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Figure 2 | Sulindac sulfide induced DR5 expression in SW480 cells. (a) RNase protection assay. SW480 cells were treated with or without 200 pM
sulindac sulfide for 24 h. Total RNA from SW480 cells was hybridized with probes, and then digested with RNase as described in the Materials and
Methods. The housekeeping genes GAPDH and ribosomal protein L32 are shown as controls. (b) Northern blot analysis. SW480 cells were treated with
various concentrations of sulindac sulfide for 24 h. Total RNA was probed with human DR5 cDNA. Ethidium bromide staining of 285 and 18S rRNA are
shown as loading controls. (c) Western blotting for DR5. SW480 cells were treated with the indicated concentrations of sulindac sulfide for 24 h. B-actin
was used as a loading control. (d) Western blotting for DR5. Cells were treated with or without 200 pM sulindac sulfide for the period indicated. f-actin

was used as a loading control. —, treated with solvent DMSO.

and d). Using luciferase reporter plasmids carrying the DR5
promoter, we examined the mechanism underlying how sulindac
sulfide up-regulated the expression of DR5 (Fig. 3). Previous
studies reported that the transcription factors p53 and NF-xB
increased DR5 promoter activity through these consensus elements
onintron 1**7%, With or without p53- and NF-«B- binding sites, DR5
promoter activity was enhanced by the sulindac sulfide treatment.
These results demonstrated that sulindac sulfide up-regulated DR5
expression at a transcriptional level and the responsive element
against sulindac sulfide was on the upstream promoter region of
the DR5 gene.

Identification of sulindac sulfide-responsive elements in the DR5
promoter. We investigated transcription factors contributing to the
upregulation of DR5 by sulindac sulfide. Using a series of deletion
mutants in the DR5 promoter flanking the luciferase reporter gene,
we performed luciferase assays with or without sulindac sulfide
(Fig. 4). The DR5 promoter-luciferase construct pDR5/—448 as
well as pDR5PF increased promoter activity by sulindac sulfide
more than 2-fold, whereas the promoter activity of pDR5/—198
was not increased (Fig. 4a). This result indicates that sulindac
sulfide-responsive elements are located between —448 and —199.
Thus, we generated additional reporter plasmids between —448
and —199 and performed luciferase assays (Fig. 4b). Sulindac
sulfide enhanced the promoter activity of pDR5/—301 more than
2-fold. On the other hand, pDR5/—252 did not respond to the
sulindac sulfide treatment, which indicated that the sulindac

sulfide-responsive elements of the DR5 promoter are located
within a 50-bp region between —301 and —253 relative to the first
base of the translation initiation codon.

We examined the predicted transcription factor-binding sites
using TFSEARCH. This sequence represents the possible binding
region for the transcription factor MZF1 (Fig. 5a). We introduced
a site-directed mutation to the putative MZF1-binding site on the
DRS5 promoter and generated pDR5/mtMZF1 (Fig. 5a). As shown in
Figure 5b, sulindac sulfide did not enhance the promoter activity of
pDR5/mtMZF1.

Next, we examined the direct protein binding to the putative
MZF1-binding site of the DR5 promoter at the condition with or
without sulindac sulfide by gel shift assay. We detected the protein-
DNA complex on the site and the complex was increased by sulindac
sulfide treatment (Fig. 5c). Competitor oligonucleotides with an
MZF1-binding sequence but not a mutant sequence strongly com-
peted out the protein-DNA complex, indicating that the protein
specifically bound to the site depending on the MZF1-binding
sequence. These results indicated that sulindac sulfide up-regulated
DR5 transcription via the MZF1-binding site of the DR5 promoter.

Sulindac sulfide also induced MZF1 expression and knockdown of
MZF1 blocked the upregulation of DR5 by sulindac sulfide. As
described above, MZF1 was suggested to contribute to the
enhancement of the DR5 promoter by sulindac sulfide. We
investigated the behavior of MZF1 when treated with sulindac
sulfide. The expression of MZF1 was increased by the sulindac
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Figure 3 | Sulindac sulfide induced DR5 promoter activity in SW480 cells. SW480 cells were transiently transfected with reporter plasmids containing
various sizes of DR5 promoters and the luciferase gene. Twenty-four hours after the transfection, cells were treated with or without 200 pM sulindac
sulfide for 24 h, and cell lysates were the harvested for the luciferase assay, as described in the Materials and Methods. Relative luciferase activity is shown
as raw light units (RLU) standardized with the protein concentrations. Data represent the means of triplicate experiments (bars, S.D.). —: treated with

solvent DMSO. *: p < 0.05.

sulfide treatment (Fig. 6a). Thus, we examined whether MZF1
induction was related to the expression of DR5. In another human
colon cancer HCT116 cells, the expressions of DR5 and MZF1 were
similarly induced by sulindac sulfide (Supplemental Figure). The
overexpression of MZF1 increased DR5 promoter activity, whereas
the DR5 promoter with a mutation in the MZF1-binding site was not
activated by the overexpression of MZF1 (Fig. 6b). We also examined
the MZF1 knockdown effect on the upregulation of DR5 by sulindac
sulfide. MZF1 siRNA reduced the upregulation of DR5 by sulindac
sulfide (Fig. 6c), which indicated that MZF1 at least partially
mediated the upregulation of DR5 induced by sulindac sulfide.

Discussion

Sulindac sulfide was previously suggested to be a candidate for a
TRAIL sensitizer due to the upregulation of DR5¥. However, the
mechanism underlying how sulindac sulfide up-regulates DR5 has
not yet been elucidated. In the present study, we demonstrated for the
first time that MZF1, a transcription factor containing the Zinc-
finger domain, mediated the sulindac sulfide-induced upregulation
of DR5. Sulindac sulfide increased DR5 protein and mRNA levels as
well as upstream promoter activity (Fig. 2 and 3). We identified a
responsive element regulated by sulindac sulfide using a series of
mutant plasmids in the DR5 promoter, and the element contained

a consensus sequence of the MZF1-binding site with 100% identity
(Fig. 4 and 5a, b). Next, we confirmed the direct MZF1 binding to the
putative MZF1-binding site of the DR5 promoter (Fig. 5c).
Furthermore, we showed the expression of MZF1 was increased by
sulindac sulfide (Fig. 6a). The overexpression of MZF1 increased
DR5 promoter activity through the element and knockdown of
MZF1 abrogated the upregulation of DR5 by sulindac sulfide
(Fig. 6b, c). These results indicate that MZF1 is a transcriptional
regulator of DR5 expression and a mediator for the induction of
DR5 by sulindac sulfide (Fig. 7).

Some direct transcription factors for DR5 expression have so far
been reported and include p53%2, NF-kB**%, c-Myc®’, CHOP*,
and YY1*'. Oncogenic stresses, such as NF-kB and c-Myc, have been
shown to enhance the expression of DR5. In the present study, we
also showed that MZF1, which is known to possess an oncogenic
function, is a novel transcriptional regulator of DR5. The aberrant
expression of MZF1 facilitates cancer cell proliferation and inva-
sion***®, In this study, we showed that sulindac sulfide increased
the expression of MZF1 (Fig. 6); however, sulindac sulfide did not
induce proliferation in human colon cancer SW480 cells (data not
shown). The mechanism underlying the induction of MZF1 by sulin-
dac sulfide remains unclear; however, a non-steroidal anti-inflam-
matory drug activated gene (NAG-1) was shown to be induced by
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Figure 4 | Analysis of sulindac sulfide-responsive elements in the DR5 promoter. (a)(b) The luciferase assay was performed as described in Figure 3 with
the indicated reporter plasmids. Data represent the means of triplicate experiments (bars, $.D.). -+: treated with 200 uM sulindac sulfide for 24 h, —:

treated with solvent DMSO. *: p < 0.05.

sulindac sulfide and correlated to the induction of DR5*. Therefore,
we postulated that NAG-1 may be a candidate regulator for the
induction of MZF1.

Sulindac sulfide induces DR5 in a tumor-suppressor p53-inde-
pendent manner, and DRS5 is a downstream gene of the tumor-sup-
pressor p53°***. We showed that the intronic p53-resposive site was
not responsible for the activation of the promoter by sulindac sulfide
(Fig. 3). Moreover, human colon cancer SW480 cells, which were
mainly used in the present study, carried a mutated p53. These find-
ings support the clinical benefit of combining sulindac sulfide and
TRAIL, because more than half of malignant tumors possess inac-
tivating mutations in the p53 gene®>*. Qur results suggest that the
combined treatment with sulindac sulfide and TRAIL is a promising
strategy against tumors carrying a p53 mutation.

We proposed that sulindac sulfide can enhance TRAIL sensitivity
against cancer cells. However, our results also suggested that TRAIL
may enhance the chemopreventive efficacy of NSAIDs such as sulin-
dac sulfide. Although, NSAIDs are frequently prescribed worldwide,
adverse effects such as gastrointestinal bleeding are considered prob-
lematic. Based on our present results, TRAIL inducers may be can-
didates that can reduce the effective dose of NSAIDs. We previously
reported that lactobacilli and Clostridium butyricum MIYAIRI 588
facilitated the production of TRAIL*"#%. These results suggest that the
combination with NSAIDs and probiotics as a TRAIL inducer may
be a useful strategy for cancer chemoprevention through the TRAIL-
DR5 pathway.

Methods

Reagents. Sulindac sulfide (Calbiochem, La Jolla, CA) was dissolved in DMSO.
Soluble recombinant human TRAIL/Apo2L was purchased from PeproTech
(London, UK). zZVAD-fmk, a pan-caspase inhibitor, was purchased from R&D
Systems (Minneapolis, MN).

Cell culture. Human colon cancer SW480 cells and HCT116 cells were purchased
from the American Type Culture Collection (ATCC) and propagated and maintained
according to protocols supplied by ATCC. Cells were cultured in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum, 4 mM glutamine,

100 U/ml penicillin, and 100 pg/ml streptomycin at 37°C, with humidity and 5%
CO,. Cell line authentication was not performed by the authors within the last 6
months.

Detection of apoptosis. DNA fragmentation was quantified by the percentage of
hypodiploid DNA (sub-G1). Cells were treated with the agent and harvested from
culture dishes. After being washed with PBS, cells were suspended in 0.1% Triton-
X100/PBS solution. Cells were then treated with RNase A (Sigma, St Louis, MO) and
the nuclei were stained with propidium iodide (Sigma). The DNA content was
measured using FACS Calibur (Becton Dickinson, Franklin Lakes, NJ). A total of
10,000 events were collected for each experiment. Cell Quest software (Becton
Dickinson) was used to analyze the data.

DAPI staining was performed out as previously described®.

RNA analysis. Total RNA was extracted from SW480 cells using Sepasol-RNA 1
(Nacalai Tesque, Kyoto, Japan) according to the manufacturer’s instructions. The
RNase protection assay was performed using MAXI script (Ambion, Austin, TX),
RPA III kit (Ambion), and hAPO3d (death receptor and death ligand) template sets
(BD Biosciences PharMingen, San Jose, CA), as described previously®.

Total RNA (10 pg) was separated with electrophoresises on a 1% agarose gel and
transferred to a Biodyne B nylon membrane (Pall, Pensacola, FL). Full-length DR5
cDNA was used as a probe for Northern blot analysis. Hybridization was performed
with a *?P-labelled probe in PerfectHyb PLUS Hybridization buffer (Toyobo, Osaka,
Japan) at 68°C for 16 h, and the membrane was washed at 68°Cin 2 X SSC containing
0.1% SDS. The blot was exposed to X-ray films (Kodak, Chalon-sur-Saone, France).

Western blot analysis. Whole cell lysates were prepared as described previously®.
The cell lysate was separated on 10% SDS-polyacrylamide gel for electrophoresis, and
blotted onto polyvinylidene difluoride (PVDF) membranes (Millipore, Bedford,
MA). Rabbit polyclonal antibodies for DR5 (Prosci, Poway, CA), caspase-3 (Cell
Signaling Technology, Beverly, MA), and MZF1 (Santa Cruz Biotechnology, Santa
Cruz, CA), and mouse monoclonal antibodies for caspase-8 (MBL, Nagoya, Japan),
poly(ADP-ribose) polymerase (PARP) and B-actin (Sigma) were used as the primary
antibodies. The blots were incubated with the appropriate HRP-conjugated
secondary antibody (GE Healthcare, Piscataway, NJ), and signals were detected with
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Figure 5| Mutation in the MZF1-binding site attenuated activation of
the DR5 promoter due to sulindac sulfide. (a) The sulindac sulfide-
responsive region in the DR5 promoter and MZF1-binding sequences are
shown. The predicted transcription factor-binding sites are shown using
TFSEARCH 1.3. Mutation sequences are described in small letters. (b) The
luciferase assay was performed as described in Figure 3 with the indicated
reporter plasmids. Data represent the means of triplicate experiments
(bars, $.D.). +: treated with 200 pM sulindac sulfide for 24 h, —: treated
with solvent DMSO. *: p < 0.05 (c) Nuclear extract from cells treated with
sulindac sulfide or DMSO were analyzed by gel shift assay, as described in
Materials and methods. Increased amounts of the unlabeled
oligonucleotides (X2 or X8) were used as competitors. WT: wild-type
MZF1-binding site of DR5 promoter. MT: mutant MZF1-binding site of
DRS5 promoter.

Chemilumi-One (Nacalai Tesque) and an ECL Western blot analysis system (GE
Healthcare).

DNA transfection and luciferase assay. As previously described®-*, a digested Sacl-
Ncol fragment from the DR5 promoter region of human genomic DNA was
subcloned into the Sacl-Ncol site of the pGVB2 luciferase assay vector (Toyo Ink,
Tokyo, Japan) to produce pDRSPF. 5'-deletion mutants were generated with a
Mungbean-Exonuclease III system from the Kilo-sequence Deletion Kit (Takara,
Tokyo, Japan). pDR5/mtMZF1 was generated with a site-directed mutagenesis kit
(Stratagene, La Jolla, CA) using synthesized oligonucleotides (5’-cgcttgeggagga-
ggtagtigacgagac, and 5'-agagtctcgtcaactacctectecge). SW480 cells (1 X 10° cells) were
seeded on 6-well plates, and 1.0 pg of plasmids were transfected with the DEAE-
dextran method using a CellPhect transfection kit (GE Healthcare). After 24 h
incubation, cells were treated with sulindac sulfide or solvent DMSO. Twenty-four
hours after the treatment with the agent, cells were collected for the luciferase assay.
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Figure 6 | Sulindac sulfide induced MZF1 expression, and MZF1 siRNA
reduced the enhancement in DR5 expression by sulindac sulfide.

(a) Western blotting for MZF1. SW480 cells were treated with the indicated
concentrations of sulindac sulfide for 24 h. B-actin was used as a loading
control. (b) The luciferase assay was performed as described in Figure 5
with the indicated reporter plasmids. The MZF1 overexpression plasmid
pcDNA3.1MZF1 was co-transfected with luciferase reporter plasmids as
described in the Materials and Methods. The fold induction in promoter
activity (pcDNA3.IMZF]1 vs control vector pcDNA3.1) was shown as a bar
graph. Data represent the means +/— S.D. of three determinations.

*1 p < 0.05 (c) Western blotting for DR5 and MZF1. SW480 cells were
transfected with MZF1 siRNA or negative control siRNA at 80 nM.
Twenty-four hours after the transfection, cells were treated with or without
200 pM sulindac sulfide for 24 h. B-actin was used as a loading control.
—: treated with DMSO, mock: transfection was performed without any
sIRNA.

Theluciferase activities of cell lysates were measured with a PicaGene luciferase assay
system (Toyo Ink) and normalized for the amount of protein in the cell lysate, which
was measured with the Bio-Rad protein assay kit (Bio-Rad Laboratories, Hercules,
CA).

To overexpress MZF1, MZF1 cDNA was subcloned into a pcDNA3.1 mammalian
expression vector (Invitrogen, Carlsbad, CA) and termed as pcDNA3.1 MZF1. In
brief, 1 day prior to transfection, SW480 cells were seeded in a 6-cm dish without
antibiotics at a density of 80%. Plasmid DNA (8 pg) was transfected into cells using
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Figure 7 | The scheme of mechanisms enhancing DR5 expression by
sulindac sulfide. Sulindac sulfide increases MZF1. The transcription factor
MZF1 then upregulates DR5 promoter activity through its binding site.

Lipofectamine2000 reagent (Invitrogen) according to the manufacturer’s
instructions.

siRNA. Knockdown of MZF1 was achieved by transfection with small interfering
RNA (siRNA) (Ambion) using Lipofectamine RNAIMAX (Invitrogen) according to
the manufacturer’s instructions.

Gel shift assay. Nuclear extracts were prepared from SW480 cells treated with DMSO
or 200 pM sulindac sulfide for 12 h. The cells were lysed in buffer containing 10 mM
HEPES-KOH (pH7.8), 10 mM KCl, 0.1 mM EDTA, 0.1% NP-40, } mM DTT,

0.5 mM PMSF, 2 pg/ml aprotinin and 2 pg/ml leupeptin, and the lysate was
precipitated. The pellets were re-suspended with 50 mM HEPES-KOH (pH7.8),
420 mM KC}, 0.1 mM EDTA, 5 mM MgCl,, 20% glycerol, 1 mM DTT, 0.5 mM
PMSEF, 2 ug/ml aprotinin and 2 pg/ml leupeptin, rotated for 30 min at 4°C and
precipitated. The supernatant was used as a nuclear extract after dialysis in reaction
buffer as described below. Double-stranded DNA probes containing synthetic
oligonucleotides (5’-cgegtctecceacttggaa, and 5'-gatcttccaagtggggaga) were labeled
with [o-**P] dCTP and Klenow. The reaction mixture contained 10 mM Tris-HCl
(pH8.0), 50 mM NaCl, 2 mM MgCl,, 0.5 mM EDTA, 4% glycerol, 25 pg/ml poly dI-
dC, 300 pg/ml bovine serum albumin, 10 pg nuclear extracts and **P-labeled probe
(50,000 cpm). The reaction mixture was incubated on ice for 20 min and resolved on
6% polyacrylamide gel in 0.25 X TBE buffer in a cold room. After electrophoresis, the
gels were dried and autoradiographed at —80°C. Cold double-stranded nucleotides
(wild-type: 5'-cgcgtctecceacttggaa, and 5'-gatcttccaagtggggaga, mutant: 5'-
cgcgtctaaccaattggaa, and 5'-gatcttccaattggttaga) were pre-incubated with the nuclear
extracts for 10 min on ice before the addition of the radiolabeled probes.

Statistical analysis. Measurements were repeated three times and statistically
analyzed using a two-tailed, paired Student’s t-test. A significant difference was
determined at p < 0.05.

Equipment and settings. For image acquisition, all data were scanned on a Fuji Xerox
DocuCentre IV C3370, multifunction printer. Scanned pictures were rotated slightly
using Adobe Photoshop software.
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1. Introduction

Human people are continuously exogenously exposed
to a variety of chemicals that have been shown to have
mutagenic or carcinogenic properties in experimental
systems [1]. Cooking meat and fish at a high temper-
ature (above 180°C) forms mutagenic and carcinogenic
heterocyclic amines (HCAs) and polycyclic aromatic hydro-
carbons (PAHs). HCAs are formed by the pyrolysis of
creati(ni)ne with sugars with specific amino acids. Since
a high temperature is needed, only fried, broiled or
barbecued meat contains a significant amount of HCAs
[2]. Experimental studies of HCAs began with Dr. Sug-
imura’s discovery that cooked meat and fish contain potent
mutagens [2]. Some HCAs were later shown to be com-
plete carcinogens that induce liver, colon, mammary and
prostate tumors in rodents and monkeys [2,3]. Certain
HCAs are consistently identified in well-done meat prod-
ucts consumed in the North American diet. Although a
causal link has not been fully established, a majority of
epidemiology studies have linked the consumption of well-
done meat products to cancer of the colon and breast.
Several HCAs thus represent an important class of car-
cinogens in foods and have been classified as “possibly
carcinogenic to humans (Group 2B)" or “probably carcino-
genic to humans (Group 2A)” by the IARC [4] and “Group
2: reasonably anticipated to be human carcinogens (R)” by
the NTP [5]. Similar to most other chemical carcinogens,
HCAs must be metabolized by CYP1A2 or CYP1B1 to chem-
ically reactive electrophiles prior to reacting with DNA in
order to exert their carcinogenic potency in both rats and
humans [2].

Certain compounds that are mutagenic and car-
cinogenic in cooked foods are formed by the Maillard
reaction of reducing sugars and amino acids. Indeed,
2-amino-3,8-dimethylimidazo[4,5-flquinoxaline (MelQx)
and 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine
(PhIP) are mutagenic and carcinogenic HCAs formed
through the Maillard reaction in meat and fish cooked at a
high temperature [2]. These compounds are suggested to
be formed by the reaction of creatine with Maillard reac-
tion products from glucose and amino acids by heating at
a high temperature of 128 °C [2,3,6]. The Maillard reaction
can also occur at physiological temperatures. In a series of
our study performed to clarify the formation of mutagens
during the Maillard reaction in glucose and amino acids, we
recently identified a novel aromatic mutagen, 5-amino-6-
hydroxy-8H-benzo[6,7]azepino|5,4,3-de]quinolin-7-one
(ABAQ, CigH11N30,, MW=277.28, Fig. 1a), formed in the
mixture of glucose and tryptophan incubated at 37°C and
a pH of 7.4 in the presence or absence of hydroxyl radicals
produced by the Fenton reaction [7]. ABAQ exhibits a
strong mutagenic activity toward S. typhimurium TA98
and YG1024 with S9 mix [7]. The mutagenic potency of
- ABAQ is comparable to that of PhIP {7]. ABAQ also revealed
mutagenicity in the liver of gpt delta transgenic mice [8].

In order to understand the effects of ABAQ on human
health, it is important to elucidate its tumor-initiating abil-
ity in rodents. The current study thus aimed to determine
whether the novel mutagen ABAQ possesses a tumor-
initiation activity in the colon in in vivo experiment in

Fig.1. (a)Chemical structure of ABAQ(ABAQ, Ci6H11N302, MW =277.28).
(b) A high-grade colonic dysplasia on H&E-stained section from a mouse
in group 2 (200 ppm ABAQ +DSS). Note: Nuclear atypia in the crypts and
Paneth’s granules (red in color) in the cytoplasm of some dysplastic crypt
cells. H&E stain; bar, 50 pm. (¢) Many nuclei in the high-grade dysplasia
in a serial section from (b) are positive for MCM2. MCM2 immunchis-
tochemistry; bar, 50 wm. (d) Most nuclei in the high-grade dysplasia in
a serial section from (b) are negative for PDCD4, whereas the nuclei in
the surrounding normal crypts are positive for PDCD4. PDCD4 immuno-
histochemistry; bar, 50 um. (e) The cytoplasmic expression of B-catenin
is present in the high-grade dysplasia lesion developed in the colon of a
mouse from group 2 (200 ppm ABAQ+ DSS). Some nuclei are weakly pos-
itive for B-catenin. B-Catenin immunohistochemistry; bar, 50 pm. (For
interpretation of the references to color in this figure legend, the reader
is referred to the web version of the article.)

mice. We used an experimental model employing a colitis-
inducing agent, dextran sodium sulfate (DSS), which has a
powerful tumor-promotion activity [9], since the tumor-
initiation activity of PhIP [10] and aminophenylnorharman
[11] can be detected within a short-term period in this
model. The single administration with ABAQ in two doses
via gavage resulted in development of high-grade dyspla-
sia in the inflamed colon induced by DSS in male mice. The
immunohistochemical analysis revealed the lesions witha
high proliferative activity and cytoplasmic and/or nuclear
expression of B-catenin to be negative for programmed cell
death 4 (PDCD4), suggesting the tumor-initiation ability of
ABAQ.

2. Materials and methods
2.1. Animals, chemicals and diet

Male Crlj: CD-1 (ICR) mice (Charles River Japan, Tokyo,
Japan) 5 weeks of age were used. The mice were maintained
at Gifu University Animal Facility according to the Institu-
tional Animal Care Guidelines. All animals were housed in
plastic cages (3 or 4 mice/cage) with free access to drink-
ing water and a pelleted basal diet, CRF-1 (Oriental Yeast,
Tokyo, Japan), under controlled conditions of humidity
(50 10%), light (12/12-h light/dark cycle) and tempera-
ture (23 4+ 2°C). After seven days of quarantine, they were
randomized according to body weight into experimental
and control groups. ABAQ was synthesized as previously
described [7]; its purity was confirmed to be>99% by
HPLC. DSS with a molecular weight of 36,000-50,000 (Cat
No. 160110) was purchased from MP Biochemicals, LLC
(Aurora, OH, USA).
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Table 1
Body, liver and relative liver weights and colon lengths in all groups.

Group no. Treatment (no. of mice Body weight (g) Liver weights (g) Relative liver weight Colon length (cm)
examined) (g/100 g body weight)

1 ABAQ? (100 mg/kg bw)— 2% DSS (15) 499 + 7.29° 25+053¢ 5.0 + 0481 16.5 £ 1.30°¢

2 ABAQ (200 mg/kg bw) — 2% DSS (15) 44.8 + 9.46 2.2 £ 0.56 48 £037°¢ 15.6 + 1.31

3 ABAQ (200 mg/kg bw) (5) 42.0 &+ 3.46 1.7+023°¢ 4.1 +0.29 143 £ 042°

4 Solvent — 2% DSS (5) 47.6 + 1.62 2.1 +£0.13 4.5+ 0.35 159+ 1.33

5 None (8) 51.6 + 795 2.5+ 045 4.8 + 0.58 164 + 1.21

2 ABAQ, 5—amino-G-hydroxy-8H—behzo[6,7}azepino[5.4,3-de]quinolin-7-one; DSS, dextran sodium sulfate.

b Mean + SD.

<d Significantly different from group 3 ( p<0.05 and ¢ p<0.01) according to a one-way ANOVA and the Tukey-Kramer Multiple Comparison test.

¢ Significantly different from group 5 (p <0.05).

2.2. Experimental procedure for evaluating the
tumor-initiating activity

The present study was approved by the Experimental
Animal Research Committee of Gifu University. A total of
38 male ICR mice were divided into five experimental and
solvent control groups. Groups 1 through 3 were treated
with the single intragastric (i.g.) intubation of ABAQ at
a dose of 100 or 200 mg/kg body weight. Starting one
week after the ABAQ treatment, the animals in groups
1 {(n=15) and 2 (n=15) were given 2% (w/v) DSS in
drinking water for seven days, followed by no further
treatments for 14 weeks. Groups 3 (n=5) and 4 (n=5)
were given ABAQ (200mg/kg body weight) alone and
2% DSS alone, respectively. Group 5 (n=8) was given
solvent (physiological saline) alone and served as an
untreated control group. All animals were sacrificed via
CO, asphyxiation at week 16. The colons were flushed with
saline, excised, measured for length (from the ileocecal
junction to the anal verge), cut open longitudinally along
the main axis and washed with saline. After carefully
macroscopically inspecting the colons, the tissues were
cut and fixed in 10% buffered formalin for at least 24 h.
A histological examination was performed on paraffin-
embedded sections following hematoxylin and eosin
(H&E) staining. The presence or absence of mucosal ulcer-
ation, dysplasia and colonic neoplasms was examined
according to our previous report [9]. A histopatho-
logical examination was also performed for other
organs.

2.3. Immunohistochemistry of minichromosome
maintenance protein 2 (MCM2), B-catenin and
programmed cell death 4 (PDCD4)

We used paraffin-embedded sections of the colons of
the mice in all groups for the immunohistochemical analy-
sis. Serial histological sections (4 pm thickness) were made
from each paraffin wax block. Immunohistochemical stain-
ing was performed automatically (Ventana Benchmark
XTsystem; Ventana, Touchstone, Arizona, USA), according
to the manufacturer’s instructions. The primary antibod-
ies were anti-MCM2 rabbit monoclonal antibody (no.3619,
anti-MCM2 (D7611)XP, 1:400 dilution; Cell Signaling Tech-
nology, Inc,, Danvers, MA, USA), anti-B-catenin rabbit
polyclonal antibody (#9661, 1:200 dilution; Cell Signaling
Technology) and anti-PCDC4 rabbit polyclonal antibody

(ab51495, 1:500 dilution; Abcam, Inc. Cambridge, MA,
USA). In each case, the positive and negative controls were
run concurrently. As the final step, the sections were lightly
counterstained with Mayer’s hematoxylin (Merck, Tokyo, -
Japan).

Immunoreactivity for antibodies against MCM2, PDCD4
and P-catenin was assessed in the lesions (high-grade
dysplasia) that developed in groups 1 through 3 using a
microscope (Olympus BX41, Olympus Optical Co., Tokyo,
Japan). The intensity and localization of the immunoreac-
tivity against the primary antibodies were determined by a
pathologist (T.T.) who was unaware of the treatment group
to which the slide belonged.

2.4. Statistical analysis

All measurements were compared using a one-way
ANOVA with either Tukey’'s correction or Fisher’'s exact
probability test (GraphPad Instat version 3.05, GraphPad
Software, San Diego, CA), with a value of p<0.05 as the
criterion for significance.

3. Results
3.1. General observations

Aslisted in Table 1, the mean liver (p <0.05) and relative
liver weights (p<0.01), and mean colon length (p<0.05)
in group 1 (100 mg/kg ABAQ + 2% DSS) were significantly
larger than those observed in group 3 (200 mg/kg ABAQ
alone). The mean liver weight and colon length of group
3 were significantly lower than that of group 5 (solvent
control) (p <0.05 for each comparison).

3.2. Pathological findings of the liver and colorectum of
mice treated with ABAQ and/or DSS

There were no tumors in any organs, including the col-
orectumn, in all groups. Fatty changes were observed in the
liver of two mice (13%) in group 1, but not in other groups.
As indicated in Table 2, colonic dysplasia (high-grade,
Fig. 1b) developed in groups 1 through 3. DSS exposure
increased the multiplicity of high-grade dysplasia induced
by ABAQ. There were no dysplastic lesions in the mice in
groups 4 and 5.
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Table 2
Incidence and multiplicity of colonic lesions in the mice in each group.

High-grade dysplasia

Group no. Treatment (no. of mice examined) Mucosal ulcer

1 ABAQ * (100 mg/kg bw) — 2% DSS (15) 10/15 (67%) 1.40+1.18° 4/15(27%)< 9 0.53+1.13
2 ABAQ (200 mg/kg bw) - 2% DSS (15) 11/15(73%)1.27+1.16 10/15 (67%) ¢ 1.60+1.50
3 ABAQ (200 mg/kg bw) (5) 0/5(0%)0 1/5(20%) 0.20 = 045

4 Solvent - 2% DSS (5) 5/5(100%) 1.80£0.84 f 0/5(0%)0

5 None (8) 0/8(0%)0 0/8(0%)0

2 ABAQ, 5-amino-6-hydroxy-8H-benzo[6,7]azepino|5,4,3-de]quinolin-7-one; DSS, dextran sodium sulfate.

b Mean + SD.

cde Significantly different from group 2 (¢ p<0.05), group 3 (¢ p<0.05) and group 4 (¢ p <0.05) according to the Fisher's exact probability test.
f Significantly different from group 5 (p < 0.05) according to a one-way ANOVA and the Tukey-Kramer Multiple Comparison test.

3.3. Immunohistochemical expression of MCM2,
B-catenin, and PDCD4 in the high-grade dysplasia lesions

The nuclei in the high-grade dysplasia lesions were pos-
itive for MCM2 (Fig. 1c), reflecting a high proliferation
activity, and negative for PDCD4 (Fig. 1d). A cytoplasmic
and nuclear expression of B-catenin was observed in the
high-grade dysplasia lesions (Fig. 1e).

4. Discussion

In this study, we confirmed the tumor-initiating ability
of ABAQ in an inflammation-associated, two-stage mouse
carcinogenesis model. Importantly, ABAQ treatment alone
produced lesions exhibiting high-grade dysplasia lesions
that are preneoplastic for colorectal cancer, although
the incidence and multiplicity were low and statistically
insignificant from group 5 (untreated control). One week
of exposure to DSS after the single i.g. administration of
ABAQ increased the incidence and number of high-grade
dysplasia lesions in the colorectum. The dysplasia-inducing
potency was considered to be dose-dependent, although
only two doses of ABAQ were applied in this study.

In this study, dosing of ABAQ (100 mg/kg) followed by
DSS (group 1) increased the liver weight, while 200 mg/kg
of ABAQ (group 2) did not. However, both doses of ABAQ
increased the relative liver weight. Fatty degeneration
observed in the liver of a few mice of group 1 may be related
to these changes. As to the colon length, the treatment
of ABAQ alone (group 3) shortened the colon, suggesting
pro-inflammatory action of ABAQ, but the colon lengths of
groups 1 and 2 were increased when given DSS. In order
to proof the dose dependency and discard the possible
pro-inflammatory effect at higher doses of ABAQ, which
might contribute to the tumor development, it would be
interesting to use three or four different doses (from 50 to
200 mg/kg, for instance). Such an experiment is planned in
our laboratory.

The Maillard reactioninvivoisinvolved inaging[12] and
a variety of chronic diseases, such as diabetes and related
retinopathy and nephropathy [13]. Pyrraline is formed as
an advanced glycation end product in the Maillard reac-
tion between glucose and the g-amino group of lysine
under physiological conditions [14]. The serum [15] and
urine [16] concentrations of pyrraline are known to be
increased in diabetic patients, and pyrraline is detected in
individuals with diabetic glomerulosclerosis [ 17]. Epidemi-
ological [18,19] and experimental investigations [20,21]

have indicated a positive association between diabetes and
cancer development in several tissues, including the col-
orectum, suggesting that certain chemicals formed by the
Maillard reaction in the body increase the risk of cancer
in patients with diabetes. However, little is known about
mutagens formed through the Maillard reaction in vivo.

In this study, we observed high-grade dysplasia in the
colorectum of the mice treated with ABAQ alone and
ABAQ followed by DSS exposure. Although no colorectal
neoplasms developed, these findings are of importance
since high-grade dysplasia is known to be a precursor
lesion of inflammatory conditions in the colon, such as
inflammatory bowel disease (IBD) [22]. In the fact, the
high-grade dysplasia observed in this study increased the
degree of proliferation, as estimated on MCM2 immuno-
histochemistry, and altered the expression of 3-catenin in
the cytoplasm and nuclei. More importantly, almost null
expression of PDCD4 was cbserved in the high-grade dys-
plasia lesions. This finding is in accordance with the results
showing a negative expression of PDCD4 in patients with
sporadic colorectal cancer [23,24], IBD-related colorectal
cancer [22,25] and dysplasia in IBD [22,25].

In conclusion, the results of the current study indicate
the potential tumor-initiating activity of ABAQ in the colon,
with and without inflammation. Although the ABAQ level
has not been determined in healthy subjects, ABAQ is a
potential novel endogenous mutagen and tumor-initiating
compound, as shown in this study and a previous investiga-
tion[7]. Since the mutagenic activity of ABAQ is comparable
to that of PhIP 7], additional studies of the carcinogenicity
of ABAQ in the colon and other tissues are required. Our
findings provide a scientific basis for further research on
the involvement of ABAQ in human health.
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ARTICLE INFO ABSTRACT

We recently demonstrated that a novel heterocyclic amine, 5-amino-6-hydroxy-8H-benzo
[6,7]azepino|5,4,3-de]quinolin-7-one (ABAQ), is produced from glucose and r-tryptophan by the
Maillard reaction at physiological temperature and pH, and that ABAQ was strongly mutagenic for
Salmonella strains in the presence of S9 mix. Here, we present the results of three in vivo genotoxicity
assays of ABAQ. The comet assay revealed that DNA damage was significantly increased in the livers,
kidneys, lungs, and bone marrows of ICR mice, 3 h after i.p. injection of ABAQ (50 mg/kg body weight
(bw)). To evaluate clastogenicity, the peripheral blood micronucleus test was performed, also in
ICR mice. ABAQ induced micronucleated reticulocytes (MNRETs) in a dose-dependent manner; the
frequency of MNRETs was significantly elevated at all i.p. doses (12.5, 25, and 50 mg/kg bw) after
48 h. To investigate the mutagenicity of ABAQ in vivo, gpt delta transgenic mice were treated with five
consecutive administrations of ABAQ by gavage at doses of 25 or 50 mg/kg per week for 3 weeks. The
frequencies of gpt mutations (MF) in the liver of mice increased significantly compared with controls,
in a dose-dependent manner. No significant increase of gpt MF was detected in the kidneys. Base
substitutions predominated; both G:C— A:T and A:T— C:G mutations were significantly increased by
ABAQ. The Spi~ MF was also significantly increased in the liver after ABAQ treatment. If formed in vivo,
ABAQ may give rise to adverse genotoxic effects.
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organs, including liver, pancreas, kidney, and endometrium [2-5];
however, the causal mechanisms are not fully elucidated. A
consistent increase in blood sugar levels is characteristic of dia-

1. Introduction

Diabetes mellitus (DM) affects more than 300 million people

worldwide and the number is predicted to increase to at least
400 million by 2030 [1]. Epidemiological studies show that dia-
betes patients have an increased incidence of cancers in certain
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quinolin-7-one; MNRETS, micronucleated reticulocytes; MF, mutation frequencies;
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gpt, guanine phosphoribosyltransferase; LMP, low melting point; NMP, normal melt-
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betes, and the Maillard reaction is considered to be implicated
in diabetic complications [6]. The Maillard reaction comprises
a series of complex non-enzymatic reactions between the car-
bonyl group of a reducing sugar and the amino groups of amino
acids, peptides, or proteins to yield an unstable Schiff base,
which then leads to a relatively stable ketoamine known as an
Amadori product {7]. The Amadori products react with amino
acids or are converted into reactive carbonyl species, such as
deoxyglucosone. During the latter stage of the reaction, the car-
bony!l species react with amino groups in proteins and other
molecules.

We recently found that the Maillard reaction of glucose and L~
tryptophan at physiological temperature and pH (37 °C and pH 7.4)
produces mutagens, and we identified a novel heterocyclic amine,
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Fig. 1. Chemical structure of 5-amino-6-hydroxy-8H-benzo[6,7]azepino[5.4,3-
dejquinolin-7-one (ABAQ).

5-amino-6-hydroxy-8H-benzo[6,7}azepino(5,4,3-de]quinolin-7-
one (ABAQ, Fig. 1), from the reaction mixture [8]. A plausible
mechanism for the formation of ABAQ from glucose and L-
tryptophan is also shown in our previous report [8]. ABAQ induced
mutations in Salmonella typhimurium strains TA98, TA100, YG1024,
and YG1029 in the presence of S9 mix, and the mutagenic potency
was the highest in YG1024, a derivative of TA98 that overproduces
O-acetyltransferase. These results suggest that ABAQ mutagenicity
depends on metabolic activation catalyzed by cytochrome P450
and O-acetyltransferase [8]. These characteristics are very similar
to those of a cooked food-derived heterocyclic amine, 2-amino-
1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP), suggested to be
formed by the reaction of creatine with Maillard reaction products
from glucose and phenylalanine by heating at high temperatures
[9]. The mutagenic potencies of ABAQ in TA98 and YG1024 are
comparable to those of PhIP {8].

Because ABAQ was discovered only recently, its biological activi-
ties have not been determined, aside from Salmonella mutagenicity.
In the present study, therefore, we have examined the genotoxicity
of ABAQ in vivo, and compared it to that of PhIP; the acute studies
used the micronucleus and comet assays; chronic mutagenicity was
evaluated using the gpt delta transgenic mouse system, in which
point mutations and deletions can be assessed by gpt and Spi~
selection, respectively [10,11]. We show here that ABAQ induces
acute and chronic genotoxicity, and discuss the possible underlying
mechanisms.

2. Materials and methods
2.1. Chemicals

ABAQ (more than 99% pure) was obtained from Hamari Chem-
icals, Ltd. (Osaka, Japan). Corn oil, low melting point (LMP) and
normal melting point (NMP) agarose, dimethyl sulfoxide (DMSO),
and Triton X-100 were purchased from Sigma-Aldrich (St. Louis,
MO, USA). PhIP-HCI and other chemicals were purchased from
Wako Pure Chemical Industries (Osaka, Japan).

2.2. Experimental animals

Male ICR mice (6 weeks old) and guanine phosphoribosyltrans-
ferase (gpt) delta mice (6 weeks old) were purchased from Japan
SLC (Shizuoka, Japan). The gpt delta mice carry approximately 80
copies of lambda EG10 DNA on chromosome 17 on a C57BL/6]
background [12]. The animals were provided with food (CE-2 pel-
let diet; CLEA Japan, Inc., Tokyo, Japan) and tap water ad libitum,
and maintained under controlled conditions as follows: a 12-h
light/dark cycle, 22 + 2 °C room temperature, and 55 + 10% relative
humidity. After quarantine for one week, the experiments were
conducted according to the “Guidelines for Animal Experiments in
the National Cancer Center or Kyoto Pharmaceutical University”,

and the animal studies were approved by its Experimental Animal
Research Committee.

2.3. In vivo comet assay

The alkaline comet assay was performed according to a pub-
lished method [13]. ABAQ was suspended in olive oil and 25, 50, or
100 mg/kg body weight (bw) doses were injected intraperitoneally
(i.p.). PhIP was dissolved in physiological saline and administered
i.p. to mice at 12.5, 25, or 50 mg/kg bw. Controls received olive oil
or physiological saline i.p. Five ICR mice were used for each group.
Liver, kidneys, lungs, and bone marrow were removed 3 h after the
injections. Each organ, except for bone marrow, was minced, sus-
pended in chilled homogenizing buffer (pH 7.5, 0.075M KCl and
0.03 M sodium EDTA), and homogenized gently with a Dounce-type
homogenizer. Normal melting point agarose (100 1) was layered
as the first layer on a glass slide; LMP agarose (50 p.l) contain-
ing 1000 nuclei was layered next; normal melting point agarose
(100 1) was layered last. The slides were immersed in ice-cold
lysing solution (pH 10, containing 2.5M NaCl, 100 mM sodium
EDTA, 10 mM Tris-HCl, 1% sodium N-lauryl sarcosinate, 10% DMSO
and 1% Triton X-100) for 60min. The slides were placed on a
horizontal gel electrophoresis platform and covered with chilled
alkaline solution (containing 300 mM NaOH, 1 mM sodium EDTA)
for 20min to allow for the DNA to unwind and expose alkali-
labile sites. The nuclei were electrophoresed at 25V (1V/cm) for
20min. After electrophoresis, the specimens were rinsed twice
with 400 mM Tris-HCl (pH 7.5) to neutralize excess alkali, stained
with 50 pl ethidium bromide solution, and covered with a cover
slip. Nuclei (100 per organ per animal) were inspected using a fluo-
rescence microscope equipped with a CCD camera. The tail moment
of the DNA was measured using Komet Assay software (Kinetic
Imaging Ltd., Liverpool, UK).

2.4. In vivo micronucleus test

The micronucleus test was carried out according to a published
method [14]. ABAQ suspended in olive oil or PhIP dissolved in phys-
iological saline were administered i.p. at 12.5, 25, or 50 mg/kg bw.
Control mice were treated with either olive oil or physiological
saline. Five ICR mice were used for each group. Peripheral blood
(5 wl) was obtained from the ventral tail, spread on an acridine
orange-coated glass slide, and covered with a cover slip. Suprav-
itally stained reticulocytes were observed using a fluorescence
microscope with a blue excitation and a yellow-to-orange barrier
filter. The number of MNRETs per 1000 reticulocytes was scored for
each mouse.

2.5. gpt and Spi—mutation assays

For mutation analysis, each group of five male gpt delta mice
was orally administered five consecutive doses (25 or 50 mg/kg) of
ABAQ per week for 3 weeks. The control mice (n=4) were treated
with solvent (corn oil) alone. The mice were sacrificed at 14
weeks age (5 weeks after ABAQ administration). Liver and kidneys
were removed and stored at —80°C until high-molecular-weight
genomic DNA was extracted using a RecoverEase DNA Isolation
Kit (Agilent Technology, USA) according to the manufacturer’s
instructions. Lambda EG10 phages were rescued using Transpack
Packaging Extract (Stratagene, La Jolla, CA). The gpt and Spi~
mutagenesis assays were performed according to published
methods [12]. Briefly, E. coli YG6020 was infected with the phage
and spread on M9 salt plates containing chloramphenicol (Cm)
and 6-thioguanine (6-TG) and incubated for 72 h at 37°C to select
for colonies harboring a plasmid carrying the gene encoding
chloramphenicol acetyltransferase, as well as a mutated gpt. The
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6-TG-resistant isolates were cultured overnight at 37 °Cin LB broth
containing 25 mg/mL Cm, harvested by centrifugation (7000 rpm,
10min), and stored at —80°C.

The mutational spectra of 6-TG coding sequences were deter-
mined using PCR and direct sequencing, and a 739-bp DNA
fragment containing gpt was amplified by PCR as described pre-
viously [12]. Sequence analysis was performed at Takara Bio Inc.
(Mie, Japan). The Spi~ assay was performed as described previously
[11,12]. The lysates of Spi~ mutants were obtained by infection of
E. coli LE392 with the recovered Spi~ mutants.

2.6. Statistical analysis

Comet assay and micronucleus test data are expressed as
means + standard deviation (SD). Student’s t-test was used to eval-
uate the significance of differences of DNA tail moment in the
comet assay and the frequency of MNRETs in the micronucleus
test between groups treated with ABAQ, PhiIP, and control groups.
The data from the gpt and Spi~mutation assays were expressed
as means = SD. The data were compared with the corresponding
solvent control using the F test before application of the Student’s
t-test. Mutational spectra were compared using Fisher’s exact test
[15]. Pvalueslower than 0.05 were considered to indicate statistical
significance.

3. Results

3.1. Analysis of acute DNA-damaging activity of ABAQ and PhIP
in multiple organs (in vivo comet assay)

DNA damage induced by ABAQ and PhIP in multiple organs
(liver, kidneys, lungs, and bone marrow) was evaluated as the
DNA tail moment, 3h after i.p. administration, using the comet
assay under alkaline conditions. As shown in Fig. 2, the DNA tail
moment values increased in a dose-dependent manner following
ABAQ treatment, and the values for all organs were significantly
higher at 50 and 100 mg/kg bw compared with those of control
mice. High mean tail moments were detected in the bone marrow
of mice treated with 50 and 100 mg/kg bw and DNA damage val-
ues were 1.3- and 1.4-fold higher, respectively compared with the
control (P<0.01 at both doses). For PhIP, a significant increase of
DNA tail moment values was detected in all organs examined at
12.5, 25, and 50 mg/kg bw. The highest tail moment was detected
in the kidneys at 50 mg/kg bw and the DNA damage was 1.3-fold
(P<0.01) higher than that of the control group.

_ ABAQ

Tail moment

Bone
Marrow

Liver Kidney Lung

] : control

112.5 mg/kg B.W.

3.2. Clastogenicity of ABAQ and PhIP in peripheral blood (in vivo
micronucleus test)

The clastogenic activities of ABAQ and PhIP were examined
by the micronucleus test. Frequencies of MNRETs were increased
dose-dependently, 24 h and 48 h after the administration of ABAQ,
and the frequencies were significantly elevated at all doses exam-
ined (12.5, 25, and 50 mg/kg bw) at 48 h. The highest frequencies
of MNRETs were detected at 48 h, and the frequencies were 3.0-,
4.2-, and 5.8-fold higher than controls at 12.5, 25, and 50mg/kg
bw, respectively (P<0.01 at each dose). Similarly, the frequency of
MNRETs was dose-dependently increased 24 and 48 h after injec-
tion of PhIP, and was the highest at 50 mg/kg bw at 48h after
administration; the value was 7.4-times higher than that of controls
(P<0.01) (Fig. 3).

3.3. gpt and Spi—mutations in the liver and kidneys of gpt
transgenic mice treated with ABAQ

3.3.1. General observations of gpt delta transgenic mice
administrated ABAQ

Body weights of gpt delta mice receiving vehicle control reached
27.5+3.1 g, 30 d after gastric intubation. Values for gpt delta mice
receiving multiple doses of ABAQ at 25 or 50mg/kg bw were
28.7+2.3gand 28.5 + 1.5 g, respectively, 30 d after administration,
and no significant difference was observed compared with the vehi-
cle control group. The average dietary consumption per day per
mouse was about 3 g and was not affected by ABAQ.

3.3.2. gpt mutations in the liver and kidneys of gpt transgenic
mice following ABAQ treatment ,

To determine the rhutagenic effects of ABAQ in the liver and
kidneys, gpt delta transgenic mice were treated with low or high
doses of ABAQ (five consecutive administrations of ABAQ by gavage
of 25 or 50 mg/kg bw per week for 3 weeks). Data are summarized
in Table 1 and Fig. 4. MFs in the liver induced by both doses of
ABAQ were significantly increased, 3.3- or 3.6-fold compared with
the vehicle controls (Fig. 4A). In contrast, there was no increase in
the MF in the kidneys following the low dose of ABAQ. The high
dose of ABAQ resulted in a slight increase in the MF, but it was not
statistically significant (Fig. 4B).

PCR and DNA sequence analyses revealed 42 and 14 indepen-
dent 6-TG-resistant mutations induced by ABAQ and in the vehicle
controls, respectively. The classes of gpt mutations are summarized
in Table 2, Because our control samples were limited, previously

Tail moment
o =
oo ~

e
S

Liver Kidney

4 125 mg/kg BW.

B :somg/kgBW. E :100 mg/kg BW.

Fig. 2. DNA-damaging activity of ABAQ and PhIP in various organs of mice. Mice were injected i.p. with four doses of either ABAQ or PhIP. Control mice were treated with
olive oil or physiological saline. Organs were removed at 3 h after the injection. The values represent the mean of five mice + SD. Tail moment values of organs untreated
mice for ABAQ and PhIP experiments were as follows: liver (1.00 +0.14 and 0.96 - 0.05), kidney (1.04 + 0.09 and 1.01 £ 0.03), lung (1.04 3:0.08 and 1.01 £ 0.02), bone marrow

(1.08 £0.07 and 1.00+ 0.05). *P<0.05 (vs. control), **P<0.01 (vs. control).
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Table 1
Summary of gpt mutation frequency in the liver and kidneys of gpt delta mice treated with ABAQ.
Mouse ID Number of colonies MF (x 10-8) Average MF (x 10-8)*
Mutant Total

Liver
“Control 1 5 907,500 5.51

2 5 892,500 5.60

3 1 862,500 1.16

4 3 627,000 4.78

Total 14 3,289,500 4.26+2.10
ABAQ
25mglkgx 5 1 8 361,500 2213

2 1 613,500 1.63

3 6 625,500 9.59

4 10 453,000 22.08

5 7 463,500 15.10

Total 32 2,517,000 14.11+8.73
50mg/kg x 5 1 14 1,129,500 12.39

2 10 §78,000 10.22

3 14 1,003,500 13.95

4 27 1,137,000 23.75

5 15 922,500 16.26

Total 80 5,170,500 15.32+5.20"
Kidneys
bControl 1 4 709,500 5.64

2 4 366,000 10.93

3 3 384,000 17.81

4 5 361,500 13.83

Total 16 1,821,000 9.55+3.58
ABAQ
25mg/kg x 5 1 8 928,500 6.46

2 5 715,500 6.99

3 3 519,000 5.78

4 14 991,500 14.12

5 9 571,500 15.75

Total 37 3,726,000 9.82+4.72
50mg/kg x 5 1 6 702,000 12.39

2 5 935,500 10.22

3 7 529,500 13.95

4 11 492,000 23.75

5 ' 12 657,000 16.26

Total 41 3,366,000 13.49:+7.01
2 Mean=+SD.
b Solvent control (corn oil).
" P<0.05.

" P<0.01 (vs. solvent control) by Student’s t-test.

Table 2
Classification of gpt mutations detected in the liver of control and ABAQ-treated mice.
Type of mutation Contro} Control-2¢ ABAQ P value®
No. of Specific MF* No. of Specific MF* No. of Specific MF*
mutations (%) (x10-6) mutations (%) (x1076) mutations (%) (x1078)
Base substitution
Transition
G:Cto AT 7(46.7) 2.13 21(42.9) 2.78 14(33.3) 5.77 0.02¢,0.03°
A:Tto G:C 0(0) 0.00 4(8.2) 0.53 3(7.1) 1.24 0.044,0.25¢
Transversion
G:CtoT:A 5(33.3) 1.52 5(10.2) 0.66 9(21.4) 3.71 0.109,0.0005°
G:Cto C:G 0(0) 0.00 2(4.1) 0.26 1(24) 0.41 0.249,0.72°
ATtoT:A 0(0) 0.00 4(8.2) 0.53 4(9.5) 1.65 0.02¢,0.09°
ATtoC:G 0(0) 0.00 1(2.0) 0.13 3(7.1) 125 0.04%,0.02¢
Insertion 1(6.7) 0.30 1(2.0) 0.13 1(2.4) 041 0.83¢,0.40°
Deletion 2(13.3) 0.61 6(12.2) 0.79 5(12.0) 2.06 0.129,0.10°
Others 0(0) 0.00 5(10.2) 0.66 2(4.8) 0.82 0.10¢,0.79°
Total 157(100) 4.56 49(100) 6.48 42(100) 17.30 0.00001¢, 0.00001°

o

Data are from Masumura et al. {15].

b pvalues were determined using Fisher’s exact test according to Carr and Gorelick [14].

¢ Specific MFs were calculated by multiplying the total mutation frequency by the ratio of each type of mutation to the total mutation.
d ABAQ vs control.

¢ ABAQ vs control-2.

" One animal had two mutations.
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Fig. 3. Clastogenic activity of ABAQ and PhIP in peripheral blood of mice. Mice were injected i.p. with three doses of either ABAQ or PhiP. Control mice were treated with
olive oil or physiclogical saline. One thousand reticulocytes were observed per mouse. The values represent the mean of five mice + SD. *P<0.05 (vs. control), **P<0.01 (vs.
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Fig. 4. The gpt MFs in the liver (A) and kidneys (B) of mice after multiple administration of ABAQ. Male mice were treated with multiple (25 or 50 mg/kg x 5 times per week
for 3 weeks) doses of MGT, and mice were sacrificed 5 weeks after ABAQ administration. The data represent the mean = SD. *P<0.05, Student's t-test versus the corresponding

vehicle-control mice.

published data [16] are also included in Table 2 (Control-2). Base
substitutions predominated in both ABAQ-induced and sponta-
neous cases. G:C— A:T transitions and A:T—> C:G transversions
were significantly higher in the ABAQ-treated group.

3.3.3. Spi~ mutations in the liver and kidneys of gpt transgenic
mice following ABAQ treatment

We also measured Spi~ MFs in the liver and kidneys of gpt delta
mice treated with low and high doses of ABAQ (Table 3 and Fig. 5).
The mean Spi~ MF values in the liver was 1.86+1.47 x 10~% (con-
trol), 6.1742.49 x 10-¢ (low dose) and 6.81+2.57 x 10-¢ (high
dose), respectively. Spi— MFs in the liver of the both low- and
high-dose groups were significantly elevated, up to 2-fold (Fig. 5A).
Similar to liver MFs, in the kidneys, Spi— MF showed around 3-fold
increase, although this difference was not significant (Fig. 5B).

4. Discussion

The novel heterocyclic amine, ABAQ, identified as a product of
the Maillard reaction at physiological temperature and pH, was
genotoxic in vivo, as revealed by the comet assay, micronucleus
test, and gpt and Spi— mutation assays. The comet assay is a sen-
sitive method for detecting DNA damages, including double- and
single-strand DNA breaks, which are generated indirectly from
incomplete excision repair and alkali-labile sites [17]. The DNA
tail moment values for liver, kidneys, lungs, and bone marrow

in ABAQ-treated (50mg/kg bw) mice were significantly higher
than those of mice treated similarly with PhiP, a representative
mutagenic/carcinogenic heterocyclic amine. These results indicate
that ABAQ and PhIP have similar levels of DNA-damaging activ-
ity in these organs. Under alkaline conditions, not only ABAQ-DNA
adducts but also oxidative- and inflammation-related DNA adducts
raised by the accompanying immunological response can be mea-
sured as DNA damage. ABAQ apparently induced DNA damage in
various organs; however, the cause of the damage might be differ-
ent in each organ. Further studies are required to elucidate this.

The micronucleus test is widely used to detect the clastogenic-
ity of chemicals. Here we show that reticulocytes in the peripheral
blood were supravitally stained with acridine orange, and MNRETs
can be detected before being trapped and destroyed by the spleen
[18]. The frequency of MNRETs was dose-dependently increased at
24 and 48 h after i.p. injection of ABAQ, and the highest frequency
was found at 48h after the injection. Similarly, frequencies of
MNRETs increased dose-dependently 24 h and 48 h after PhIP treat-
ment. For ABAQ, the highest frequency of MNRETs was detected
48 after the injection of 50 mg/kg bw, similar to that observed at
48h after the injection of 12.5 mg/kg bw PhIP. These resuits sug-
gest that ABAQ is clastogenic in reticulocytes, with slightly lower
potency than that of PhIP.

ABAQ-induced mutations in the liver included base substitut-
ions and deletions. Despite the results of the comet assay, no
significant increase of gpt and Spi~ MF was observed in the kidneys.
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Table 3
Summary of Spi~ mutant frequency in the liver and kidneys of gpt delta mice treated with ABAQ,
Mouse ID Number of colonies MF (x 10-8) Average MF(x 10-¢)?
Mutant Total

Liver
5Control 1 9 2,281,500 5.51

2 2 2,767,500 5.60

3 3 3,115,500 1.16

4 7 3,898,500 4,78

Total 21 12,063,000 1.86+1.47
ABAQ
25mg/kg x5 1 9 1,135,500 793

2 6 1,587,000 3.78

3 4 1,267,500 3.16

4 8 1,041,000 7.68

5 11 1,324,500 8.31

Total 38 6,355,500 6.17+£2.49"
50mg/kg x 5 1 12 1,299,000 9.24

2 8 804,000 9.95

3 7 1,293,500 541

4 5 1,102,500 4.54

5 4 811,500 493

Total 36 5,310,500 6.81:£2.57"
Kidneys
°Control 1 3 1,306,500 229

2 1 745,500 1.34

3 0 763,500 0.00

4 1 960,000 1.04

Total 5 3,775,500 1.17+0.94
ABAQ
25mg/kg x 5 1 0 1,945,500 0.00

2 1 1,405,500 0.71

3 ] 1,048,500 0.00

4 2 1,501,500 1.33

5 2 1,029,000 1.94

Total 5 6,930,000 0.80+0.84
50mg/kg x 5 1 4 867,000 4.61

2 1 1,017,000 0.98

3 2 700,500 2.86

4 5 790,500 6.33

5 1 933,000 1.07

Total 13 3,366,000 3.17+1.72
2 Mean:+SD.

® Solvent control (corn oil).
" P<0.01 (vs. solvent control), Student’s t-test.
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Fig.5. The Spi~ MFsin the liver (A) and kidneys (B) of gpt delta mice exposed to multiple doses of ABAQ. An asterisk (*) denotes P<0.05, Student’s t-test for MFs of ABAQ-treated
compared with the corresponding vehicle-control mice.
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The reason is not fully understood yet; however, ABAQ administra-
tion routes might affect its in vivo genotoxicity. In the present study,
i.p. injection was used for the comet and micronucleus assays, and
i.g. intubation for the gpt and Spi~ mutation assays. In general,
the absorption rates following i.p. administration were more rapid
than i.g. intubation. This may account for the higher genotoxicity
of ABAQ observed in the micronucleus and comet assay compared
with the results of the mutagenicity test in gpt delta mice. Both gpt
and Spi~ MFs in the kidneys observed in ABAQ-treated mice tended
to increase, but this was not statistically significant (Figs. 4 and 5).
We suggest, therefore, that ABAQ dosing using i.g. intubation may
not be high enough for robust genotoxicity.

The gpt mutations induced in the liver are summarized in
Table 2. Because our control samples were limited in number, we
included and compared the data from a previous report (Control-
2 [16]). In the mutation spectrum analysis, the most prominent
mutationinduced by ABAQwas G:C— A:T(P<0.05)compared with
both control groups. A previous study showed that ABAQ is muta-
genic for S. typhimurium TA98 and YG1024 with S9 mix [8]. The
sensitivity was much higher in YG1024 than in TA98, suggesting
that O-acetyltransferase activity is required to activate ABAQ, as
for other food-borne mutagenic compounds, such as heterocyclic
amines (HCAs). The exocyclic amino group of HCAs binds gua-
nine bases to form DNA adducts [19-22]. No data are available
regarding the chemical structures of ABAQ-DNA adducts, except
for the mutational spectral data for ABAQ. Therefore, we may con-
clude that the guanine base may be involved, to form ABAQ-DNA
adducts. In addition, the G:C— A:T transition commonly occurs
in spontaneous mutants, and deamination of 5~-methylcytosine or
alkylation of guanine might be involved in these mutations [23,24].
Moreover, inflammation may be involved [25]. In contrast, the
frequencies of A:T — C:G transversions were also significantly dif-
ferent between ABAQ-treated and control groups. Even though its
specific MF was low, this type of mutation is rare (almost none
in the control cases). Therefore, it might be diagnostic for ABAQ-
exposure. Further studies are required to determine the nature of
the reactions that produce ABAQ-DNA adducts, and the resulting
genotoxic mechanisms.

DM is a risk factor for various types of cancers [2-5], and
researchers have focused on the relation between type-2 diabetes
and cancer incidence. Evidence indicates that alterations in signal
transduction pathways that promote cell proliferation caused by
hyperglycemia, or insulin resistance and hyperinsulinemia associ-
ated with DM, promote oncogenesis [26-28]. However, whether
diabetes initiates tumorigenesis is unknown. In vivo Maillard reac-
tions are increased under diabetic conditions [29] and reaction
products such as ABAQ may play a role in cancer etiology. A study
on in vivo formation of ABAQ in diabetic model animals and dia-
betic patients is in progress in our laboratory. To understand the
effect of ABAQ on DM-related cancer, it is important to evaluate
the carcinogenicity of ABAQ using animal models. Moreover, epi-
demiological studies to evaluate the relation between ABAQ and
DM-related cancer will also be required.
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