-1 at a dose of 0.02 ug
induced 51758 His™ revertants/plate. Values are given
after subtraction of the background levels of about 70
His" revertants. Addition of HTHQ dose-dependently
reduced the numbers of His* revertants, and 99% inhibi-
tion was found at a dose of 20 u#g. 3-O-DAsA and 3-O-
EAsA did not exert any influence on Glu-P-1-induction
of His™ revertants at any of the doses applied in the
present experiment (Table I). None of the chemicals
showed any bacteriocidal effect against TA 98 at the dose
applied.

In the animal study, average final body weights did not
significantly differ among the Glu-P-1-treated groups.
In contrast, average liver weights were significantly in-
creased in animals treated with Glu-P-1 plus HTHQ com-
pared with Glu-P-1 alone. Average body weights in the
groups treated with antioxidant alone without Glu-P-1
were all slightly lower than the basal diet-alone group
value, although the average liver weights were increased
in the 3-0-DAsA and HTHQ-treated groups (Table II),

Glu-P-1 Test Test chemical His™ rev. %
/plate (zg)  chemical  /plate (ug)  /plate® inhibition®
0.02 3-0-DAsA 0 517%58
12,5 60339 —
25.0 58846 -
50.0 537162 -
100.0 506162 —
0.005 3-C-EAsA 0 301£15
12.5 3141L19 —
25.0 291432 —
50.0 20118 -
100.0 302118 —
0.02 HTHOQ 0 51758
2.5 163299 68
5.0 961 10% 81
10.0 40+99 92
20.0 199 99

a) Mean=ESD of values for three plates.

Table II.  Final Body and Liver Weights
Liver weight
Treatment No. of Bqdy {(g/100 g b%)dy
rats weight ;
weight)

Glu-P-1 16 2629 3.60+0.25
Glu-P-1 +3-G-DAsA 12 255+11 3.6610.22
+3-G-EAsA 14 25515 3.4210.14%
+HTHQ 13 264112 3.88+0.149
3-0-DAsA 15 2651£107 3.40%£0.219
3-C-EAsA 14 268 +19 2.76 0367
HTHQ 13 262+ 159 3.6610.219
Basal diet 15 278*%16 2.99+0.11

revertants/plate with Glu-P-1 plus test chemical

b) 100— -
revertants/plate with Glu-P-1

¢) Significantly different from control value at P<0.001.
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Significantly different at a, P<<0.01; ¢, P<0.001; b, d, P<0.05
compared with Glu-P-1 alone (a, b) or basal diet alone (c, d)
group values.



Table III.  Quantitative Data for GST-P-positive Liver Foci

No. of GST-P-positive foci {(mean=*SD)

Treatment rats No. (/cm?)  Area {mm%/cm?®)
Glu-P-1 16 47589 11.1+4.7
Glu-P-1 +3-0-DAsA 12 38.217.67 7.91+3.59

+3-0O-EAsA 14 39.1£14.5 11.2+54

+HTHQ 13 814219 0.6+0.29
3-0-DAsA 15 2.3+3.29 1.0£0.6%
3-0-EAsA 14 6.1x2.49 0.5+£0.3"
HTHQ 13 9.5+3.00 0.9+0.59
Basal diet 15 3.6E1.6 0.310.1

Significantly different at a, d, P<0.001; b, e, P<0.01; ¢, f
P<0.05 compared with Glu-P-1 alone (a, b, ¢) or basal diet
alone (d, ¢ f) group values.

Glu-P-1 strongly enhanced the induction of GST-P-
positive foci in terms of number (47.5%8.9) and area
(11.1£4.7) as compared to the basal diet group (3.6 =
1.6 and 0.310.1, respectively). Additional treatment
with HTHQ markedly reduced the number (8.1£3.2,
P<0.001) and area (0.6=0.2, P<0.001) of foci. 3-O
DAsA also reduced the Glu-P-1-associated foci develop-
ment but the effect was much weaker than with HTHQ.
3-O-EAsA was without apparent influence. Treatment
with the antioxidants alone, without Glu-P-1, in all cases
slightly but significantly enhanced the development of
GST-P-positive foci. The number and area values were:
3-0-DAsA, 83132 and 1.0£0.6; 3-O-EAsA, 6.112.4
and 0.5+0.3; HTHQ, 9.5+3.0 and 0.9£0.5; basal diet
alone group, 3.6 1.6 and 0.31-0.1 (Table III).

The present experiments thus clearly showed that
combination treatment with HTHQ potently inhibits
Glu-P-1-induced mutagenesis ir vitro and Glu-P-1-
induced hepatocarcinogenesis in vivo. The lipophilic phe-
nolic compound HTHQ has stronger antioxidative activ-
ity than butylated hydroxytoluene, a-tocopherol or nor-
dihydroguaiarrhetic acid as assayed in a liver microsome
Fel"/ADP sysiem.'” Although its biological activities
have not been fully established, it is likely to be an
inducer of drug-metabolizing or detoxifying enzymes,
like other phenolic antioxidants,’® since it potently in-
creases liver weight without causing apparent toxic
injury. Heterocyclic amines including Glu-P-1 are meta-
bolically converted by cytochrome P450s in the liver to
hydroxyamines, and further activated by acetyltrans-
ferase or sulfotransferase, forming esters with acetic acid
and sulfuric acid, respectively. These esters may be the

Inhibition of Glu-P-1-induced Carcinogenesis

ultimate forms producing DNA adducts.'™® On the
other hand, heterocyclic amines or their metabolites can
be detoxified through glucuronyl or sulfate conjugation
and then excreted into the feces via bile.!” The observed
inhibition of Glu-P-1-induced hepatocarcinogenesis and
mutagenesis by HTHQ may be due to alteration of
metabolic pathways. It could inhibit hydroxylation,
acetylation or sulfation of Glu-P-1, or might accelerate
conjugation enzymatically, or it may directly bind to
the ultimate active form of Glu-P-1. Further studies are
necessary to elucidate the mechanisms underlying the ob-
served strong inhibition. The effects of HTHQ are com-
plex, because when it is given to rats alone without Glu-
P-1 in combination, it significantly enhanced the develop-
ment of GST-P-positive foci as compared to the basal
diet alone group. Similarly 3-O-DAsA and 3-O-EAsA,
without Glu-P-1, caused increases in both number and
area of foci, suggesting that these compounds all share
weak hepatopromoter character. It should be stressed,
however, that in our observations, continuous dietary
treatment with 1.0% HTHQ, 3-0-DAsA or 3-O-EAsA
for one year did not induce any neoplastic lesions in the
livers of F344 male rats (unpublished observation). 3-0O-
DAsA and 3-O-EAsA are novel ascorbic acid deriva-
tives which act as scavengers of active oxygen species
and free radicals, and inhibit lipid peroxidation of rat
liver microsomes.* ' It is of interest that lipophilic 3-O-
DAsA but not water-scluble 3-G-EAsA weakly inhibited
Glu-P-1-induced hepatocarcinogenesis in spite of the
lack of anti-mutagenic activity against Salmonella strain
TA-98. Thus, /n vitro anti-mutagenic activity does not
necessarily correlate with in vivo anti-carcinogenesis, and
differences in lipophilicity may partly account for the
observed differences in anti-carcinogenesis of ascorbic
acid derivatives. Although they may act as weak hepato-
promoters, it might be expected that these strong anti-
oxidative agents, like other lipophilic ascorbic acid de-
rivatives,”™ could also inhibit carcinogenesis in experi-
mental systems involving active oxygen species. Long-
term experiments with these compounds using other ex-
perimental models are in progress.
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