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Abstract

Recent epidemiological studies have indicated that occupational exposure to the aromatic amine acetoaceto-o-toluidide
(AAQT) was associated with a marked increase in urinary bladder cancers in Japan. However, little is known about the car-
cinogenicity of AAOT. To evaluate the urinary bladder carcinogenicity of AAOT, male and female F344 rats were treated
with N-butyl-N-(4-hydroxybutyl)nitrosamine (BBN) for 4 weeks followed by dietary administration of 0, 0.167, 0.5, or
1.5% AAOT for 31 weeks. The incidences and multiplicities of bladder tumors were significantly increased in the 0.5 and
1.5% groups of male and female rats in a dose-response manner. AAOT and seven downstream metabolites were detected
in the urine of the male and female rats administered AAOT with levels increasing in a dose-dependent manner. The most
abundant urinary metabolite of AAOT was the human bladder carcinogen o-toluidine (OTD), which was at least one order of
magnitude higher than AAOT and the other AAOT metabolites. In a second experiment, male F344 rats were administered
0, 0.167, or 1.5% AAOT for 4 weeks. Gene expression analyses revealed that the expression of JUN and its downstream
target genes was increased in the urothelium of male rats treated with 1.5% AAOT. These results demonstrate that AAOT
promotes BBN-induced urinary bladder carcinogenesis in rats and suggest that overexpressed of JUN and its downstream
target genes may be involved the bladder carcinogenicity of AAOT. In conclusion, AAOT, like other carcinogenic aromatic
amines, is likely to be a carcinogen to the urinary bladder, and OTD metabolized from AAOT is the ultimate carcinogen.
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Introduction
Electronic supplementary material The online version of this Urinary bladder cancer is the fourth most common cancer
article (https://doi.org/10.1007/s00204-019-02605-4) contains and eighth most common cause of cancer death among men
supplementary material, which is available to authorized users. in the United States (Siegel et al. 2018). It is a significant

cause of morbidity and mortality worldwide, with approxi-
mately 429,000 new cases resulting in 165,000 deaths annu-
ally (Ferlay et al. 2015). Smoking tobacco and occupational
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noma (Torre et al. 2015). A number of epidemiological and
experimental studies have suggested that aromatic amines
such as o-toluidine (OTD), 4-aminobiphenyl, benzidine, and
2-naphthylamine are associated with an increased risk of
urinary bladder cancers (Cumberbatch et al. 2015; Ferris
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pigments (OECD 2003). From 2014 to 2017, ten workers
in Japanese chemical plants engaged in the production of
AAOT using OTD as a raw material were diagnosed with
bladder cancer (Nakano et al. 2018). Because the workers
were exposed to OTD and OTD is classified as a Group 1
carcinogen (‘“‘carcinogenic to humans”) by the International
Agency for Research on Cancer (IARC 2012), OTD was
considered to be the main cause of the urinary bladder can-
cers in these workers. However, the fact that the workers
were also chronically exposed to AAOT suggests the pos-
sibility that the occurrence of occupational urinary bladder
cancers in these workers might be attributed to exposure
to AAOT. In our previous 4-week short-term study, AAOT
induced simple hyperplasia with increased cell proliferative
activity and y-H2AX expression, which is a novel marker
for the prediction of potential carcinogenicity, in the blad-
der urothelium of male and female rats (Okuno et al. 2019).
These findings suggested that AAOT is likely to be a bladder
carcinogen. However, little is known about the mechanism
of carcinogenicity of AAOT, and an understanding of the
processes involved in AAOT carcinogenicity is indispensa-
ble for risk assessment of AAOT.

In the present study, we evaluated the effects of AAOT
on rat urinary bladder carcinogenesis using a 36-week two-
stage initiation—promotion carcinogenesis protocol. In a
second experiment, to ascertain potential mechanisms of
AAOT-mediated carcinogenicity, we used microarray gene
expression analyses to investigate differential gene expres-
sion in the bladder urothelium of rats administered carcino-
genic doses of AAOT for 4 weeks.

Materials and methods
Chemicals and diets

N-Butyl-N-(4-hydroxybutyl)nitrosamine (BBN,
purity >98%), acetoaceto-o-toluidide (AAOT, purity >98%),
and N-acetyl-o-toluidine (N-acetyl-OTD, purity >98%)
were purchased from Tokyo Chemical Industry Co.,
Ltd. (Tokyo, Japan). o-Toluidine (OTD, purity >99%),
4-amino-m-cresol (4AMC, purity > 97%), 2-amino-m-cresol
(2AMC, purity >96%), 2-aminobenzyl alcohol (2ABA,
purity > 98%), anthranilic acid (ATA, purity >98%), and
N-acetyl anthranilic acid (NAATA, purity >98%) were pur-
chased from Sigma-Aldrich Co., Ltd. (St. Louis, MO, USA).
Acetonitrile (purity >99.8%) and formic acid (purity >98%)
were purchased from Wako Pure Chemical Industries, Ltd.
(Osaka, Japan). Basal diet (powdered MF) was purchased
from Oriental Yeast Co., Ltd. (Tokyo, Japan) and diets
containing AAOT were prepared once a month by Oriental
Yeast Co., Ltd. (Tokyo, Japan).
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Animals

Five-week-old male and female Fisher 344 rats were pur-
chased from Charles River Laboratories Japan (Atsugi,
Japan) and maintained in an animal facility with a tem-
perature of 22 +3 °C, a humidity of 55+5%, and a 12-h
light/dark cycle. Rats were housed in plastic cages (three
rats/cage) with wood chips for bedding. Diet and tap
water were available ad libitum throughout the study.
Fresh diet was supplied to the animals twice weekly. They
were observed daily for clinical signs and mortality. Body
weight, food consumption, and water intake were meas-
ured weekly. The animals were acclimatized for 1 week
prior to beginning the experiment. The animal experimen-
tal protocols were approved by The Laboratory Animal
Center of Osaka City University Graduate School of Medi-
cine, which is accredited by the Center for the Accredita-
tion of Laboratory Animal Care and Use (CALAC), Japan
Health Sciences Foundation (JHSF).

Experiment 1: 36-week two-stage urinary bladder
carcinogenesis study

Experimental design

The experimental design is shown in Fig. 1. Eighty-one
male rats and eighty-one female rats at six weeks of age
were divided into four male and four female groups. All
animals were given drinking water containing 0.05% BBN
from the commencement of the experiment to week 4. One
week after the end of BBN administration, rats were fed
diets containing AAOT: 0 (control), 0.167, 0.5, or 1.5%
AAOQOT for 31 weeks (from week 6 to 36). The highest
dose of 1.5% was determined based on the results of our
previous 4-week study in which 1.5 and 3% AAOT pro-
moted bladder epithelial cell proliferation and the 3% dose
caused more than 20% suppression of body weight (Okuno
et al. 2019). Fresh urine samples were collected by forced
urination from rats in each group between 7:00 and 9:00
AM at week 36. All urine samples were centrifuged at
12,000 rpm (13,000g) for 5 min and the supernatants were
stored at — 80 °C. At the end of week 36, rats were eutha-
nized by inhalation of an overdose of isoflurane (Abbott
Japan Co., Ltd., Tokyo, Japan) using a Small Animal
Anesthetizer (MK-A110D, Muromochi, Kikai Co., Ltd.,
Tokyo, Japan) coupled with an Anesthetic Gas Scavenging
System (MK-T 100E, Muromachi Kikai Co., Ltd., Tokyo,
Japan).
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Male (21 rats), Female (21 rats)

0.05% BBN
in drinking water

.5% AAOT in diet

.5% AAOT in diet

Fig. 1 Experimental design of the 36-week two-stage urinary bladder carcinogenesis study (Experiment 1)

Pathological examination

At necropsy, urinary bladders were immediately inflated
by injection of 4% phosphate-buffered paraformaldehyde
(PFA) solution, and then fixed in the same PFA solution at
4 °C for 4 h. They were weighed, and relative organ weight
was calculated using the final body weight. The location,
number, and size of all suspected neoplastic lesions were
recorded. Urinary bladders were then cut into eight strips
and processed for embedding in paraffin. Paraffin-embed-
ded tissue sections of urinary bladders were prepared for
hematoxylin and eosin staining. Histopathological lesions
of urinary bladder epithelium were diagnosed as simple
hyperplasia, papillary or nodular (PN) hyperplasia, pap-
illoma, or urothelial carcinoma according to INHAND:
International Harmonization of Nomenclature and Diag-
nostic Criteria for Lesions in Rats and Mice (Frazier et al.
2012).

Determination of the urinary metabolites of AAOT by LC-
MS/MS analysis

LC-MS/MS analysis was performed on a Xevo TQD chro-
matographic system (Waters Co., Milford, MA, USA). The
LC operating conditions were as follows: LC column,
UK-Phenyl HT, 3 pm i.d., 2 mm X 150 mm (Imtakt Co.,
Kyoto, Japan); 3 ul of the sample was injected using an
autosampler (Sample Manager-FTN, Waters Co., Milford,
MA, USA); the oven temperature was 35 °C, and the total
flow rate of the mobile phase was 0.4 mL/min. The analy-
sis cycle for each sample was 10 min. The initial mobile

phase composition, water/acetonitrile/25 mM formic acid
(85/5/10), was maintained for 1 min. Acetonitrile was then
added at a rate of 15%/min until it reached 75% and water
was reduced to 15%, while 25 mM formic acid was held at
10%. The mobile phase composition of water, acetonitrile,
and 25 mM formic acid at a ratio of 15:75:10 was main-
tained for 1.5 min. The mobile phase composition was
then allowed to return to the initial conditions, followed
by equilibration for 2.3 min, after which the next sample
could be loaded. The desolvation temperature was 600 °C
and the desolvation gas flow was 1000 L/h.

The MS/MS was operated with an electrospray ioniza-
tion (ESI) source in the positive ion mode with multiple
reaction monitoring (MRM). The nebulizer was set to a
source temperature of 600 °C and a gas flow rate of 1000
L/min. The capillary voltage was 0.5 kV (positive mode).
High-purity nitrogen gas was used as the collision cell gas.
The raw chromatograph and mass spectrogram data were
processed with the MassLynx 4.1 software (Waters Co.,
Milford, MA, USA). The limits of detection (LOD) were
0.075 uM [AAOT], 0.17 uM [OTD], 0.0525 puM [N-acetyl-
OTD], 0.98 uM [4AMC], 0.175 uM [2AMC], 0.295 pM
[2ABA], 0.075 uM [ATA], and 0.595 uM [NAATA].
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Experiment 2: microarray gene expression
analyses of urinary bladder epithelium of male rats
administered AAOT for 4 weeks

Experimental design

Eighteen male rats at six weeks of age were randomly
divided into three groups (six rats in each group). Rats were
fed diets containing AAOT: 0O (control), 0.167, or 1.5% for
4 weeks. Fresh urine samples were collected by forced urina-
tion from rats in each group between 7:00 and 9:00 AM at
week 4. All urine samples were centrifuged at 12,000 rpm
(13,000g) for 5 min and the supernatants were stored at
— 80 °C as described in experiment 1. At the end of week 4,
rats were euthanized by inhalation of an overdose of isoflu-
rane as described in experiment 1. Methods used to collect
rat bladder mucosa have been described previously (Wei
et al. 2005). Briefly, urinary bladders were excised quickly
and inverted on wooden applicator sticks. After rinsing with
cold RNase-free PBS buffer, bladder epithelial cells were
removed by swirling the inverted bladders vigorously in
microcentrifuge tubes containing RLT solutions supplied
in the RNeasy Mini Kit (QIAGEN, Hilden, Germany). The
solution containing the urinary bladder epithelial cells was
kept on ice until RNA isolation; RNA isolation was per-
formed within 2 h of cell collection. Total RNAs were iso-
lated using TRIzol solution RNeasy Mini Kit according to
the manufacturer’s protocol.

Microarray gene expression analysis

A total of 6 ug of mRNA from the six rats of the control
group and the six rats of the 1.5% group (1 pg each rat) was
used for microarray analysis. Microarray analysis using a
GeneChip® Rat Genome 230 2.0 Array (Affymetrix, Inc.
Santa Clara, CA, USA) was performed by Cell Innovator
Inc., Fukuoka, Japan. Briefly, cRNA was amplified, labeled
using GeneChip WT PLUS Reagent Kit (Affymetrix, Inc.
Santa Clara, CA, USA), and hybridized to an Affymetrix
Clariom D Assay Rat array, according to the manufacturer’s
instructions. All hybridized microarrays were scanned by
an Affymetrix scanner. Relative hybridization intensities
and background hybridization values were calculated using
an Affymetrix Expression Console. Raw signal intensities
for each probe were calculated from hybridization intensi-
ties. The raw signal intensities of samples from control and
treated rats were log, transformed and normalized by SST-
RMA and quantile algorithm (Bolstad et al. 2003) with Affy-
metrix Expression Console 1.1 software. To identify up- or
down-regulated genes, we calculated Z scores (Quackenbush
2002) and ratios (non-log scaled fold-change) from the nor-
malized signal intensities of each probe for comparison of
samples from control and treated rats. Then we established

@ Springer

the criteria for regulated genes: (up-regulated genes) Z
score > 2.0 and ratio > twofold ; (down-regulated genes) Z
score <-2.0 and ratio <0.5. To investigate the functional sig-
nificance of the up- or down-regulated genes in the AAOT
treatment groups, the list of differentially expressed genes
was analyzed using Ingenuity Pathway Analysis (IPA) (Inge-
nuity Systems, Inc. Mountain View, CA, USA).

Real-time quantitative PCR

The mRNA expression levels of genes of interest genes were
evaluated in six rats from each group in experiment 2 by
TaqMan real-time quantitative PCR. cDNA synthesis was
performed with 1 ug of RNA using an Advantage RT-for-
PCR kit (Takara Bio, Inc., Otsu, Japan). Primers and probes
(TagMan Gene Expression Assay) for prostaglandin-endop-
eroxide synthase 2 (PTGS2) (also known as COX2), Jun
proto-oncogene (JUN) (also known as c-JUN), plasmino-
gen activator, urokinase (PLAU) (also known as uPA), early
growth response 1 (EGR1), dual-specificity phosphatase 1
(DUSP1) (also known as MKP1), tenascin C (TNC), serpin
peptidase inhibitor, clade E member 1 (SERPINE1) (also
known as PAI1), kinase insert domain receptor (KDR) (also
known as VEGF receptor 2), and matrix metallopeptidase
2 (MMP2) were purchased from Thermo Fisher Scientific,
MA, USA. The real-time RT-PCR assay was carried out with
the Applied Biosystems 7500 Fast real-time PCR machine
(Applied Biosystems, Inc., CA, USA). f-Actin mRNA was
employed as an internal control. Serially diluted standard
cDNAs were included in each TagMan PCR to create stand-
ard curves. The amounts of gene products in the test samples
were estimated relative to the respective standard curve. Val-
ues for target genes were normalized to those for f-actin.

Determination of the urinary metabolites of AAOT by LC-
MS/MS analysis

Determination of the urinary metabolites of AAOT by
LC-MS/MS analysis was performed as described in experi-
ment 1.

Experiment 3: immunohistochemical analysis

of urinary bladders of male rats administered 1.5%
AAOT for 4 weeks [our previous 4-week experiment
(Okuno et al. 2019)]

Immunohistochemical analysis

As urinary bladder specimens were used for microarray anal-
ysis of differential gene expression in experiment 2, paraffin-
embedded urinary bladder specimens were not available;
therefore, urinary bladder specimens from six rats per group
from the control (0) and 1.5% AAOT male groups from our
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previous 4-week short-term toxicity study (Okuno et al.
2019) were used. Urinary bladder specimens were examined
for expression of PTGS2 and JUN by immunohistochemical
staining using the avidin—biotin—peroxidase complex (ABC)
method. Paraffin sections (4-puM thickness) were deparaffi-
nized and dehydrated through a graded series of ethanol.
Antigen retrieval was performed by microwaving at 98 °C
for 20 min in 0.01 M citrate buffer (pH 6.0). Endogenous
peroxidase activity was blocked with 3% H,0, in distilled
water for 5 min. After blocking non-specific binding with
goat serum at 37 °C for 30 min, rat sections were incubated
with mouse polyclonal anti-PTGS2 (COX?2) antibody diluted
1:500 (610,203, BD Bioscience, California, USA) or rab-
bit monoclonal anti-JUN (c-JUN) antibody diluted 1:1000
(9165, Cell Signaling Technology, Danvers, USA) overnight
at 4 °C. Immunoreactivity was detected using VETASTAIN
Elite ABC Kits for rabbit (Rabbit IgG, PK-6101, Vector
Laboratories, Burlingame, USA) and mouse (Mouse IgG,
PK-6102, Vector Laboratories, Burlingame, USA) primary
antibodies and diaminobenzidine (DAB). To determine
the percentage of JUN-positive cells (JUN index), at least
3000 urothelial cells per rat in six rats from each group were
counted using a light microscope.

Statistical analysis
All values were expressed as mean + standard deviation

(SD). Statistical analyses were carried out with the Graph-
Pad Prism version 7 program (GraphPad Software, San

Diego, CA, USA). Homogeneity of variance was tested by
the Bartlett’s test (experiments 1 and 2) or the F test (experi-
ment 3). In experiments 1 and 2, the differences in the mean
values between the control and each treatment group were
evaluated by the two-tailed Dunnett’s multiple comparison
test when the variance was homogeneous and by the two-
tailed Dunn’s multiple comparison test when variances were
heterogeneous (multi-group comparisons). In experiment 3,
the variances were heterogeneous (two-group comparison);
therefore, differences in the JUN-index were evaluated by
the two-tailed Welch’s 7 test. Trend analysis for incidences of
histopathological lesions was conducted by the Chi-square
test for trend (also known as the Cochran—Armitage trend
test). Differences in the incidences of histopathological
lesions in experiment 1 were compared using two-tailed
Fisher’s exact test. P values less than 0.05 were considered
statistically significant.

Results

Experiment 1: 36-week two-stage urinary bladder
carcinogenesis study

General findings and urinary bladder weights
All animals survived until killing. Final body weights,

food and water consumption, AAOT intake, and urinary
bladder weights are summarized in Table 1. The final

Table 1 Final body weights, food and water consumption, AAOT intake, and urinary bladder weights

Group BBN AAOT No.ofrats Final body

(%) weight (g)

Average food
consumption (g/ consumption

Average water  Average intake

of AAOT (g/kg

Urinary bladder weight

Absolute (mg) Relative (%)

day/rat) (g/day/rat) b.w./day)
Experiment 1: 36-week two-stage urinary bladder carcinogenesis study
Male
+ 0 21 403.6+19.5 14.0 19.4 0 139430 0.34+0.08
+ 0.167 18 411.7+19.1  14.0 19.8 0.07 153+33 0.37+0.09
+ 0.5 21 406.4+14.1 142 19.8 0.21 171+ 36* 0.42+0.09
+ 1.5 21 364.4+14.3%% 14.1 19.2 0.65 239+ 80** 0.66+£0.23%*
Female
+ 0 21 206.2+8.3 9.1 14.6 0 108 +24 0.52+0.12
+ 0.167 18 202.7+8.2 9.2 15.4 0.08 122429 0.60+0.15
+ 0.5 21 196.5+6.5% 9.1 14.8 0.25 147 £36%* 0.75 £0.19**
+ 1.5 21 185.8 £5.4** 8.4 14.6 0.71 161 +35%* 0.87+£0.19**
Experiment 2: 4-week AAOT administration study
Male
- 0 6 233.4+124 143 222 0
- 0.167 6 237.0+13.8 147 21.9 0.12
- 1.5 6 221.9+104 140 19.9 1.12

Significant differences compared with the respective control group (*p <0.05, **p <0.01)
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body weights were significantly decreased in males in the
1.5% group and females in the 0.5 and 1.5% groups com-
pared to their respective controls. The intake of AAOT
was approximately proportional to the doses administered
in the diet; although, average food consumption in the
female 1.5% group tended to decrease compared to the
control group. Average water intake was similar between
the control and treated groups.

Absolute and relative urinary bladder weights were
significantly increased in males in the 1.5% group and
in females in the 0.5 and 1.5% groups in a dose-depend-
ent manner. Absolute, but not relative urinary bladder
weights, were significantly increased in males in the 0.5%

group.

Macroscopic and histopathological observations
in the urinary bladders

Macroscopically, larger urinary bladder tumors were most
prevalent in the 0.5 and 1.5% male (Fig. 2a) and female
(Fig. 2b) groups, and these likely contributed to the
increased urinary bladder weights in these groups (Table 1).
The incidence and multiplicity of PN hyperplasia, papillo-
mas, carcinomas, and total tumors (papillomas and carcino-
mas) in the urinary bladder urothelium are summarized in
Table 2. Trend tests showed a statistically significant correla-
tion between AAOT dose and the incidence of PN hyperpla-
sia, papillomas, carcinomas, and total tumors in male rats;
and between AAOT dose and the incidence of PN hyper-
plasia, carcinomas, and total tumors in female rats. In male

Fig.2 Macroscopic images of
urinary bladders in experiment
1 (a male rat groups, b female
rat groups). Urinary bladder
tumors were increased in the
0.5 and 1.5% AAOT male and
female groups compared with
their respective control groups

BBN—1.5% AAOT

b Female
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Table 2 Histopathological changes of the urinary bladder in 36-week two-stage urinary bladder carcinogenesis study (Experiment 1)

Multiplicity

Incidence (%)

No. of rats

Group BBN AAOT (%)

Total tumors (papillomas +

carcinomas)

Total tumors (papillomas + PN hyperplasia Papillomas Carcino-

carcinomas)

Carcinomas

PN hyperplasia Papillomas

mas

Male

0.6+0.7
09+0.8

0.1+04
02+04

0.5+0.7

0.7+0.8

1.1+1.1

10 (47.6%)
13 (72.2%)

3 (14.3%)
4(22.2%)

8 (38.1%)

14 (66.7%)

21

0.6+0.8

0.8+

27+1.7*

11 (61.1%)

17 (94.4%)*
14 (66.7%)

18
21

21

0.167
0.5

+

0.7 14+1.0

20+£1.2%% 1.24£0.9%% 324 1.5%*

3.0+ 1.6%*

10 (47.6%)* 18 (85.7%)*

21 (100%)**
21 (100%)**

»<0.001

5.4+3.0%*

18 (85.7%)%* 21 (100%)%*
»<0.0001

»<0.0001

20 (95.2%)**
»<0.001

1.5

Trend test

Female

0.4+0.6
0.7+£0.7

0.1+04
03+0.5

04

02+

7 (33.3%) 1.2+09
23+2.1

3 (14.3%)
5(27.8%)

5(23.8%)

16 (76.2%)
16 (88.9%)
21 (100%)*
21 (100%)*

p<0.01

21

0.5+0.6%

11 (61.1%)

14 (66.7%)

8 (44.4%)

18
21
21

0.167
0.5

+

1.0+1.0%

0.5+0.7

4.7+3.0%*

3.542.5%*

10 (47.6%)*

8 (38.1%)

0.5+0.5% 1.4+1.1%*

09+1.0

17 (81.0%)**

11 (52.4%)*
p<0.01

p<0.01

11 (52.4%)

1.5

0.09

p

Trend test

Significant differences compared with the respective control group (*p <0.05, **p <0.01)

rats, the incidence of papillomas was significantly increased
in the 1.5% group, and the incidences of carcinomas and
total tumors were significantly increased in the 0.5 and 1.5%
groups. The multiplicities of papillomas and carcinomas and
total tumors were increased in the 1.5% group. In female
rats, the incidence of carcinomas was significantly increased
in the 0.5 and 1.5% groups, and the incidence of total tumors
was increased in the 1.5% group. The multiplicities of the
carcinomas and total tumors were significantly increased in
the 0.5 and 1.5% groups. In addition, incidences and multi-
plicities of PN hyperplasia, a preneoplastic lesion in the rat
urinary bladder (Cohen 2002), were significantly increased
in males of the 0.167, 0.5, and 1.5% groups and in females
of the 0.5 and 1.5% groups.

Metabolites of AAOT in the urine of rats

Urinary metabolites of AAOT at week 36 are shown in
Table 3 and Fig. 6. AAOT and seven downstream metabo-
lites (OTD, N-acetyl-OTD, 4AMC, 2AMC, 2ABA, ATA,
and NAATA) were detected in the male and female rats
administered AAOT in a dose-dependent manner. Notably,
OTD was the most abundant urinary metabolite and was
at least one order of magnitude higher than AAOT and the
other AAOT metabolites in the male and female rats. Unex-
pectedly, trace amounts of AAOT and OTD were detected
in the urine of male and female control rats. Sources of
environmental occurrence OTD include air, water, and food
(IARC 2010). Therefore, while the exact reason why AAOT
and OTD were detected in the control rats is unknown, one
possible source is the basal diet. ATA was also detected
in male and female control rats as it is a metabolite of the
kynurenine metabolic pathway of diet-derived tryptophan
(Friedman 2018; Michalowska et al. 2015).

Experiment 2: microarray gene expression
analyses of urinary bladder epithelium of male rats
administered AAOT for 4 weeks

General findings

Final body weights, food and water consumption, and AAOT
intake are summarized in Table 1. The final body weights
in the 1.5% AAOT group tended to decrease compared to
the control group, albeit without statistical significance.
The intake of AAOT was approximately proportional to the
doses administered in the diet.

Metabolites of AAOT in the urine of rats

Urinary metabolites of AAOT in rats at week 4 are shown in
Table 3. Similar to the findings in the 36-week experiment
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(experiment 1), the concentrations of AAOT, OTD, and
metabolites of OTD were increased in a dose-dependent
manner in the male rats administered AAOT. OTD was
the most abundant urinary metabolite and was at least one
order of magnitude higher than AAOT and the other AAOT
metabolites.

Differentially expressed genes in the urothelium of male
rats administered AAOT for 4 weeks by microarray gene
expression analysis

A total of 94 genes, 65 overexpressed and 29 underexpressed
genes, were differentially expressed in the urothelium of
male rats administered 1.5% AAOT compared with the con-
trols (Supplementary Table 1). Regulator effects analysis of
the above 94 genes by IPA generated the “Growth of tumor”
network shown in Fig. 3, including two upstream genes (JUN
and PTGS2) and seven downstream target genes (PLAU,
EGRI1, DUSP1, TNC, SERPINE1, KDR, and MMP2).

Real-time quantitative RT-PCR analysis

Relative mRNA expression of the nine genes in the
Growth of tumor network is shown in Fig. 4. Expression of
the upstream genes JUN and PTGS2 and the downstream
genes PLAU, DUSPI, and SERPINEI was significantly
increased in the urothelium of rats administered 1.5%
AAOQOT. Expression of downstream genes EGR1, KDR,
TNC, and MMP?2 tended to be increased in the urothelium
of rats administered 1.5% AAQOT, albeit without statistical
significance. While expression of the above nine genes was
not significantly increased by 0.167% AAOT, expression
of all these genes tended to be increased compared to the
control and shows a dose-dependent response.

Prediction Legend
more extreme in dataset less

. Increased measurement O
° Decreased measurement O

more confidence less

. Predicted activation O
@ Predicted inhibition ()

Glow Indicates activity
when opposite .

of measurement
Predicted Relationships

== |_eads to activation

== |eads to inhibition
Findings inconsistent
with state of downstream
molecule

= Effect not predicted

Fig.3 The “Growth of tumor” network identified by IPA in the male rats administered 1.5% AAOT for 4 weeks (experiment 2). Lines and
arrows represent direct (solid lines) and indirect (dashed lines) interactions between molecules
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Fig.4 mRNA expression of PTGS2, JUN, PLAU, DUSPI, SER-
PINE1, EGR1, KDR, TNC, and MMP2 in the urothelium of six
male rats from each group in the 4-week AAOT administration study

Experiment 3: immunohistochemistry of JUN

and PTGS2 in the urothelium of male rats
administered 1.5% AAOT for 4 weeks [our previous
4-week experiment (Okuno et al. 2019)]

As described in our previous study, simple hyperplasia of
the urinary bladder epithelium was observed in 4/6 male rats
in the 1.5% group, but PN hyperplasia was not observed in
the 1.5% group (Okuno et al. 2019). Findings suggesting
inflammation, bleeding, or neutrophil infiltration were rarely
observed, but some of the subepithelial stroma were slightly
thickened, and fibroblasts and lymphocytes infiltrated the
fibrous stroma in the 1.5% male group. In this study, rep-
resentative immunohistochemical findings for JUN and
PTGS?2 in the urinary bladder are shown in Fig. 5. The JUN
staining was observed within the nuclei of the urothelial
cells in the control group (Fig. 5al) and the morphologically
normal urothelium (Fig. 5a2) and simple hyperplasia in the
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(%)

(experiment 2). Significant differences from the control group at
*p <0.05, **p <0.01, respectively

1.5% group. The JUN index was significantly increased in
the morphologically normal urothelium in the 1.5% group
compared to the control group (Fig. 5a3). Positive PTGS2
staining was localized in the cytoplasm in the basal layer
urothelial cells in the simple hyperplasia in the 1.5% group
(Fig. 5b2) but was not present in normal urothelial cells in
the controls (Fig. 5b1) or normal-like urothelial cells in the
1.5% group.

Discussion

AAQOT is used for the synthesis of organic pigments and
is made from OTD, which is a well-known human urinary
bladder carcinogen (IARC 2012). However, little is known
about the carcinogenicity of AAOT. In the present stud-
ies, we evaluated, for the first time, the modifying effects
of AAOT on rat urinary bladder carcinogenesis, obtained
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Fig.5 Immunohistochemistry of JUN (a) and PTGS2 (b) in the
urothelium of male rats administered 1.5% AAOT for 4 weeks [our
previous 4-week experiment (Okuno et al. 2019)]. Positive JUN
staining was localized within the nuclei of the urothelial cells: nor-
mal mucosa from a control rat (al) and the morphologically normal-
appearing urothelium from an AAOT-treated rat (a2). The JUN index
was significantly increased in the morphologically normal urothe-

detailed data on urinary metabolites of AAOT, and identified
AAOT-induced gene expression alterations in the bladder
urothelium. The results of the two-stage urinary bladder car-
cinogenesis study clearly demonstrated the promotion effects
of AAOT on BBN-induced rat bladder carcinogenesis: (1)
in male rats, the incidence of papillomas in the 1.5% group
and the incidences of carcinomas and total tumors in the
0.5 and 1.5% groups were significantly increased compared
to the control group. (2) In female rats, the incidence of
carcinomas was significantly increased in the 0.5 and 1.5%
groups, and the incidence of total tumors was increased in
the 1.5% group. (3) The multiplicities of total tumors were
significantly increased in the 0.5% female group and the
1.5% male and female groups. In addition, the findings of a
statistically significant correlation between AAOT dose and
the incidence of total tumors in male and female rats, the
significantly increased incidences and multiplicities of PN
hyperplasia, a preneoplastic lesion in the rat urinary bladder
(Cohen 2002), in the 0.167% male group, and the markedly
increased urinary concentrations of OTD and its metabo-
lites, strongly suggested that AAOT at the 0.167% level also
promotes BBN-induced rat bladder carcinogenesis.
Urinary analyses of AAOT and its metabolites showed
that AAOT and seven downstream metabolites (OTD,
N-acetyl-OTD, 4AMC, 2AMC, 2ABA, ATA, and NAATA)
were increased in a dose-dependent manner in the urine
of male and female rats administered AAOT. OTD was
the most abundant urinary metabolite and was at least one
order of magnitude higher than AAOT and the other AAOT
metabolites in the urine of both male and female rats. This
is consistent with the results of our previous study that

lium in the 1.5% group compared to the control group (a3). Increased
expression of PTGS2 in AAOT-induced simple hyperplasia: positive
PTGS?2 staining was localized in cytoplasm in the basal layer urothe-
lial cells in the simple hyperplasia in the 1.5% group (b2), but was not
present in normal urothelial cells in the controls (bl). Bars=50 pum.
Significant differences compared with the control group (*p <0.01)

AAOT, OTD, and N-acetyl-OTD were detected in the urine
of male and female rats administered 3% AAOT for 3 days
(Okuno et al. 2019). These findings indicated that AAOT
was primarily converted into OTD and excreted through
the urine, suggesting that OTD, a human bladder carcino-
gen (IARC 2012), metabolized from AAOT plays a pivotal
role in the bladder carcinogenicity of AAOT. Furthermore,
N-acetyl-OTD and 4AMC were detected in the urine of
AAOT-treated rats, suggesting the existence of N-acetyl-
4-amino-m-cresol, which is a metabolite of N-acetyl-OTD
and 4AMC (Fig. 6) although N-acetyl-4-amino-m-cresol
was not measured due to the standard chemical not being
commercially available. Notably, metabolism of N-acetyl-
4-amino-m-cresol generates reactive oxygen species (ROS)
and consequently induces urinary bladder epithelium cell
proliferation (Dupont 1994; English et al. 2012).

While we did not evaluate the carcinogenic effects of
AAOQT alone because the amount of AAOT required for
such a study is not commercially available, the facts that the
major metabolite found in the urine in our studies was OTD,
a bladder carcinogen in rats and humans (IARC 2012), and
that carcinogenic metabolites of OTD, including N-acetyl-
OTD, 4AMC, and 2AMC (Dupont 1994; Eitaki et al. 2019;
English et al. 2012; Son et al. 1980) were also detected in
the rats administered dietary AAOT, strongly suggest that
OTD metabolized from AAOT plays a pivotal role in the
carcinogenic effect of AAOT and suggest AAOT is likely
to be a complete bladder carcinogen in rats and humans.

Gene expression and pathway analyses revealed that
expression of JUN and its downstream target genes were
upregulated in the urothelium of male rats treated with 1.5%
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AAOQOT for 4 weeks compared to the controls. JUN, a tran-
scription factor in the activator protein-1 (AP-1) complex,
is involved in numerous cell activities, such as proliferation,
apoptosis, and differentiation (Bejjani et al. 2019; Shaulian
and Karin 2002; Ye et al. 2014). Activation of JUN (AP-1)
plays an important role in tumorigenesis, including urinary
bladder cancers (Chen et al. 2012; Geng et al. 2017; Sun
et al. 2017; Tiniakos et al. 1994; Zhao et al. 2018). As illus-
trated in the gene network “Growth of tumor” (Fig. 3), JUN
has been reported to directly induce expressions of PTGS2
(Chen et al. 2012; Grau et al. 2004), angiogenesis-related
genes KDR (Wang et al. 2014) and DUSP1 (Kristiansen
et al. 2010), and extracellular matrix-related genes MMP2
(Singh et al. 2010), SERPINE1 (Arts et al. 1999; Sundqvist
et al. 2013), TNC (Arthur-Farraj et al. 2012), and PLAU
(Herdegen and Leah 1998; Silberman et al. 1997). Moreo-
ver, overexpression of all eight JUN-downstream genes
PTGS2 (Agrawal et al. 2018; Czachorowski et al. 2012),
KDR (Kopparapu et al. 2013), MMP2 (Peres et al. 2016),
DUSPI1 (Loda et al. 1996), EGR1 (Chen et al. 2017), SER-
PINE1 (Liu et al. 2016), TNC (di Martino et al. 2015; Guan
et al. 2014), and PLAU (di Martino et al. 2015) has been
reported in urinary bladder cancers. In our previous 4-week
experiment, 1.5% AAQT also significantly increased cell
proliferation activity in the urothelium (Okuno et al. 2019).
Taken together, these results suggest that overexpression of
JUN and its downstream target genes contributed, at least in
part, to the induction of cell proliferation and the promotion
effects of AAOT on BBN-induced bladder carcinogenesis.

PTGS2 (also known as COX-2) is an enzyme involved in
the conversion of arachidonic acid to prostaglandin H2 and
is involved in tumor growth and is upregulated in urinary
bladder cancer (Agrawal et al. 2018; Czachorowski et al.
2012). As illustrated in the gene network “Growth of tumor”,
PTGS2 is directly induced by JUN (Chen et al. 2012; Grau
et al. 2004) and indirectly induces the expression of angi-
ogenesis-related genes KDR (Garonna et al. 2011) and
DUSP1 (Shah et al. 2014), the extracellular matrix-related
gene MMP2 (Lau et al. 2010), and the transcription factor
EGRI1 (Diaz-Munoz et al. 2010). Furthermore, expression
of JUN was significantly increased in the morphologically
normal urothelium in rats administered 1.5% AAOT. In
contrast, PTGS2 was negative in morphologically normal
urothelium and increased in the simple hyperplasia in rats
administered 1.5% AAOT. These findings suggest that the
overexpression of JUN was an early event and overexpres-
sion of PTGS?2 occurred later, and provides indirect evidence
that PTGS2 may be induced by JUN during AAOT-induced
rat bladder carcinogenesis.

Based on the observations in the present experiments
and the results from the literature (Dupont 1994; Eng-
lish et al. 2012; Son et al. 1980), metabolic pathways and

potential modes of action for AAOT-mediated rat urinary
bladder carcinogenesis are shown in Fig. 6. OTD metab-
olized from AAOT is the key carcinogenic metabolite.
N-Hydroxyl-o-toluidine (N-hydroxyl-OTD) (not meas-
ured due to the standard chemical not being commer-
cially available), a metabolite of OTD, binds covalently
to DNA bases, which leads to DNA adduct formation in
the bladder epithelium, causing DNA damage and muta-
genicity (Bohm et al. 2011; Riedel et al. 2006). This is a
well-established carcinogenic mode of action for OTD. In
another pathway, N-acetyl-OTD and 4AMC are metabo-
lites of OTD, and N-acetyl-4-amino-m-cresol is a metabo-
lite of N-acetyl-OTD and 4AMC, and N-acetyl-4-amino-
m-cresol generates ROS, and ROS in turn can cause DNA
and protein adduct formation that might contribute to the
OTD-induced carcinogenesis (English et al. 2012; Son
et al. 1980). Moreover, overexpression of JUN and its
downstream target genes may also contribute to the carci-
nogenicity of AAOT. It has been suggested that ROS can
activate JUN (Aggeli et al. 2006; Jackson and McArdle
2016). In addition, there is evidence that ROS generated
by exposure to the aromatic amine 2-aminobiphenyl acti-
vates AP-1 (JUN) and subsequent PTGS2 expression in a
human bladder cell line (Chen et al. 2012). Thus, metabo-
lism of AAOT generates the metabolite N-hydroxyl-OTD
that directly causes DNA damage and N-acetyl-4-amino-
m-cresol that generates ROS that in turn causes protein and
DNA damage and induces the overexpression of JUN and
downstream target genes and subsequent cell proliferation
contributing to bladder carcinogenesis.

In conclusion, the results of the present studies dem-
onstrate the promotion effects of AAOT on BBN-induced
urinary bladder carcinogenesis in rats and suggest that
overexpressed of JUN and its downstream target genes
may be involved in the bladder carcinogenicity of AAOT.
Moreover, OTD metabolized from AAOT likely plays a
pivotal role in the carcinogenic effect of AAOT. In con-
clusion, our findings strongly indicate that AAOT, like
other carcinogenic aromatic amines, is carcinogenic to the
urinary bladder and that OTD metabolized from AAOT is
the ultimate carcinogen of AAOT.
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