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about 28% homologous to the Fas ligand. TRAIL induces apop-
tosis in various malignant tumors, but is non-toxic to normal
cells. These functions of TRAIL may lead to the promise of
a molecular target agent. TRAIL receptors are classified into
TRAIL-RI (death receptor 4, DR4); TRAIL-R2 (death receptor
5, DRS); TRAIL-R3 (decoy receptor 1, DcR1); TRAIL-R4
(decoy receptor 2, DcR2) and osteoprotegerin (OPG). DRs 4 and
5 have an intracellular death domain to induce apoptosis through
initiator and effector caspases, whereas DcRs 1 and 2 are decoy
receptors that do not induce apoptosis (10). Differences in
TRAIL receptor expressions possibly result in apoptosis induc-
tion only in malignant tumors. However, its detailed mechanism
remains unclear.

The present study aimed to identify the immune cells on
which MUCS5AC acts using an immune cell-depleted animal
model and analyze the suppression mechanism. Then, we inves-
tigated the tumor growth of MUC5AC-knockdown cells using
nude mice depleted of neutrophils with an anti-Gr-1 antibody
and SCID mice depleted of B and T cells.

To examine whether B cells act directly on the
rejection of implanted MUCSAC-knockdown cells, we
investigated the tumor growth of MUCS5AC-knockdown
and MUCS5AC-expressing cells in SCID mice. The growth
of MUCSAC-knockdown cells did not recover (Fig. 1A).
In SCID mice, an investigation in the double implantation
system demonstrated that the tumor growth of MUCS5AC-
expressing cells was increased irrespective of whether a
primary tumor was present or absent (unpublished observa-
tion). However, such growth was not observed in nude mice
(unpublished observation). This suggests that MUCSAC
suppresses memory B-cell immune reactions that function
during prolonged antitumor reactions or cell metastasis.

In an experiment with neutrophil-depleted model mice,
the tumor growth of MUCSAC-knockdown cells, barely
observed in the presence of neutrophils, was recovered to the
same level as MUCS5AC-expressing cells when neutrophils
were depleted (Fig. 1C). This suggests that MUCS5AC plays
an important role in directly suppressing the antitumor effects
of neutrophils. Additionally, IL-8 production, barely observed
in MUCSAC-expressing cells, was significantly increased in
MUCSAC-knockdown cells (Fig. 2). According to these results,
neutrophil infiltration into a tumor inducing by I1.-8 was found
to exert antitumor effects. However, the mechanism by which
MUCS5AC-knockdown increases 1L-8 production by tumor
cells still remains unknown and should be investigated in a
future study.

An apoptosis array was employed to examine why
MUCSAC-expressing cells differed from MUC5AC-knockdown
cells in their susceptibilities to apoptosis mediated by TRAIL.
DR4/TRAIL-R1 and DR5/TRAIL-R2 were weakly expressed
in the routine cultures of both cells. However, the addition
of TRAIL increased the expressions of DR4/TRAIL-RI,
DRS5/TRAIL-R2 and active-caspase 3 (effector caspase) in
MUC3AC-knockdown cells (Fig. 4). Future studies will be
aimed at investigating how TRAIL increases death receptor
expressions in MUCSAC-knockdown cells.

The caspase family of proteases is the ultimate effector of
programmed cell death. Under ordinary circumstances, caspases
are kept in check by the inhibitor of apoptosis proteins (1APs)
such as cIAPI, cIAP2, XIAP, NAIP, livin/ML-IAP, BRUCE/

HOSHI et al: MUCSAC INHIBITS TRAIL-INDUCED APOPTOSIS

Apollon and survivin, which bind to and inactive caspases until
they are needed. Caspases are overexpressed in tumors, but
IAPs likewise are overexpressed. Therefore, failure to activate
caspases could create resistance to apoptosis (24,25). Several
studies show that MUC4 and ErbB2 are coexpressed in some
tumor types such as the breast, non-small cell Iung cancer, and
pancreas. The possibility that MUC4 could elicit its anti-apop-
totic effects by ErbB2, engaging a variety of signaling cascades
to elicit cellular responses, such as proliferation and survival,
has been suggested (26,27). Prostaglandin E, (PGE,) synthe-
sized by cyclooxygenase-2 (COX-2), overproduced in various
malignancies, has also been reported to be associated with
anti-apoptotic effects and increase survivin expression (28,29).
It is believed that MUC5AC may have promoted the expression
or action of IAPs in some way or MUCS5AC may have formed
a complex with a certain molecule and promoted tumor growth
via suppression of tumor cell apoptosis.

In the present study, we established MUCS5AC-knockdown
cells using siRNA to elucidate the functions of MUCS5AC, whose
expression is increased in pancreatic cancer. IL-8 production
was promoted in MUCS5AC-knockdown cells. In addition, cell
death was induced by TRAIL through the apoptosis pathway,
suggesting reduced tumorigenicity in vivo. It was suggested
that induction of neutrophil migration is weak in normal
MUCS5AC-producing pancreatic cancer cells because 1L-8
production is low and apoptosis induction by neutrophil-derived
TRAIL is blocked due to the presence of MUCSAC, and these
conditions promote pancreatic cancer cell proliferation and
growth in vivo, being involved in aggressive tumor formation.
Our observations suggest that the very potent anti-apoptotic
effects of MUCSAC allow tumor cells to escape key barriers to
tumor progression. These studies add to the knowledge on the
significance of MUCSAC expression in cancer cells.
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ARTICLE INFO ABSTRACT
Article history: To elucidate possible mode of action (MOA) and human relevance of hepatotumorigenicity in rats for ethyl ter-
Received 12 August 2013 tigry-butyl ether (ETBE), male F344 rats were administered ETBE at doses of 0, 150 and 1000 mg/kg body weight
Revised 18 September 2013 twice a day by gavage for 1 and 2 weeks. For comparison, non-genotoxic carcinogen phenobarbital (PB) was ap-
232;2?;2 iglf:fgegr,‘;eréﬁir 2013 plied at a dose of 500 ppm in diet. Significant increase of P450 total content and hydroxyl radical levels by low,
P high doses of ETBE and PB treatments at weeks 1 and 2, and 8-OHdG formation at week 2, accompanied accumu-
Keywords: lation of CYP2B1/2B2, CYP3A1/3A2 and CYP2C6, and downregulation of DNA oxoguanine glycosylase 1,induction
of apoptosis and cell cycle arrest in hepatocytes, respectively. Up-regulation of CYP2E1 and CYP1A1 at weeks 1

Ethyl tertiary-butyl ether k - " AR ;
and 2, and peroxisome proliferation at week 2 were found in high dose ETBE group. Results of proteome analysis

Oxidative stress
8-OHdG predicted activation of upstream regulators of gene expression altered by ETBE including constitutive androstane
Apoptosis receptor (CAR), pregnane-X-receptor (PXR) and peroxisome proliferator-activated receptors (PPARs). These re-
Liver tumors sults indicate that the MOA of ETBE hepatotumorigenicity in rats may be related to induction of dxidative stress,
Made of action 8-OHdG formation, subsequent cell cycle arrest, and apoptosis, suggesting regenerative cell proliferation after
week 2, predominantly via activation of CAR and PXR nuclear receptors by a mechanism similar to that of PB,
and differentially by activation of PPARs. The MOA for ETBE hepatotumorigenicity in rats is unlikely to berelevant
to humans.
© 2013 Elsevier Inc. All rights reserved.
Introduction Investigation of ETBE genotoxicity in several test systems including

gene mutation tests using Chinese hamster ovary (CHO) cells and

The present study was performed to investigate the mode of action - Salmonella typhimurium strain, chromosomal aberration test with CHO
(MOA) of the increased incidence of rat liver tumors for ethyl tertiary- cells, and in vivo micronucleus test with bone marrow cells of mice oral-
butyl ether (ETBE, CAS RN 637-92-3) which is a well-known chemical ly treated with ETBE and mice exposed to ETBE by inhalation, showed
and gasoline oxygenate synthesized from bioethanol and isobutane. that ETBE is not genotoxic (ACGIH, 2012; McGregor, 2007).

As the use of oxygenated motor fuels is now considered to be beneficial The information concerning ETBE carcinogenicity in laboratory ani-
" for the environmental consequences due to decrease in exhaust emis- mals is inconsistent. Previously, increases of total malignant tumors, on-
sions such as carbon monoxide, unburned hydrocarbons, polycyclic ar- cological lesions of the mouth epithelium and forestomach, malignant

omatics, oxides of nitrogen and particulate carbon, the oil industry of ~ tumors in the uterus, and haemolymphoreticular neoplasias were ob-
Japan has agreed to use ETBE as a gasoline blending component in served in a 2-year carcinogenicity study (Maltoni et al, 1999) with
order to support the Kyoto Protocol for reducing CO, emissions. Howev- Sprague~Dawley rats administered ETBE by stomach tube. However,
er, humans are at risk of exposure to oxygenates not only by inhalation in another study, ETBE administered for 2-years in drinking water at
while fueling automobiles but also orally when drinking contaminated doses of 0, 625, 2500 or 10,000 ppm was not shown to exert any carci-
water (Ahmed, 2001; McGregor, 2006, 2007). nogenic effects in either male or female F344 rats (Suzuki et al,, 2012).

Importantly, ETBE administered to male F344 rats by inhalation at a
dose of 5000 ppm for 2-years has been recently shown to induce the de-

* Corresponding author. Fax: +81 6 6646 3093. ? > : . = -
velopment of liver preneoplastic lesions (eosinophilic and basophilic

E-mail address: anna@med.osaka-cu.acjp (A. Kakehashi).
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foci) and hepatocellular adenomas (Saito et al,, 2013). Furthermore, in a
multi-organ carcinogenesis bioassay, 1000 mg/kg b.w./day ETBE by
gavage was found to promote hepatocarcinogenesis in male F344
rats (Hagiwara et al,, 2011; Saito et al., 2013). Moreover, in initiation/
promotion carcinogenicity assay using N-ethyl-N-(2-hydroxyethyl)
nitrosamine (EHEN) as an initiator, the promoting effects of ETBE on
hepatocarcinogenesis of male F344 rats were observed at a dose of
1000 mg/kg b.w./day by gavage (Hagiwara, 2012). The MOA of ETBE
hepatotumorigenicity in rats is, however, unclear. To elucidate it, we ex-
amined production of oxidative stress, alterations to cellular prolifera-
tion, apoptosis and identified upstream regulators of differentially
expressed genes and proteins in the liver of rats after ETBE administra-
tion for 1 and 2 weeks. The effects were compared with those induced
by well-known non-genotoxic liver carcinogen, phenobarbital (PB).

Materials and methods
Chemicals

ETBE was manufactured by Nippon Refine Co., Ltd. (Gifu, Japan), and
had the following properties: appearance, colorless transparent liquid;
boiling point, 70 °C; vapor pressure, 17 kPa (25 °C); solubility, slightly
soluble in water (1.2 g/100 g, 20 °C); lot no., L-506251; and purity,
>99% (measured by Toray Research Center Co., Ltd., Tokyo, Japan). A
single batch of ETBE was used in this study, and the stability was deter-
mined by gas chromatography (GC) (Agilent Technologies 58904, Santa
Clara, CA, USA) before the beginning and at the end of the administra-
tion period. There were no differences between the results obtained at
these two time-points, indicating that the test substance was stable
throughout the 2 week examination period.

PB sodium salt (CAS no. 57-30-7) (purity >98%) was purchased from
Wako Pure Chemicals Industries (Osaka, Japan). Other reagents were
from Wako Pure Chemicals Industries or Sigma (St. Louis, MO).

Animals and treatment

Five-week-old male Fisher F344/DuCrlCrlj rats (Charles River Labo-
ratories Japan Inc. (Tokyo, Japan)) were quarantined for 1 week before
" the start of the experiments 1 and 2. Animals were housed in an animal
facility maintained on a 12 h (8:00-20:00) light/dark cycle, at a con-
stant temperature of 22 + 3 °C and relative humidity of 55 + 15%
and were given free access to tap water and food (Oriental MF powder
diet, Oriental yeast Co., Tokyo, Japan). All experimental procedures were
conducted under the Guidelines set by the National Institute of Health
and Public Health Service Policy on the Humane Use and Care of Labora-
tory Animals.

Experimental design

Experiment 1.  Before the start of the experiment, eighty male
6-week-old rats were randomized into 4 groups (20 rats/group).
ETBE was administered at concentrations of 0 (olive oil-control), 150
(low dose) and 1000 mg/kg body weight (b.w.) (high dose) by
intragastrial gavage (i.g.) in the olive oil twice a day with a 6 hour inter-
val for 1 and 2 weeks. PB at a dose of 500 ppm was given to rats for the
same periods in MF powder diet. The rats’ body weights, water and food
intakes were recorded once weekly.

The dose levels and the route of ETBE exposure were selected based
on the results of our previous studies where ETBE was found to exert
liver tumor promotion effect in rats at a dose of 1000 mg/kg b.w./day,
but not 300 mg/kg b.w./day (Hagiwara et al., 2011; Saito et al,, 2013).
In a preliminary study, F344 rats well tolerated 1000 mg/kg b.w. ETBE
administered by gavage twice a day with a 6-hour interval and no ab-
normalities of general condition were found.

At sacrifice, the liver perfusion was performed through the portal
vein as previously described (Kinoshita et al, 2002). The systemic

macroscopic pathological examination was performed for all animals.
Separate liver portions were fixed in Bouin's solution and 10% buffered
formalin. In addition, samples were frozen in liquid nitrogen and stored
at — 80 °C for biochemical and molecular analyses. Frozen liver tissues
(1 g) were processed for microsome isolation (Funae and Imaoka,
1985; Kinoshita et al,, 2002).

Experiment2.  The experiment was performed additionally to check
the peroxisome proliferation by transmission electron microscopic
(TEM) analysis. Twelve male 6-week-old F344 rats were randomized
into 4 groups (3 rats/group). ETBE and PB were administered to rats at
the same doses as in Experiment 1 for 2 weeks. At sadifice, livers
were removed and processed for histological assessment and subse-
quent TEM analysis by the standard protocols using 2% glutaraldehyde
and 2% paraformaldehyde and 2% osmium tetroxide solutions.

Histopathology

Liver sections (left lateral lobe, median lobe, and right lateral lobe,
caudal part) were routinely embedded in paraffin, sectioned, stained
with hematoxylin and eosin solution, and examined histopathologically
under the light microscope.

ESR

Hydroxyl radicals (OHs) levels in the liver microsomal fraction were
detected by electron spin resonance (ESR) technique (Funae and
Imaoka, 1985; Kinoshita et al, 2002). The signal intensity of the spin ad-
duct of DMPO and OHe (DMPO-OH) was evaluated from the peak
height of the third signal of the quartet and normalized relative to the
standard signal intensity of the manganese oxide marker (MnO).

P450 examination

The rat liver microsomal fraction was used for the examination of cy-
tochrome P450 content (Omura and Sato, 1964).

8-hydroxy-2'-deoxyguanosine (8-OHdG) analysis

Extractions of DNAs from the rat liver tissues, and measuring the for-
mation of 8-OHdG by HPLC-ECD were performed by the method of
Kasai et al. (1986). Furthermore, liver sections fixed in Bouin's solution
were used for 8-OHdG immunohistochemical visualization (Kinoshita
etal, 2002). i

Real-time quantitative PCR

Total RNA was isolated from rat livers using Isogen (Nippon Gene,
Toyama, Japan). Reverse transcription of 3 pg of total RNA was performed
with Oligo-dT primer. Real-time quantitative PCR using TagMan probes
and prime sets from TagMan Gene Expression Assays (4351372)
(Applied Biosystems, Japan) was applied for the analysis of mRNA ex-
pressions of P450 isoenzymes Cyp2b1 (Rn01457875_m1), Cyp2b2
(Rn02786833_m1), Cyp3al (Rn03062228_m1), Cyp3a2 (Rn00756461_
ml), Cyp2c11 (Rn00569868_m1), Cyplal (Rn00487218_m1), Cypla2
(Rn00561082_m1), Cyp2el (Rn01759587_m1), Cyp4al (Rn00598510_
m1), Gyp4a2 (Rn00598416_gH) and Cyp2c6 (TagMan probe; AGGACA
GGAGCCGCATGCCCT; primers Forward-TGATCGTGTGGTTGGCAAA and
Reverse-CCTCATGAATCATGGCATCIGT), bile salt sulfotransferase 2
(Sult2a?) (Rn02586796_g1), tyrosine-ester sulfotransferase (Sultid1)
(Rn00572857_m1), UDP glucuronosyltransferase family 1, polypeptide
Al (Ugtlal) (Rn00754947_m1), UDP glucuronosyltransferase family 2,
polypeptide B5 (Ugt2b5) (Rn01790037_g1), peroxisome proliferator re-
ceptor alpha (PPARa) (RNO0566193_m1), peroxisome proliferator re-
ceptor gamma (PPARy) (RN00440940_m1), oxoguanine glycosylase 1
(Oggl) (Rn01421381_g1), DNA (apurinic or apyrimidinic site) lyase 1
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(APEX1) (Rn00821186_g1), p21"AF/ApT (Rn01427989_s1) and cyclin D1
(CD1) (TagMan probe: TCAAGCCTGCGCCAGGCCC; primers: Forward-
GCCTGCCAGGAACAGATTGA and Reverse-GGCCTTGGGATCGATGTTCT)
(Kakehashi et al., 2009; Kinoshita et al, 2002). Eukaryotic 185 rRNA
(4319413E) (Applied biosystems, Japan) was used as an internal control.
Results were expressed relative to the number of 18S RNA transcripts
used as an internal control. All measurements were performed in
triplicates.

Immunohistochemistry

Staining for PCNA, apoptosis (ssDNA) and P450 isoenzymes (CYPs),
was performed by ABC method using mouse monoclonal PCNA (1:500,
PC-10, IgG2a; DAKO, Kyoto, Japan), CYP2C6 (1:100, Santa Cruz Biotech-
nology) and CYP2B1/2 (1:500, Abcam), and rabbit polyclonal ssDNA
(1:400, DAKO JAPAN Co., Kyoto, Japan), CYP3A1 (1:1500, Abcam),
CYP3A2 (1:500, Abcam), CYPT1A1 (1:100, Santa Cruz Biotechnology)
and CYP2E1 (1:150x2, Abcam) antibodies. Double immunohistochem-
istry for 8-OHdG and CYP2B1/2 or CYP3A1 was performed as previously
described (Kinoshita et al,, 2002). In PCNA and ssDNA staining antigen
visualization was done with 3,3'-diaminobenzidine tetrahydrochloride
(DAB). At least 6000 hepatocyte nuclei were counted using IPAP in
each liver; labeling indices were calculated as the percentage of cell
positive for PCNA or ssDNA. P450 staining was assessed qualitatively
(Kinoshita et al,, 2002).

LC-MS/MS

Reduction, alkylation, digestion and subsequent peptide labeling of
50 pg protein for each sample were performed using the AB Sciex
iTRAQ Reagent Multi-Plex Kit as previously described (Gluckmann
et al,, 2007; Kakehashi et al,, 2009). In quantitative analysis, the liver tis-
sues of control, 150 mg/kg b.w. x 2/day ETBE, 1000 mg/kg b.w. x2/day
ETBE and PB groups were labeled with the iTRAQ 114, 115 Da, 116
and 117 signature ion signal reagents, respectively, in MS/MS mode.
Proteome analysis was performed on a DiNa-Al nano LC Systemn (KYA
Technologies, Tokyo, Japan) coupled to a QSTAR Elite Hybrid mass spec-
trometer (AB Sciex, Concord, ON, Canada). All reported data were used
at 99% confidence cut-off limit. Relative quantitation of peptides was
calculated as a ratio by dividing the iTRAQ reporter intensity at 115.0
(low dose ETBE), 116 (high dose ETBE) and 117.0 {(PB) m/z by that at
114.0 m/z (control). Protein ratios with a p-value less than 0.05 were
considered reliable. In no label analysis, we picked up proteins present
(overexpression; not detected in control group), or not present (under-
expression; detected in control group) only in livers of rats treated with
ETBE and PB. '

Ingenuity pathway (IPA) analysis

To assign biological significance to differentially labeled proteins, to
identify function and networks of interacting proteins, functional
groups and pathways, and prediction of activated up-stream regulators
by ETBE and PB, the Ingenuity program (Ingenuity Systems, Mountain
View, CA) was utilized. The transcriptional regulation was measured
by the z-score. The bases for z-score predictions are relationships in
the molecular pathways (networks) which represent experimentally
observed protein expression or transcription events. A z-score of
above 2 was considered significant.

Statistical analysis

The significance of differences for each parameter (excluding gener-
al conditions) was analyzed and evaluated at P < 0.05 or P < 0.01. Sta-
tistical comparisons between the control group and high and low dose
ETBE groups of numerical data were conducted using the Bartlett's
test. If homogeneous, the data were analyzed with the Dunnett's

multiple comparison test (two sided), and if not, with the Steel's test
(two sided). Statistical comparisons between control and PB groups,
and high dose ETBE and PB groups for numerical data were assessed
using the F test. If homogeneous, the data were analyzed with the
Student's t-test (two sided), and if not, with the Welch test. The signif-
icance of inter group differences in incidences of findings from gross
pathology was analyzed using the Fisher's exact probability test (two
sided).

Results
Survival and general observations

No animals died throughout the experiment and no abnormalities of
general condition were found in any animal of the control, 150,
1000 mg/kg b.w. x2/day ETBE and 500 ppm PB groups. Mean body
weights in low and high dose ETBE groups were comparable to the con-
trol. However, those of PB groups were significantly increased at weeks
1and 2.

No changes of food and water consumptions were observed in ETBE-
treated rats, but significant elevation was obvious in PB groups at both
time-points, Mean PB intake, calculated from body weights, food con-
sumption, and nominal dietary level, was 39.98 mg/kg b.w./day.

Mean relative liver weights in rats given high dose ETBE (6.10 4
0.87% and 6.09 + 0.88%) and PB (6.77 & 0.75% and 6.00 £ 0.71%)
were significantly higher as compared to controls (4.88 4 0.50% and
4.65 + 0.56%) at both weeks 1 and 2.

Macroscopic pathology

No treatment-related macroscopic changes except for the liver were
found in the low, high dose ETBE and PB-treated rats. Although color of
the liver in control rats was pale brown, those in high dose ETBE and PB
groups were pale red and appeared swollen at both weeks 1 and 2
(Fig. 1A). The representative photographs were taken at week 2.

Liver histopathology

At week 1, slight hepatocellular hypertrophy was observed at inci-
dences of 10% and 70% in low and high dose ETBE groups, respectively.
At week 2, slight and moderate hypertrophy (60%) was detected in high
dose ETBE group. Moderate hepatocellular hypertrophy was found in all
rats fed PB at both weeks. Observed hepatocellular hypertrophy was
centrilobular (Fig. 1A).

Hydroxyl radical generation

As shown in Table 1, significant elevation of OHe levels in the liver
tissues of high dose ETBE and PB-treated rats, was found at weeks 1
and 2 (Table 1). In the high dose ETBE group they were significantly
lower than that of PB-administered rats.

P450 total content

Spectrophotometric analysis of liver microsomes revealed signifi-
cant increases of P450 content levels in the liver of high dose ETBE
and PB-treated animals as compared to the controls at both experimen-
tal weeks (Table 1). Slight, but significant increase was also noted inlow
dose ETBE group at week 1, but not week 2. In the livers of high dose
ETBE-treated animals, P450 induction was lower than in PB group, but
without significance.
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Fig. 1. Macroscopic and histopathological examinations (weel 2} (A) and immunohistochemical analyses (week 2) (B): double immunchistochemistry for CYP2B1/2, CYP3A1 and 8-OHdG,
immunohistochemistry for CYP3A2, CYP2C6, CYP1A1, CYP2E1, and detection of apoptosis (ssDNA) in the livers of rats treated with ETBE and PB. Note the pale red color of high dose ETBE and
PB-treated rat livers. In double staining, the red color cytoplasm of hepatocytes reflects binding of rabbit polyclonal primary antibody against cytochrome P450, while brown or black stained
nuclei showed positive immunoreactions for monoclonal primary antibody against 8-OHdG. Note the increase of 8-OHdG in the nuclei of pericentrally localized hepatocytes most strongly
stained for CYP2B1/2 and CYP3A1. Similar to 8-OHdG, nuclei of pericentrally localized hepatocytes were also positive for ssDNA.
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Table 1

Induction of oxidative stress, peroxisome proliferation and alteration to cell proliferation and apoptosis in the liver of rats induced by ETBE and PB.

Group OH- radicals (RI (%)) P450 (nmol/mg protein) 8-0OHdG (8-OHdG/10°dG) Peroxisomes (No./cell) PCNA (%) ssDNA (%)
Week 1 } . . i

Control 834 + 115 649.1 4+ 129.3 0250 £ 0031 - NE 6.13 + 1.59 1.15 + 0.60
ETBE, low dose 91.1 + 153 1078.0 +471.22 0.220 + 0.034 NE 711 + 223 138 + 1.04
ETBE, high dose 117.8 & 17.1%" 1887.2 4+ 513.8° 0259+ 0.044 - NE 806 + 1.98 176 + 1.99
PB, 500 ppm 1765 £ 27.5° 2474.7 +'808:2° 0.232 + 0.040 NE 16.49 + 3.97° 117 + 0.87
Week 2 - . =

Control 651 + 11.8 847.3 + 3029 0.257 + 0.025 625+ 1.15 6.22 + 0.60 097 + 041
ETBE, low dose 704 + 121 9335 + 3146 0.258 -+ 0.069 1433+ 1.38° 548 + 1.33 099 + 0.26
ETBE, high dose 952 + 22.7% 18399 + 555.6° 0.356 + 0.047° 3567 + 2.08° 294 + 075" 858  5.42°
PB, 500 ppm 152.8 & 29.0° 2218.0 + 8264° 0.366 = 0.056% 7.00 £ 0.90 3.07 & 046° 7.53 &+ 3.72°

Data are Mean = SD; NE, not examined; low dose, 150 mg/kg b.w. x 2/day; high dose, 1000 mg/kg b.w, x2/day.

2 P < 0,05 vs control group.

Y P < 0.01 vs control group.

€ P < 0.0001 vs control group.
* P < 0.01 vs PB group.

8-OHdG (HPLC-ECD)

Comparable significant increases of 8-OHdG levels in rat liver DNA
were found in high dose ETBE and PB groups as compared to the con-
trols at week 2 (Table 1).

Changes to mRNA expression of P450 isoenzymes and other CAR, PXR and
PPARs-responsive elements

In line with P450 content and OHs levels, significant overexpressions
of Cyp2b1, Cyp2b2 and Cyp3al mRNA were found in high dose ETBE and
PB groups as compared to control rats at weeks 1 and 2 (Table 2). Fur-
thermore, the tendency for increase and significant elevation of
Cyp3a2 mRNA levels was observed in high dose ETBE and PB-treated
rats, respectively. Significant increases of Cyp2bl and Cyp2b2 mRNA
were apparent in low dose ETBE group at week 1 but not week 2. In

the livers of high dose ETBE-administered rats, Cyp2b1 (weeks 1 and
2), Cyp2b2 (weeks 1 and 2) and Cyp3al (week 2) mRNA levels were sig-
nificantly lower than that of PB group. Cyp2c11 mRNA was significantly
elevated only in PB-treated rats at both time-points (Table 2).

Ugtlal mRNA expression was significantly inhibited in high dose
ETBE and PB groups at week 2 (Table 2). On the contrary, significant
overexpression of Ugt2b5 mRNA was apparent in those groups at
week 1.

Significant suppression of Sult1d1 mRNA expression was detected in
high dose ETBE (week 1) and PB (weeks 1 and 2) groups (Table 2). Its
levels were elevated in high dose ETBE group as compared to PB group
with significant difference observed at week 2. Furthermore, significant
downregulation of Sult2a2 mRNA was found in PB-administered rats at
weeks 1 and 2.

Specific significant overexpression of Cyp1al and CYP2e1 mRNA was
detected only in high dose ETBE-administered rats at weeks 1 and 2,

Table 2
Alterations to mRNA expression of genes associated with of formation of oxidative stress, DNA repair and cell cycle arrest induced by ETBE and PB.

Gene Week 1 Week 2

Control ETBE, low dose ETBE, high dose PB, 500 ppm Control ETBE, low dose ETBE, high dose PB, 500 ppm
Cyp2b1 0.01 + 0.00 0014 = 0.00° 0.09 4 0.03°7 048 + 0.16° 0.01 & 0.00 0.01 £ 0.00 0.07 + 0.03% 043 £ 0.07°
Cyp2b2 0.07 + 0.02 0.08 4 0.02° 034 + 0.10% 101 & 037° 0.06 & 0.02 0.07 4+ 0.02 0.24 & 0109 098 + 0.32°
Cyp3al 0.38 £+ 0.11 041 4 0.14 1.08 4 0.49° 1.39 & 045° 030 + 0.15 0.24 4+ 0.08 0.59 = 0.15¢ 091 + 021¢
Cyp3a2 094 + 0.23 0.99 4 0.27 1.29 + 047 1.64 & 047° 0.73 4+ 0.19 0.68 4 0.10 0.90 4+ 031 1.17 £ 029°
Ugtlal 0.12 £ 0.03 0.12 + 003 0,12 4+ 0.03 009 & 003 0.15 £ 005 0.11 4 0.03 0.11 4 0.03* 0.10 £ 0.05*
Ugt2b5 021 + 0.04 0.23 + 0.05 0.31 £ 0.12° 0.35 + 0.10° 032 + 0.04 031 4 0.05 0.32 4 0.07 035 + 009
Sult1d1 0.79 + 0.17 072 £ 023 055 &+ 0.22° 048 + 0.12° 117 £ 055 082 4 0.16 0.81 + 030" 0.56 + 0.20°
Sult2a2 045 + 025 037 + 0.14 042 +0.13% 0.18 &+ 0.07° 042 £ 0.16 039 + 024 037 + 0.16° 0.10 % 0.06°
Cyp2cl1 0.24 &+ 0.05 027 & 0.04 025 + 0.06° 043 + 0.07¢ 0.25 & 0.06 025 & 0.04 027 + 0.07° 0.57 4 0.09¢
Cyplat 0.11 £ 0.03 0.11 & 0.05 038 + 0.14%¢ 0.16 4 0.10 0.12 + 0.04 0.10 £ 0.03 0.28 & 0.11%% 0.10 + 0.09
Cypla2 2.47 4 061 247 £ 046 230 % 0.88* 0.74 £ 0.20° 1.78 £ 057 159 4 0.24 1.80 + 0569 0.64 + 0.20°
Cyp2c6 0.06 £ 0.01 0.08 £ 0.02* 0.15 + 0.06° 021 £ 0.08° 0.07 £ 0.01 009 & 0.02° 0.15 + 0,039 022 + 0.05°
Cyp2el 1.51 4 040 147 4+ 037 222 & 1.00%° 121 £ 0.28 1.53 £ 0.26 163 £ 0.25 1.95 # 0.25% 122 £ 015
Cypdal 3.02 £ 074 336 4 141 3.66 £ 274" 1.34 £ 0.44° 536 & 1.13 558 4 1.17 538 + 1.88% 135 + 036
Cyp4a2 2.00 =+ 049 2.17 £ 0.54 2.24 + 1.06% 097 + 029" 2.71 £ 041 2.99 4+ 040 2.93 -+ 0968 1.17 + 0.19°
PPARx 1214036 170 £ 089 223 4+ 1.32° 142 + 049 1.69 4+ 036 173 £ 054 174 + 036" 126 £ 0.10
PPARy 047 £ 0.20 063 £ 0.19 0.84 + 0.31° 141 + 0.77° 0.89 & 0.59 1.09 + 0.61 154 + 080" 341 + 1.52°
Oggl 043 4- 0.06 0.39 4 0.09 034 + 0.15 0.33 £ 0.05° 045 + 0.08 042 4+ 0.09 0.36 &4 0.08 0.31 + 0.10®
APEX1 0.66 =+ 0.05 071 £ 0.10 0.76 = 0.18% 0.58 £ 0.07 0.78 £ 0.14 079 4+ 0.14 0.84 + 0.16% 057 £ 0.11°
D1 030 4+ 0.10 029 £ 0.09 0.28 4+ 0.12 0.35 £ 0.11 0.25 £+ 0.05 024 £ 0.03 0.18 + 0.03° 0.22 + 0.08
p21WARCR 046 + 0.16 045 & 021 042 £ 019 0.36 = 0.06 051 & 0.15 052 x 0.19 0.40 + 009 0.34 + 0.08%

Data are Mean = SD; Gene/18IRNA; low dose, 150 mg/kg b.w. x2/day; high dose, 1000 mg/kg bw. x2/day.

4 P < 0.05 vs control group,

b P < (.01 vs control group.

¢ P < 0.001 vs control group.

4 P < 0.0001 vs control group.

* P <0.05 vs 500 ppm PB group.

§ P <0.01 vs 500 ppm PB group.

# P < 0.001 vs 500 ppm PB group.
3 P < 0.0001 vs 500 ppm PB group.
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being significantly higher than in PB-treated rats (Table 2). Cypla2
mRNA expression was significantly decreased only in PB group at exam-
ined time-points.

Significant elevation of Cyp2c6 mRNA expression was observed in
rats given low and high dose ETBE and PB at both weeks (Table 2). Its
values were lower in high dose ETBE group as compared to PB-treated
rats with significant difference at week 2.

PPARo:-related Cyp4al and Cyp4a2 mRNA levels tended for increase
in high dose ETBE group at week 1 but returned to normal levels at week
2 (Table 2). In PB-treated rats significant downregulation was observed
at both experimental weeks.

In line with Cyp4a1/2 mRNA changes, PPARx mRNA level was signif-
icantly elevated as compared to the control only in high dose ETBE
group at week 1 being higher than that of PB group (Table 2), but
returned to level comparable to normal at week 2. Furthermore, signif-
icant PPARy upregulation was obvious in both high dose ETBE (week 1)
and PB (weeks 1 and 2) groups.

Alterations to mRNA expression of DNA repair enzymes

Tendency for decrease and significant inhibition of Ogg! mRNA ex-
pression were observed in high dose ETBE and PB-treated rat livers, re-
spectively, at both weeks 1 and 2 (Table 2). No significant changes of
APEX1 mRNA levels were detected in ETBE groups, but a tendency for
decrease and significant inhibition of APEXT mRNA levels were noted
in PB-treated rats at weeks 1 and 2, respectively.

CD1 and p21WAR/Cip1

No significant differences in CD1 mRNA expression were observed at
week 1, while the significant inhibition and a tendency for decrease
were noted in high dose ETBE and PB groups, respectively, at week 2
(Table 2).

A trend for decrease of p21"AF/9P" mRNA was observed in high dose
ETBE group at week 2 (Table 2). Furthermore, in PB-treated rats, a ten-
dency for decrease and significant inhibition were detected at weeks 1
and 2, respectively.

Immunohistochemical findings

In high dose ETBE and PB-treated rat livers, the strongest overex-
pression (intense staining) mostly in the centrilobular hepatocellular
regions was observed for CYP2B1/2 as compared to the control rats at
weeks 1 and 2 (Fig. 1B). Moderate overexpression was found for
CYP3A1, CYP3A2 (week 2) and CYP2C6 (week 2) in both groups. More
pronounced elevations of those isoenzymes were obvious in PB-treated
rats.

In high dose ETBE group, moderate and slight overexpression of
CYP2E1 (weeks 1 and 2) and CYP1A1 (week 1), respectively, was
found (Fig. 1B). However, no elevation of CYP2E1 and CYP1A1 protein
expression was detected in PB-treated rats.

Double immunohistochemistry demonstrated intense centrilobular
cytoplasmic CYP2B1/2B2 and CYP3A1 immunoreactivity, and apparent
increased numbers of intensely 8-OHdG immunolabeled nuclei in the
centrilobular liver region in high dose ETBE and PB groups at week 2
(Fig. 1B). Slight staining for CYP2B1/2B2, CYP3A1 and 8-OHdG was
also observed in low dose ETBE-treated rats at week 2. Hepatocytes
most strongly positive for those CYPs were also positive for 8-OHdG.
Intensity of CYP2B1/2 and CYP3A1 staining in high dose ETBE-treated
rat livers was lower than that of PB-administered rats but the intensity
of 8-OHdG staining was comparable in both groups.

Alterations to cell proliferation (PCNA)

The trend for increase and significant elevation of PCNA positive cell
ratio for hepatocytes were observed in high dose ETBE and PB-treated

rats, respectively, at week 1 (Table 1). On the contrary, significant inhi-
bition of PCNA indices in high dose ETBE and PB groups was obvious at
week 2. PCNA indices in the control and low dose ETBE groups were
comparable at both time-points.

Evaluation of apoptosis (ssDNA)

As shown in Table 1, significant 8 and 7-fold increases in the number
of apoptotic cells were found at week 2, but not week 1, following high
dose ETBE and PB administration, respectively. No induction of apopto-
sis was observed in low dose ETBE group. Only nuclei of hepatocytes
localized in the centrilobular region were positively stained for
ssDNA (Fig. 1B). Correlations were clearly apparent with alterations in
8-OHdG (Table 1 and Fig. 1B). i

Alterations to protein expression in rat livers and IPA analysis

In iTRAQ quantitative analysis, at week 1, significant elevation of ex-
pression of 86, 103 and 92 proteins and suppression of 70, 72 and 82
proteins in low dose ETBE, high dose ETBE and PB groups, respectively,
were detected. At week 2, significant increase of expression of 34, 79
and 102 proteins and inhibition of 39, 83 and 91 proteins in low dose
ETBE, high dose ETBE and PB groups, respectively, were found. In no
label analysis, significant elevation of expression of 114, 102 and 68 pro-
teins and suppression of 12, 21 and 20 proteins in low dose ETBE, high
dose ETBE and PB groups, respectively, were detected at week 1. Fur-
thermore, significant elevation of 82, 119 and 83 proteins and underex-~
pression of 22, 20 and 29 proteins in low dose ETBE, high dose ETBE
and PB groups, respectively, were detected at week 2. The spectrum
of changes appeared to be similar in high dose ETBE and PB-
administered rat livers.

Comparison analysis of protein functions by IPA indicated that treat-
ment with ETBE mostly altered the number and expression of proteins
involved in energy production, lipid and fatty acid metabolism, small
molecule biochemistry and cell death. In PB-treated rats, proteins
which participated in drug, amino acid and nucleic acid metabolism
showed higher elevation. Significant alteration to fatty acid, tryptophan,
linoleic acid metabolisms and bile acid biosynthesis was observed in
high dose ETBE-treated rat livers at week 2. Numbers of overexpressed
proteins participated in regulation of LPS/IL-1-mediated inhibition of
RXR function, metabolism of xenobiotics by cytochrome P450, Nrf-2-
mediated oxidative stress response and PXR/RXR activation were in-
creased in high dose ETBE and PB-treated rats mostly at week 2 and
those changes were more pronounced in PB group.

Several differentially expressed proteins in the rat livers influenced
by high dose ETBE and PB treatments are presented in Table 3. Similar
significant elevations of xenobiotic metabolism enzymes CYP2B1/2B2,
CYP3A1/3A2, CYP2C6, CYP2C55, CYP2A2, glutathione S-transferase
(GST) alpha 1 (GSTA1), alpha 3 (GSTA3) and alpha 5 (GSTA5), GST mu
5 (GSTM5), glutathione peroxidase 1 (GPX1), epoxide hydrolase 1, mi-
crosomal (EPHX1), carboxylesterase 3 (CES3), cytochrome P450 oxido-
reductase (POR), UGT2B1, UGT2B5 and UDP-glucose 6-dehydrogenase
(UGDH) in both groups were demonstrated.

The specific changes in high dose ETBE-treated rat livers included el-
evations of acyl-CoA oxidase 1, palmitoyl (ACOX1), enoyl CoA hydratase
1, peroxisomal (ECH1), solute carrier family 27, member 2 (SLC27A2),
solute carrier family 27, member 5 (SLC27A5) and CYP4AZ participated
in fatty acid metabolism, and CYP2E1, CYP2G1, ferredoxin 1 (FDX1), su-
peroxide dismutase 2, mitochondrial (SOD2), retinol binding protein 4,
plasma (RBP4) and ubiquinol-cytochrome c reductase core protein [
(UQCRCT) were involved in xenobiotic metabolism. Overexpression of
CYP1A1 was not detected by proteome analysis, but observed at week
2 by the immunohistochemical examination (Fig. 1B).

CYP2C11, CYP2C12, and UDP glucuronosyltransferase 1 family,
polypeptide A6 (UGT1A6) were specifically overexpressed only in PB-
treated rats.



396 A. Kakehashi et al, / Toxicology and Applied Pharmacology 273 (2013) 390-400

Table 3
Differentially expressed proteins in the liver of rats treated with high dose ETBE and 500 ppm PB, identified by QSTAR LC-MS/MS.
Protein Glnumber Location Type Function Week1 Week 2
ETBE PB ETBE PB
Ratio P Ratio P Ratio P Ratio P

Aldehyde dehydrogenase 1 family, rnember A1 {ALDH1A1) 14424442 C E AM 120 00007 1.50 0.0000 1.48 0.0009 196 00000
Arginase, liver (ARG1) 114146 C E AAM,A 120 00218 - - 121 00302 140 0.0000
Argininosuccinate synthase 1 (ASS1) 114291 C E AAM, - - - - 120 00012 144 0.0000
Ketohexokinase (fructokinase) (KHK) 400132 C K ™ - - - - 1 0.0000 - -
Pyruvate dehydrogenase kinase, isozyme 2 (PDK2) 3183110 C K (@%] - - - - t 0.0000 - -
Phosphogluconate dehydrogenase (PGD) 205686170 C E M - - - - 125 00115 - -
Purine nucleoside phosphorylase (PNP) 205829287 CESN E PNMAP -~ - - - t 0.0000 - -
Acyl-CoA oxidase 1, palmitoyl (ACOX1) 115565 CMiP E M 082 00011 083 00019 218 00000 - -
Enoyl CoA hydratase 1, peroxisomal (ECH1) 6015047 CMiP E M - - 0.64 00000 147 0.0136 067 00000
Paraoxonase 1 (PON1) 2829441 ES Ph LM - - 24 00000 172 00001 263 0.0000
Apolipoprotein E (APOE) 1703338 ES,C T M - - - - T 0.0000 1 0.0000
Solute carrier family 27, member 2 (SLC27A2) 3183199 CPMi T M - - - - 212 00000 - -
-Solute carrier family 27, member 5 (SLC27A5) 81906294 C T M - - - ~ 1.23 00060 -~ -
Epoxide hydrolase 1, microsomal (xenebiotic) (EPHX1) 123928 CEPR Pe XM, IM 140 00000 254 00000 1.51 0.0001 252 0.0000
Carboxylesterase 3 (CES3) 57013350 CEPR E XM, M 121 00009 134 00000 133 00015 136 00002
Cytochrome P450, family 2, subfam. a, polypept. 2 (CYP2A2) 117193 C E XMLM - - - - 140 00027 1.66 00018
Cytochrome P450, family 2, subfam. b, polypept. 1 (CYP2B1) 117206 CEPR E XM 219 00000 425 00000 292 00076 549 0.0024
Cytochrome P450, family 2, subfam. b, polypept. 2 (CYP2B2) 3123191 CEPR E XM,0R 1 00000 1t 00000 1.65 00035 253 0.0008
Cytochrome P450, family 2, subfam. b, polypept. 3 (CYP2B3) 117210 CEPR E XM,0R t 0.0000 - - - - - -
Cytochrome P450, family 2, subfam. ¢, polypept. 6 (CYP2C6) 117223 CEPRMi E XM,0R - - 235 00000 1.51 0.0014 28  0.0000
Cytochrome P450, family 2, subfam. c, polypept. 55 (CYP2C55) 143811382 CEPR E XM,0R - - - - T 0.0000 1t 0.0000
Cytochrome P450, family 2, subfam. ¢, polypept. 11 (CYP2C11) 117228 CEPR E XM,OR 072 00011 120 00015 - - 1.69  0.0000
Cytochrome P450, family 2, subfamn. ¢, polypept. 12 (CYP2C12) 117229 CEPR E XM,0R - - - - - - 0.0000
Cytochrome P450, fam. 2, subfam. E, polypept. 1 (CYP2E1) 1352193 CEPRMi E XM,0R t 0.0000 - - h 0.0000 - -
Cytochrome P450, fam. 2, subfam. G, polypept. 1 (CYP2G1) 117255 CEPR E XM,0R ~ - - - 1 0.0000 -~ -
Cytochrome P450, fam. 3, subfam. A, polypept. 1 (CYP3A1) 148540156 CEPR E XM,0R - - 370 00000 154 00000 286 00004
Cytochrome P450, fam. 3, subfam. A, polypept. 2 (CYP3A2) 6166033 CEPR E XM,0R - - 324 00000 133 00000 248 0.0003
Cytochrome P450, fam. 4, subfam. A, polypept. 2 (CYP4A2) 117164 CEPR E XM,0R + 0.0000 - - T 0.0000 - -
Glutathione S-transferase alpha 1 (GSTA1) 1170084 CN E XM,GM 142 00000 125 00000 121 00001 120 00005
Glutathione S-transferase alpha 3 (GSTA3) 1170085 C E XM,GM - - - - 581 00001 5.39 0.0005
Glutathione S-transferase alpha 5 (GSTA5) 121713 CN E XM,GM 161 00000 3.03 0.0000 178 0.0000 324 0.0000
Glutathione S-transferase mu 5 (GSTM5) 121717 CEPR E XMGM 118 00000 158 0.0000 1.68 0.0000 237 0.0000
UDP glucuronosyltransferase 1 fam., polypept. A1 (UGT1A1) 2501473 CEPR E XM,LM - - - - 1 0.0000 | 0.0000
UDP glucuronosyliransferase 1 fam., polypept. A3 (UGT1A3) 2501475 CEPR E XM 1 00000 -~ - - - - -

UDP glucuronosyltransferase 1 fam.,, polypept. A6 (UGT1A6) 136726 CEPRMi E XM - - - - - - 142 00016
UDP glucuronosyltransferase 2 fam., polypept. B1 (UGT2B1) 136728 CEPR E XM 158 00008 297 0000 146 0.0005 23  0.0000
UDP glucuranasyltransferase 2 fam., polypept. B5 (UGT2B5) 136730 CEPRMI E XM 1 0.0000 ¢ 0000 ¢ 0.0000 ¢ 0.0000
P450 (cytochrome) oxidoreductase (POR) : 127966 CEPRMi E XM,0R - - 127 00000 1.73 0.0000 209 0.0000
UDP-glucose 6-dehydrogenase (UGDH) 6136118 CN E XM,0R 135 00116 - - 151 0.0006 1.26 0.0037
Glutathione peroxidase 1 (GPX1) 172046776 C E ReOSGM 218 00000 120 00000 164 0.0000 170 0.0000
Ferredoxin 1 (FDX1) 113473 CMi T XMET - - - - 1 0.0000 - -
Superoxide dismutase 1, soluble (SOD1) 134625 CMi,P E XMReE 175 00000 078 00000 055 0.0000 065 0.0000
Superoxide dismutase 2, mitochondrial (SOD2) 134678 CMi,P E ReOSReE -~ - - - t 0.0000 - -
Retinol binding protein 4, plasma (RBP4) 132407 ES,C T ReE 215 00000 -~ - 127 00009 - -
Ubiquinol-cytochrome c reductase core protein I (UQCRC1) 81884378 CMi E ReA,OR - - - - 1 0.0000 - -
Cytochrome b5 type A (microsomal) (CYB5A) 231928 o E ET 127 00000 197 0.0000 - - 143  0.0000
Cytochrome ¢ oxidase subunit Vb (COX5B) 1352167 CMi E ET 150 00000 120 0.0029 048 0.0000 049 0.0000
Electron-transferring-flavoprotein dehydrogenase (ETFDH) 52000614  CMi E ETReOS 086 00145 080 00001 120 00263 - -
Collagen, type I, alpha 2 (COL1A2) 19855071 ES 0 FO 435 00000 126 00005 127 00000 927 0.0000
Keratin 18 (KRT18) 73621121 C 0 CO,ST 092 00053 087 00041 ~ - - -
Keratin 8 (KRT8) ' 1708592 o 0 COST 093 00422 - - - - -
Actinin, alpha T (ACIN1) 13123942 C 0 co - - - 1 0.0000 -~ -
Plectin {PLEC) ) 1709655 PM,C 0" COAP T 0.0000 - - T 0.0000 - -
Myristoylated alanine-rich protein kinase C substrate (MARCKS) 266495 PM,C 0] co 1 0.0000 - 1t 0.0000 1t 0.0000 1t 0.0000
MAP/microtubule affinity-regulating kinase 3 (MARK3) 81170677 PM K ST ~ - - T 0.0000 -~ -
Inositol 1,4,5-trisphosphate receptor, type 1 (ITPR1) 17380349 CEPRG IC ST, - - - ~ t 0.0000 - -
Mechanistic target of rapamycin (MTOR) 1169736 CEPRG K ST,CO - - - - 1 0.0000 - -
RAB3A inferacting protein (rabin3) (RAB3IP) 71152027 CN 0 PT - - - - t 0.0000 - -
Protein disulfide isomerase family A, member 6 (PDIAG) 62296810 CEPR E PF 126 00142 33 0.0000 401 0.0000 124 00028
Heat shock protein 80 kDa alpha, class A member 1 (HSPO90AAT) 122065208 CMi E PF - - - - 1.24 00375 127 00114
Heat shock 70 kDa protein 2 (HSPA2) 148887381 CMiN o] PF 331 00000 -~ - 122 00250 132 00414
Calnexin (CANX) 543922 CEPR 0 PFA - - - 077 00073 - -

1. C: cytoplasm; ES: extracellular space; EPR: endoplasmic reticulum; G: Golgi apparatus; Mi: mitochondria; N: nucleus; P: peroxisome; PM: plasma membrane.

2. E: enzyme; IC, ion channel; K: kinase; Pe: peptidase; Ph: phosphatase; T: transporter; O: other.

3. A: aging; AAM: amino acid metabolism; AM: alcohol metabolism; AP: apoptotic process; CM: cellular metabolism; CO: cytoskeleton organization; ET: electron transport; FO: fibril
organization; GM: glutathione metabolism; LM: lipid metabolism; PF: protein folding; PNM: purine nucleoside metabolism; PT: protein transport; OR: oxidation-reduction process;
ReA, Tesponse to alkaloid; ReE: response to ethanol; ReOS: response to oxidative stress; ST, signal transduction; XM: xenobiotic metabolism, 1: up-regulation (no expression detected
in the control group) and |: down-regulation (no expression detected in treatment group) in no label proteome analysis; -: no change; Ratio: ratio to control group.
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Comparison of activated up-stream regulators by IPA

Activation of CAR and PXR nuclear receptors by both high dose of
ETBE (z-score: 2.130 (CAR); 2.000 (PXR)) and PB (z-score: 3.167
(CAR); 3.061 (PXR)) was predicted by IPA at week 2 (Fig. 2). This activa-
tion was accompanied by predicted concomitant activation of NF-kB,
HNF4A, ARNT2 and SIM1 transcriptional factors. PB treatment induced
CAR and PXR activation as early as week 1 of application, thus, indicating
that PB is a stronger inducer than ETBE. Activation of arylhydrocarbon
nuclear receptor (AhR) was not predicted by IPA. :

Interestingly, in high dose ETBE-treated rat livers, activation of PPARy
(z-score: 2.082) and PPARS (z-score: 2.100) nuclear receptors, and a pos-
sibility of activation of PPARx (z-score: 1.282; P value: 6.96E-33) were
predicted by IPA dependent of up-regulation of CYP4A2, ACOX1, ECH1,
SLC27A2, SLC27A5, and other enzymes involved in fatty acid metabolism
in mitochondria. These changes were stuiggested to be associated with ac-
tivation of TFAM transcription factor. We further decided to check the
possibility of PPARo activation in terms of peroxisome proliferation by
ETBE using transmission electron microscopy (TEM) analysis.

TEM

Representative TEM findings in hepatocytes of F344 rats given ETBE
or PB for 2 weeks are shown in Fig. 3. Average number of peroxisomes
in hepatocytes was markedly -elevated in high dose ETBE group
(Table 1). It was also increased slightly, but significantly, in low dose
ETBE-treated rats. However, in PB-administered animals the average
number of peroxisomes was comparable to the control level.

Discussion

The present study demonstrated that short-term exposure to non-
genotoxic chemical, ETBE administered to rats by gavage activated

Week 1

CAR and PXR nuclear receptors in the livers similar to the mechanism
possessed by non-genotoxic chemical carcinogen PB, and furthermore
specifically activated PPARs, thus, leading to conspicuous elevation of
8-OHdG formation, cell cycle arrest and apoptosis due to the develop-
ment of oxidative stress, activation of fatty acid metabolism in mito-
chondria and peroxisome proliferation in hepatocytes.

Three possible MOA for the hepatocellular tumor induction in labo-
ratory animals are suggested to include direct DNA reactivity, enzyme
induction/enhanced cell proliferation in preneoplastic foci/tumor devel-
opment and cytotoxicity followed by regenerative cell proliferation
(Fenner-Crisp et al, 2011). The postulated MOA underlying the etiology
of rodent liver tumors is exhibited by the non-genotoxic chernical
carcinogen PB which could be used for comparison. According to the re-
sults of the present investigation and our previous study on ETBE tu-
morigenicity (Saito et al, 2013), PB MOA appeared to be similar to
that of high dose ETBE except the PPAR activation. Activation of CAR
and PXR by both chemicals caused up-regulation of numerous down-
stream proteins such as CYP2B1 and 2B2, CYP3A1 and 3A2, Ugt2b5
and others, which resulted in significant elevation of total P450 content,
generation of hydroxyl radicals, 8-OHdG formation and lastly induction
of cell cycle arrest and apoptosis in the rat livers after 2 weeks of appli-
cation (Fig. 4). Observed inhibition of CDT and p21"4“"" mRNA expres-
sion - coordinated . with - decreased cell proliferation and increased
apoptosis in high dose ETBE and PB groups at week 2 was consistent
with our previous results demonstrating that short-term application
of 500 pprm PB resulted in cell cycle arrest (Kinoshita et al., 2002). We
were able to detect only a slight early increase in PCNA index in high
dose ETBE-treated rats.and a significant increase in PB-administered
rats at week 1. Regenerative cell proliferation after week 2, which is
known to occur after induction of apoptosis may be strongly suggested

from the present results.

Functions of three “orphan” nuclear receptor superfamily members,
designated CAR, PXR/SXR and PPAR, respectively mediating the

Week 2

low dose

-

high dose

500 ppm

N

Fig. 2. Summary of comparative analysis of upstream regulators which activation was predicted by IPA analysis (z-score 2 2) concerning liver tumorigenicity in rats given low, high dose

ETBE or fed a dietary level of 500 ppm PB for 1 and 2 weeks,
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Fig. 3. Representative TEM findings in hepatocytes of F344 rats given ETBE or PB for 2 weeks. Number of peroxisomes in hepatocytes of rats given 0 (control) (A) appeared normal; in low
dose ETBE (B) group slight increase in their number was observed, and in high dose ETBE (C) group abundant peroxisomes were obvious (arrows). No peroxisome proliferation was found

in hepatocytes of rats fed PB (D).

induction of hepatic CYPs belonging to families CYP2, CYP3, and CYP4
are well recognized (Palut et al,, 2002). Reactive oxygen species gener-
ated due to induction of various cytochrome P450 isoenzymes, lipid
peroxidation and other intracellular processes are involved in regula-
tion of numerous factors, such as transcription factors kappa B, NFkB
and AP-1, partly through protein kinase C activation (Brawn et al,
1995; Feig et al., 1994; Klaunig et al., 1998; Storz and Polla, 1996). The
dose and time-dependent generation of 8-OHdG, a well-known marker
of oxidative DNA damage, has been demonstrated after administration
of non-genotoxic carcinogens including chemicals like PB {Kinoshita
et al.,, 2002). Its actual level in the tissue is determined by changes in
rates of production of oxygen radicals and its repair (Boiteux and
Radicella, 1999; Floyd, 1990). In the present study a significant induc-
tion of 8-OHdG formation after 2 weeks of high dose ETBE and PB ad-
ministrations was coordinated with the suppression of Oggl mRNA
expression, thus, suggesting that the DNA repair was insufficient,
which caused the accumulation of 8-OHdG in the DNA of hepatocytes.
Furthermore, coordinated accumulation of 8-OHdG in the nucleus and
CYP2B1/2B2 and CYP3A1/3A2 and other CYP isoforms in the cytoplasm
of hepatocytes implied that the increase of DNA damage after treatment
with ETBE and PB in rats is caused by production of oxidative stress, and
is related to increase in P450 protein levels. The levels of 8-OHdG forma-
tion in high dose ETBE and PB groups were comparable at week 2. From
our previous study, the peak in increase of 8-OHdG formation in the rat

liver DNA by 500 ppm PB was observed earlier between 1 and 2 weeks
of application, followed by its reduction, as the cells with damaged DNA
underwent cell cycle arrest and apoptosis, and their number gradually
decreased (Kinoshita et al, 2002). Therefore, it might be suggested
that in the present experiment conditions, the peak of 8-OHdG forma-
tion in PB group was around days 10-14, while in high dose ETBE
group 8-OHdG level was still increasing.

The present data support previous results demonstrating induction
of preneoplastic lesions (eosinophilic and basophilic foci) and liver tu-
mors (hepatocellular adenomas; 9 of 50 rats (18%)) by ETBE, which
was applied by inhalation exposure at a dose of 5,000 ppm (Saito
et al,, 2013). In comparison, treatment with PB in diet was shown to re-
sult in development of hepatocellular adenoma only in 1 rat of 50 (2%)
after 2 years of application (Butler, 1978). The dose of ETBE applied in
the present investigation (1000 mg/kg b.w. x2/day; equal to about
3500 ppm by inhalation treatment, which greatly exceeded the
human exposure level) was much higher than that of PB, nevertheless,
PB appeared to be the stronger inducer of P450 via CAR and PXR at gene
and protein levels. Present results further demonstrated that previously
reported promotion effect of ETBE and PB on thyroid tumor develop-
ment in rats (Hagiwara et al.,, 2011) is likely to be related to induction
of UGT enzymes and their activities by both chemicals, leading to hepat-
ic disposition of T4, which reduces serum T4 concentration, compensa-
tory increase of serum TSH concentration, and finally stimulation of
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Fig. 4. Graphically illustrated MOA of ETBE hepatocarcinogenicity in rats.
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thyroid follicular cell proliferation and ultimately neoplasia. Thus, the
MOA for ETBE hepatotumorigenicity basically is likely to be at the
same viewpoint as for PB MOA, but existence of some other mecha-
nisms, such as activation of PPARs, may be also suggested. Importantly,
it is recognized that the mechanism through the activation of CAR/PXR
for PB carcinogenicity in rodents is not relevant to human, since PB is
not human carcinogen (La Vecchia and Negri, 2013; Olsen et al., 1993).

The possible adverse effect of ETBE in humans is a public concern,
thus, it is very important to assess the human relevance of pharmacoki-
netics and toxicity data obtained from animals. It has been reported that
the biotransformation of ETBE is both qualitatively and quantitatively
similar in humans and rats after inhalation exposure under identical con-
ditions (Dekant et al,, 2001). The inhalation exposure of 5000 ppm ETBE
was shown to exert tumorigenicity in the liver of male rats, while the
1500 ppm dose did not possess any activity (Saito et al., 2013). Further-
more, in initiation-promotion studies, ETBE administered by gavage ata
dose of 1000 mg/kg b.w./day but not 300 mg/kg b.w./day was found to
exhibit promotional activity (Hagiwara, 2012; Hagiwara et al,, 2011). In
the present investigation, there was only slight induction of oxidative
stress at a low dose of ETBE. These data are supported by our report
on initiation/promotion carcinogenicity showing that no-observed-
adverse-effect-level (NOAEL) of non-genotoxic chemical ETBE, on pro-
motional activity is 300 mg/kg b.w./day (Hagiwara, 2012; Hagiwara
et al,, 2011; Suzuki et al, 2012).

Interestingly, results of the proteome, RT-PCR and TEM analyses
have suggested that application of high dose ETBE led to PPAR activation

in rat livers. Thus, IPA predicted significant activation of PPARy
and PPARS, and a possibility of PPARx activation dependent of up-
regulation PPARs downstream proteins such as CYP4A2 and mitochon-
drial enzymes involved in fatty acid metabolism (Palut et al., 2002). Fur-
thermore, peroxisome proliferation and PPARc, which is a predominant
liver PPAR phenotype expressed in hepatocytes (Holden and Tugwood,
1999; Rao and Reddy, 1987), were induced by high dose ETBE. These
results, in coordination with proteome analysis, may be strongly indic-
ative of activation of PPAR« as well as PPARy and PPARS by ETBE,
which may result in oxidative stress and 8-OHdG formation.

PPAR proliferators have been shown to cause liver cancers when
chronically administered to rats and mice (Gonzalez and Shah, 2008).
In contrast to the results in rodents, there is no evidence that they
cause elevated risk of liver cancer or any other neoplasms in humans
thus indicating a species difference in the hepatocarcinogenic response.
In general, the activation of PPARs in humans seems to have a beneficial
effect on health. PPARx activation lowers plasma triglyceride levels and
reduces adiposity, which, in turn, improves insulin sensitivity and
protects against muscle and hepatic steatosis, including diet-induced
steatohepatitis (Berger et al,, 2005; Michalik et al, 2006). Ligands for
PPAR+y have exhibited anticancer effects in vitro and in vivo, on many tu-
mors including lung, breast, colon, prostate and bladder (Edwards and
O'Flaherty, 2008; Han and Roman, 2007). Peroxisome proliferation has
not been observed in humans because of much lower levels of PPAR
expression as compared with rodents (Yang et al., 2008). Furthermore,
mice with human PPARx do not develop hepatocyte hyperplasia while
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still mediating many of the functions ascribed to PPARa including hepa-
tocyte hypertrophy (Yang et al,, 2008). On the basis of all these data, ac-
tivation of PPARs, fatty acid metabolism and peroxisome proliferation
by ETBE observed in the present study, which was not found with PB,
may be one of the mechanisms for ETBE hepatotumnorigenicity in rats,
but is unlikely to be relevant to humans.

P450 isoenzymes, CYP2A6, CYP3A4 (rat CYP3A2) and CYP2E1 were
recently reported to be responsible for metabolism of ETBE to tert-
butyl alcohol (TBA) in the human liver tissue (Hong et al., 2001; Le
Gal et al,, 2001). Here, we did not observe induction of CYP2A6 isoen-
zyme, pointing the existing differences in ETBE metabolizing enzymes
in human and rat livers, but the elevation of CYP2E1, an isoenzyme
known to be induced by ethanol, supported the data in human. As
CYP2E1 was induced in ETBE-treated group, its tole in ETBE MOA
needs to be further investigated. Previously CAR activation has been
shown to induce CYP1A1 in the mouse hepatocytes (Maglich et al.
2002). Since the induction of CYP1A1 was not detected in low dose
ETBE-treated rats and only very weak elevations of mRNA and protein
levels were obvious in high dose ETBE group, furthermore, its induction
in the rat liver appeared to be not dependent of AhR nuclear receptor,
as other AhR-responsive elements were not altered, we suggest that ob-
served alteration to CYP1A1 expression plays a minor role in ETBE MOA
in the view point of CAR/PXR, or even might not be related to the MOA.

In conclusion, our results indicate that the MOA of ETBE
hepatotumorigenicity in rats is similar to that of PB except for the acti-
vation of PPARs. The mechanisms are related to conspicuous alteration
to DNA oxidative base modifications in the nucleus of hepatocytes via
generation of oxidative stress due to the activation of CAR, PXR and
PPARs with a sequence of events which presumably lead to regenerative
cell proliferation. The MOA of ETBE hepatotumorigenicity in rats is un-
likely to be relevant to humans.
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ARTICLE INFO ABSTRACT

Afﬁf{e history: Diphenylarsinic acid (DPAA), a chemical warfare-related neurotoxic organic arsenical, is present in the ground-

Recélved 16 July 2013 water and soil in some regions of Japan due to illegal dumping after World War Ii. Inorganic arsenic is carcinogen-

ie‘"s"‘d;g Axg”“ 2313 ic in humans and its organic arsenic metabolites are carcinogenic in animal studies, raising serious concerns
ccepted 20 August 2013 about the carcinogenicity of DPAA. However, the carcinogenic potential of DPAA has not yet been evaluated. In

ilable online 3 t 20 o . . L
Available online 30 August 2013 the present study we found that DPAA significantly enhanced the development of diethylnitrosamine-induced

preneoplastic lesions in the liver in a medium-term rat liver carcinogenesis assay. Evaluation of the expression

gm;ﬁrsmic acid- of cytochrome P450 (CYP) enzymes in the liver revealed that DPAA induced the expression of CYP1B1, but not
Hepatocarcinogenicity any other CYP1, CYP2, or CYP3 enzymes, suggesting that CYP1B1 might be the enzyme responsible for the
CYP1B1 metabolic activation of DPAA. We also found increased oxidative DNA damage, possibly due to elevated
Oxidative DNA damage CYP1B1 expression. Induction of CYP1B1 has generally been linked with the activation of AhR, and we found
Aryl hydrocarbon receptor that DPAA activates the aryl hydrocarbon receptor (AhR). Importantly, the promotion effect of DPAA was

Rat observed only at a dose that activated the AhR, suggesting that activation of AhR and consequent induction of
AhR target genes and oxidative DNA damage plays a vital role in the promotion effects of DPAA. The present
study provides, for the first time, evidence regarding the carcinogenicity of DPAA and indicates the necessity of
comprehensive evaluation of its carcinogenic potential using long-term carcinogenicity studies.

© 2013 Elsevier Inc. All rights reserved.

Little was known about the health effects of chronic exposure to DPAA
until neurotoxicities—including ataxic gait, titubation, scanning speech,
myoclonus and tremors—were reported in inhabitants exposed chroni-
cally to DPAA through drinking well water in Kamisu City, Japan (Ishii
et al,, 2004); the origin of DPAA in Kamisu City well water is suspected
to be illegally dumped DPAA that penetrated into the groundwater.
Several studies have shown that oxidative and nitrosative stress (Kato
et al, 2007) and dysregulation of glutaminase C (Kita et al., 2007) are
involved in the neurotoxicites of DPAA.

Inorganic arsenic is a well-known human carcinogen, causing
cancers in skin, urinary bladder, and Iung and possibly in the liver and
kidney in populations chronically exposed through the drinking water
(IARC, 2004). Dimethylarsinic acid, a major metabolite of inorganic
arsenic in humans, has been demonstrated to induce urinary bladder

Iﬁtmduction

Diphenylarsinic acid (DPAA), an organic arsenical, is a synthetic,
intermediate as well as a degradation product of chemical warfare
agents such as diphenylarsine chloride and diphenylarsine cyanide,
which were produced as respiratory irritants during the World Wars |
and 1I (Arao et al., 2009; Haas et al, 1998; Hanaoka et al., 2005). It is
generally considered that there are two sources of environmental
DPAA: one is the degradation of the above chemical warfare agents
abandoned in Japan, Europe and China after World War II (Bunnett
and Mikolajczyk, 1998; Kroening, 2011; Stock and Lohs, 1997); another
is the illegal dumping of synthetic DPAA itself (Kinoshita et al., 2008).

Abbreviations: AhR, aryl hydrocarbon receptor; Bla]P, benzo[a]pyrene; CYP, cytochrome
P450; COX-2, cyclooxygenase-2; DEN, diethylnitrosamine; DMBA, 7,12-dimethylbenz{ajan-
thracene; DPAA, diphenylarsinic acid; GST-P positive foci, glutathione S-transferase placen-
tal form positive foci; 8-OHdG, 8-hydroxy-2/-deoxyguanosine; PCB, polyhalogenated
biphenyl; PCNA, proliferating cell nuclear antigen; TCDD, 2,3,7,8-tetrachlorodibenzo-p-
dioxin.

* Corresponding author. Fax: +81 6 6646 3093.
E-mail address: wani@med.osaka-cuacjp (H. Wanibuchi).

0041-008X/$ ~ see front matter © 2013 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.taap.2013.08.022

cancer and promote liver and kidney carcinogenesis in rats, and
enhance skin and lung carcinogenesis in mice (Cohen et al., 2006;
Wanibuchi et al.,, 2004). Other organic metabolites of inorganic arseni-
cals, such as monomethylarsonic acid and trimethylarsine oxide, also
exert promotion effects on liver and urinary bladder carcinogenesis in
rats (Wanibuchi et al, 2004). The clear carcinogenic potential of
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inorganic arsenic in humans and the ample evidence for the carcino-
_ genicities of organic arsenicals in animal studies have raised serious public
concerns about the carcinogenicity of DPAA.

- DPAA may be genotoxic: DPAA is negative in the Ames test and
in vivo micronucleus test (MOEJ, 2012), however, it is positive in the
in vitro chromosome aberration test (Ochi et al., 2004). Currently, no
other information is available for cancer risk assessment of DPAA.

.. The purpose of the present study was to evaluate modifying effects
of DPAA on liver carcinogenesis using a medium-term rat liver carcino-
geresis assay. We also examined potential mechanisms by which DPAA
could promote carcinogenesis in the rat liver. Herein, we demonstrate
that DPAA is a promoter of rat hepatocarcinogenesis and that activation
of the aryl hydrocarbon receptor (AhR) signaling pathway is a pivotal
mechanism underlying the promotion effects of DPAA: DPAA adminis-
tered via the drinking water (i) increased the transcriptional activity
of AhR; (ii) induced expression of the AhR target genes CYP1B1 and
COX-2, with the latter possibly being responsible for the observed
induction of the anti-apoptotic gene Bcl-2; (iii) promoted oxidative
DNA damage; and (iv) enhanced the development of diethyl-
nitrosamine (DEN)-induced preneoplastic lesions in the rat liver.

Materials and methods

Chemicals. DiethyInitrosamine (DEN) was purchased from Tokyo Chem-
ical Industry Co. Ltd., Tokyo, Japan. DPAA was kindly provided by Dr.
Kenzo Yamanaka, Department of Biochemical Toxicology, Nihon
University College of Pharmacy, Japan. The purity of the DPAA was
confirmed to be more than 99.9%, and its stability in tap water for
28 days at room temperature was confirmed using an IC (IC7000,
Yokogawa Analytic System Inc., Tokyo, Japan)-ICP-MS (HP 4500, DE,
USA) system at Osaka City University Graduate School of Medicine.

Animals. Male F344 rats at 5 weeks of age were obtained from Charles
River Japan, Inc. (Atsugi, Shiga, Japan). The animals were housed in
polycarbonate cages (5 rats/cage) in experimental animal rooms with
a targeted temperature of 22 = 3 °C, relative humidity of 55 4 5%
and a 12-h light/dark cycle. All animals were acclimated for 7 days be-
fore being used for experiments. Diet and drinking water were available
ad libitum throughout the study. Fresh drinking water containing DPAA
was supplied to the animals twice weekly. Body weight and food and
water consumption were measured weekly.

Experimental design. The animal experimentation protocols were ap-
proved by the Institutional Animal Care and Use Committee of Osaka
City University Medical School. ‘

Experiment 1 was designed to determine the effects of DPAA on rat
liver carcinogenesis using the medium-term liver bioassay model (also
known as the Ito test) (Ito et al,, 2003). The selection of DPAA dose was
based on the results of a 13-week preliminary study where 6-week old
male F344 rats were administered with 0, 12.5, 25,and 50 ppm DPAAIn
the drinking water. More than 20% suppression of body weight gain was
observed in the groups administered with 25 and 50 ppm DPAA from
week 4 after treatment, while no suppression of body weight or other
toxic signs were observed in the 12.5 ppm DPAA group throughout
the study (data not shown). Based on the these results and that the
reported maximum concentration of DPAA in drinking well water in
DPAA polluted areas was 15 ppm (Ishii et al, 2004; Ishizaki et al,
2005), 20 ppm was determined as the highest dose to be used in the
present study. Rats at 6 weeks of age were randomized into 6 groups
(Table 1). At the beginning of the study, the rats in groups 1-4 (20
rats each) were given a single intraperitoneal injection of DEN
(200 mg/kg body weight, dissolved in 0.9% saline) to initiate liver carci-
nogenesis, and the rats in groups 5 and 6 (10 rats each) were given
saline vehicle alone. Two weeks after initiation, the animals were ad-
ministered with DPAA in the drinking water for 6 weeks: groups 1-4
received 0, 5, 10, and 20 ppm, respectively, and groups 5 and 6 received
0 and 20 ppm, respectively. All animals were subjected to two-thirds
partial hepatectomy at the end of week 3. All surviving rats were termi-
nated by exsanguination via transection of the abdominal aorta under
deep anesthesia at the end of week 8. At necropsy, livers were excised
and weighed, and then 3 slices each from the left lateral, medial, and
right lateral lobes were placed in 10% phosphate buffered formalin.
Following fixation, liver tissues were embedded in paraffin and
processed for histopathological examination and immunohistochemical
analysis of glutathione S-transferase placental form (GST-P) positive
foci, which is a well-established preneoplastic liver lesion in rats
(Tsuda et al., 2003), and CYP1B1 and AhR. The remaining liver tissues
were flash frozen with liquid nitrogen and stored at — 80 °C for mRNA
expression analysis, electrophoretic mobility shift assay, and 8-
hydroxy-2'-deoxyguanosine (8-OHdG) formation analysis.

Experiment 2 was designed to confirm the effects of DPAA without
DEN initiation or partial hepatectomy. Two groups of ten 6-week-old
rats were administered DPAA in the drinking water at concentrations
of 0 or 20 ppm for 2 weeks (Table 1), At necropsy, liver tissues were
processed as in experiment 1 for CYP1B1 and AhR immunohistochemis-
try, mRNA expression analysis, and electrophoretic mobility shift assay.

Immunohistochemical analysis. Liver specimens were examined for GST-P
positive foci formation and CYP1B1 and AhR expression by immunohisto-
chemical staining using the avidin-biotin-peroxidase complex (ABC)

Table 1

Final body weights, liver weights, water, and DPAA intake.

Group DEN initiation DPAA (ppm) No.of rats ¢ Final body Absolute liver Relative liver Average water intake Average DPAA intale
weight (g) weight (g) weight (%) (g/kg body weight/day) (mg/kg body weight/day)

Experiment 1 (8 weeks)

1 -+ [¢] 17 258 + 14 8.0+ 06 31+£02 96.5 a

2 + 5 20 259 £ 11 8.0 &+ 04 31+01 924 05

3 + 10 16 260 + 10 834+ 06 32402 874 09

4 + 20 17 249 4 10 89+ 07" 36+ 02° 815 16

5 — 0 10 269 + 12 85+ 06 32 401 93.7 ) 0

6 - 20 9 263 11 98 £07°¢ 37 4£03° 79.1 1.6

Experiment 2 (2 weeks)

1 - 0 10 175+ 7 52404 30402 1479 0

2 - 20 10 158 =+ 84 65+ 049 414019 131.6 26

2 Number of rats that survived to the end of the study.

b significantly different from group 1 at p < 0.001 in experiment 1.
¢ Significantly different from group 5 at p < 0.001 in experiment 1.
4 Significantly different from group 1 at p < 0.001 in experiment 2.
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method. Briefly, paraffin sections were deparaffinized in xylene and
then hydrated in graded concentrations of ethanol for 5 min each.
Endogenous peroxidase activity was blocked with 0.3% H,0, in
distilled water for 5 min, except for CYP1B1 immunohistochemistry.
For AhR immunchistochemistry, antigen retrieval was performed by
microwaving at 98 °C for 20 min in 0.01 M citrate buffer (pH 6.0)
after blocking endogenous-peroxidase activity. After blocking non-
specific binding with serum at 37 °C for 30 min, sections were
incubated with rabbit anti-rat GST-P polyclonal antibody (Medical
and Biological Laboratories Co., Ltd., Japan) diluted 1:1000, rabbit
anti-human CYP1B1 polyclonal antibodies (H-105, Santa Cruz
Biotechnology, Inc., CA, USA) diluted 1:100, or mouse monoclonal
[RPT9] aryl hydrocarbon receptor antibody (ab2769, Abcam,
Cambridge, MA, USA) diluted 1:125, overnight at 4 °C. Immunoreactiv-
ity was detected using VECSTAIN Elite ABC Kit (Vector Laboratories,
Burlingame, CA, USA) and 3,3’-diaminobenzidine hydrochloride (Sigma
Chemical Co., St Louis, MO, USA) for GST-P and AhR, and VECSTAIN ABC-
AP kit (AK-5000) and VECSTAIN AP substrate kit (SK-5100) (Vector
Laboratories, Burlingame, CA, USA) for CYP1B1. A primary antibody
negative control was included with each staining procedure.

Quantitative analysis of GST-P positive foci in the liver. Numbers and areas
of GST-P-positive foci lager than 0.2 mm in diameter and the total areas
of liver sections examined were measured blindly using a color image
processor (IPAP, Sumica Technos, Osaka, Japan), and the number and
area of GST-P positive foci per square centimeter of liver tissue were
calculated.

TaqMan real-time quantitative PCR. Total liver RNA was isolated from 7
rats of each group in experiment 1 and 8 rats of each group in exper-
iment 2 using TRIzol® Reagent (Life Technologies, Gaithersburg, MD,
USA) according to the manufacturer's instructions. cDNA synthesis
was performed with 1 pg of RNA using an Advantage RT-for-PCR kit
(Takara Bio, Inc., Otsu, Japan). The mRNA expression levels of 11
cytochrome P450 enzymes in families CYP1-3, proliferating cell nu-
clear antigen (PCNA) which is a marker of cell proliferation, 3 anti-
apoptotic genes (Bcl-2, Mcl-1 and Bcl-xL), and cyclooxygenase-2
(COX-2) were determined by TagMan real-time guantitative PCR.
PCR reagents and sequence-specific primers and probes for each
gene (Tagman Gene Expression Assay) were purchased from Applied
Biosystems, Inc., CA, USA. mRNA expression assays were performed
using a 7500 Fast Real-Time PCR System (Applied Biosystems, Inc.,
CA, USA) as described previously (Wei et al,, 2011). B-actin was
employed as an internal control. Serially diluted standard cDNAs
were included in each Tagman PCR reaction to create standard
curves. The amounts of gene products in the test samples were esti-
mated relative to the respective standard curves. Values for target
genes were normalized to those for B-actin.

Electrophoretic mobility shift assay. Electrophoretic mobility shift assay
(EMSA) was carried out to determine the effect of DPAA on AhR transcrip-
tional activity. Nuclear extracts were prepared from the liver tissues of 2
rats of each group in experiments 1 and 2 using Nuclear Extraction Kit
according to the manufacture's instruction (Panomics, Fremont, CA).
EMSA were carried out using EMSA “Gel Shift” kit (Panomics, Fremont,
CA, USA) according to the manufacturer’s protocol. Briefly, 12 pg of nucle-
ar protein were incubated with a biotin-labeled oligonucleotide
containing the consensus binding sequence for AhR/Amt (5'-GGGGA
TCGCGTGACAACCC-3’) for 30 min at 15 °C, and then transcription
factor-bound oligonucleotide was separated from unbound oligonucleo-
tide by electrophoresis on a 6% nondenaturing polyacrylamide gel.
DNA-protein complexes were transblotted to Biodyne B nylon
membrane (Pall Corporation, Ann Arbor, MI) and then fixed by a UV
crosslinker. The signals were detected by Streptavidin-HRP-based chemi-
luminescence provided in the EMSA “Gel Shift” kit and visualized using an
LAS-3000 Image Reader (Fuji Photo Film, Tokyo, Japan).

3

Detection of oxidative damage in the liver DNA. Formation of 8-OHdG in
liver DNA, a marker of oxidative DNA damage (Dizdaroglu et al,
2002), was determined by high-performance liquid chromatography
with electrochemical detection as described previously (Wei et al,
2009).

Statistical analysis. All mean values are reported as mean = SD. Statisti-
cal analyses were performed using the Statlight program (Yukms Co.,
Ltd., Tokyo, Japan). Homogeneity of variance was tested by the F-test
or Bartlett test. Differences in mean values between the DEN initiation
alone group and groups initiated with DEN and followed with various
dose of DPAA in experiment 1 were evaluated by the 2-tailed Dunnett
test when variance was homogeneous and the 2-tailed Steel test when
variance was heterogeneous. Differences in mean values between the
non-treatment control and 20 ppm DPAA group in experiments 1 and
2 were evaluated by the Student's t-test when variance was homoge-
neous and Welch's t=test when variance was heterogeneous. p values
less than 0.05 were considered significant. '

Results

Survival, food and water consumption, DPAA intake, and body and organ
weights

The number of rats surviving to the end of the study, final average
body and liver weights, and average water and DPAA intake in experi-
ment 1 are summarized in Table 1. Three, four, three and one rat died
in groups 1, 3, 4 and 6, respectively. All these rats died within one
week after partial ‘hepatectomy, possibly due to operation-related
reasons, and therefore are not included in the analyses. All the
remaining animals survived to the end of study in good condition. No
clinical signs or symptoms of neurotoxicity were observed in any of
the DPAA-treated rats throughout the study. DPAA had no significant
effects on the body weights irrespective of DEN initiation. Among the
DEN-initiated groups, absolute and relative liver weights of the
20 ppm DPAA group (group 4) were significantly higher than that of
the DEN alone group (group 1). Significant increases in both absolute
and relative liver weights were also observed in the 20 ppm DPAA
alone group (group 6) compared to the non-initiated control group
(group 5). The intake of DPAA was approximately proportional to the
doses administered in the drinking water, although, water intake tended
to decrease in the DPAA-treated groups compared to the controls
(Table 1). Food consumption was similar among the groups (data not
shown). Mild bile duct hyperplasia was observed in the livers of the
20 ppm DPAA groups, irrespective of DEN initiation, but no liver tumors
were found in any of the groups.

In experiment 2, in contrast to experiment 1, administration of
20 ppm DPAA in the drinking water resulted in a significant suppres-
sion of weight gain. A possible explanation for this discrepancy is
that the average intake of DPAA by the rats in experiment 2
(2.6 mg/kg body weight/day) was much greater than that by rats
in experiment 1 (1.6 mg/kg body weight/day) (Table 1). This could
be due to the fact that the rats in experiment 1 were treated with
DPAA from 8 weeks of age while the rats in experiment 2 were treat-
ed with DPAA‘ from 6 weeks of age; consequently, the rats in
experiment 2 were younger and smaller than the rats in experiment
1. As expected, 20 ppm DPAA significantly increased both the abso-
lute and relative liver weights compared to the control.

GST-P positive foci formation in livers

In experiment 1, GST-P positive foci developed in the livers of DEN-
initiated rats. As shown in Fig. 1, among the DEN-initiated groups, both
total number and average area of GST-P positive foci per unit area of the
rat livers were significantly increased in the 20 ppm DPAA ppm group
compared to the DEN alone group, while 5 and 10 ppm DPAA had no
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effect on the formation of GST-P positive foci. In the non-initiation
groups, no GST-P positive foci were observed in either the control or
the 20 ppm DPAA group. In experiment 2, there were no GST-P positive
foci in either the control group or the 20 ppm DPAA group.

Expression of CYP enzymes and oxidative DNA damage in livers

To identify possible CYP enzymes that may be responsible for the
metabolism of DPAA, we first determined the mRNA expression of 11
~ CYP enzymes in families CYP1-3 in the rat livers in experiment 1. As
summarized in Table 2 and shown in Fig. 2A, 20 ppm DPAA significantly

~ induced the expression of CYP1B1 in the livers, irrespective of DEN
initiation. In contrast, 20 ppm- DPAA significantly suppressed - the
expression of CYP1A2, CYP2A2, CYP2C2, CYP3A1, and CYP3A2 and had
no effect on the expression of CYP1A1, CYP2A1, CYP2B1, CYP2B2, or
CYP2E1, irrespective of DEN initiation (Table 2, Supplementary Fig. 1).
DPAA at the doses of 5 and 10 ppm had no effect on the expression
level of any of the above CYPs.

The finding that CYP1B1 is the only CYP enzyme that is elevated in
response to DPAA treatment, suggests that CYP1B1 might be responsi-
ble for DPPA metabolism. This result also suggests the existence of
active metabolites of DPAA in the livers. Therefore, we assessed the for-
mation of 8-OHdG, one of the most abundant oxidative lesions in DNA
generated by reactive oxidative stress (Dizdaroglu et al,, 2002), in the
ratlivers in experiments 1. As shown in Fig. 2B, 8-OHdG was significant-
ly increased in the liver DNA of the 20 ppm DPAA group, but not the 5 or
10 ppm DPAA groups, irrespective of DEN initiation.

To confirm the effects of DPAA on the expression of CYPs, the expres-
sion of the 11 CYP enzymes analyzed in experiment 1 were analyzed in
the livers of rats treated with 20 ppm DPAA without DEN initiation or
partial hepatectomy (experiment 2). In experiment 2, as observed in
experiment 1, expression of CYP1B1 was significantly increased by
20 ppm DPAA (Table 2 and Fig. 3A). Immunohistochemical staining of
CYP1B1 in control rats was characterized by weak staining of the
cytoplasm of centrilobular hepatocytes (Fig. 3B-1). Expression of CYP1B
was markedly increased in the livers of rats treated with 20 ppm DPAA
and characterized by strong staining in the centrilobular hepatocytes
and moderate staining in other areas of the lobule (Fig. 3B-II). The effect
of 20 ppm DPAA on the expression of the other CYP enzymes in experi-

* ment 2 was mostly similar to its effect in experiment 1: the expression
of CYP1A2, CYP2A2, CYP2(C2, CYP3A1 and CYP3A2 was decreased and
the expression of CYP2A1, CYP2B1 and CYP2B2 was not affected

Table 2
mRNA expression of CYP enzymes in the livers of rats,
Experiment 1 Experiment 2
Fold changes Fold changes Fold changes
(vs. DEN alone) (vs. 0 ppm DPAA)  (vs. O ppm DPAA)
DEN initiation + + + - -
DPAA (ppm) 5 10 20 20 20
CYP1AL 1.0 10 12 13 04*
CYP1A2 08 10 06" 07" 03*™**
CYP1B1 1.0 10 80™ 108™ 7.8
CYP2A1 1.0 08 09 1.1 1.1
CYP2A2 10 09 06" 05" 0.4
CYP2B1 1.0 11 09 10 1.1
CYP2B2 12 1209 10 1.1
CYP2C2 1.1 11 o4 0.1*** 0.03**
CYP2E1 09 10 08 09 ; 06"
CYP3A1 1.0 10 05" 07" 06™*
CYP3A2 08 08 05" 04™ 05"
Signiﬁcantly different from their respective controls at *p < 0.05; **p < 0.01;
**pb < 0,001,

2 The data is shown as fold change relative to the control.
b Data presented as mean = SD is shown in Figs, 2, 3, and Supplementary Figs. 1 and 2.

(Table 2, Supplementary Fig. 2). However, the expression levels of
CYP1A1 and CYP2E1 were significantly suppressed by 20 ppm DPAA in
experiment 2 while their expression levels were not changed in
experiment 1 (Table 2, Supplementary Fig. 2). This discrepancy is possibly
due to the increased intake of DPAA in experiment 2 compared to exper-
iment 1 as discussed above.

Activation of AhR signaling pathway in livers

Since the induction of CYP1B1 has generally been linked with activa-
tion of AhR and most compounds that are known to induce CYP1B1
have been shown to be ligands for AhR (Nebert and Dalton, 2006;
Tsuchiya et al, 2003), we assessed the effects of DPAA treatment on
ABR transcriptional activity in rat livers. Electrophoretic mobility shift
assays revealed that following DEN initiation (experiment 1 rats),
DPAA caused an apparent elevation of the nuclear AhR/ARNT DNA-
binding complex at 20 ppm, but not at 5 or 10 ppm (Fig. 4A). The nucle-
ar AhR/ARNT DNA-binding complex was also markedly increased in the

Number Area
(No. /em?) (mm?¥cm?)
20 16 12 8 4 o DEN DPAA 45 3 35 2 25
initiation (ppm)
N — ; ; + 0
-—-i~ L Il

Fig. 1. Numbers and areas of the preneoplastic lesion GST-P-positive foci in rat livers in the medium-term rat liver carcinogenesis assay (experiment 1), DPAA at the dose of 20 ppm sig-
nificantly increased both the numbers and areas of GST-P-positive foci in livers. *Significantly different from the DEN alone group at p < 0.01.
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livers of experiment 2 rats treated with 20 ppm DPAA (Fig.4B). Further-
more, immunohistochemical staining revealed that AhR was observed
in the nuclei of only a few hepatocytes in the centrilobular area in the
control rats (Fig. 4C-I), while strong nuclear expression of AhR was
observed in the livers of rats treated with 20 ppm DPAA, especially in
the centrilobular hepatocytes (Fig. 4C-II). These results suggest that
the transcriptional activity of AhR was increased by treatment with
20 ppm DPAA. It is notable that the expression pattern of CYP1B1 and
AhR are similar in the livers and is correlated to GST-P positive fodi,
which mainly developed in the centrilobular area (Supplementary
Table 1).

To determine the effects of activation of the AhR signaling pathway
by DPAA on apoptosis and cell proliferation, mRNA expression of Bcl-
2, COX-2, Mcl-1 and Bcl-xL, and PCNA in the livers was analyzed. In
experiment 1 rats, 20 ppm DPAA, but not 5 or 10 ppin DPAA, signifi-
cantly increased the expression of Bcl-2 and COX-2, irrespective of
DEN initiation (Figs. 2C and D). A significant increase in the expression
of Mcl-1 was observed in the 20 ppm group compared to the control
in the non-initiation groups, but not in the DEN-initiation groups
(Fig. 2E). In experiment 2 rats, expression of Bcl-2, COX-2, and Mcl-1
were significantly increased in the 20 ppm DPAA group (Figs. 2CD
and 3E, respectively). DPAA had no effect on the expression of PCNA
in either experiment 1 rats (Fig. 2F) or experiment 2 rats (Fig. 3F).
DPAA also did not have an effect on the expression of Bcl-xL in either
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experiment 1 rats (Supplementary Fig. 1) or experiment 2 rats (Supple-
mentary Fig. 2).

Discussion

The results of this study demonstrate that DPAA, a neurotoxicant of
humans, is a promoter of hepatocarcinogenesis in rats, as evidenced by
the finding that it significantly enhanced the development of DEN-
induced GST-P positive foci, which is a well-established preneoplastic
liver lesion in rats and has been accepted as a reliable and sensitive
end-point marker in assessment of the hepatocarcinogenic effects of en-
vironmental chemicals (Tsuda et al., 2003 ). We also found that DPAA is
an activator of AhR. Activation of AhR is linked with induction of the xe-
nobiotic metabolizing enzyme CYP1B1 (Nebert and Dalton, 2006;
Tsuchiya et al., 2003), and elevated expression of CYP1B1 may contrib-
ute to the increased oxidative DNA damage observed in the livers of
DPAA treated rats. DPAA treatment also induced the expression of Bcl-
2 possibly via induction of COX-2 (Breinig et al., 2007; Kern et al,
2006; Sheng et al.,, 1998), which is an AhR target (Degner et al., 2007;
Wolfle et al,, 2000), thereby increasing the resistance of these cells to
apoptosis. These findings provide, for the first time, evidence for carci-
nogenic effects of DPAA and indicate that activation of AhR may play a
vital role in the promotion effects of DPAA on rat hepatocarcinogenesis.
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Fig. 2. mRNA expression and oxidative DNA damage in rat livers in the medium-term rat liver carcinogenesis assay (experiment 1). (A) CYP1B1, (B) formation of 8-OHdG in rat liver DNA.
(C) Bcl-2, (D) COX-2, (E) Mcl-1, (F) PCNA. SSignificantly different from the DEN alone group (DEN initiation 4-; O ppm DPAA) at p < 0.01, p < 0.05, p < 0.01,p < 0.05 in A, B, C and D,
respectively. %Significantly different the non-treatment control group (DEN initiation —; 0 ppm DPAA) at p < 0.01, p < 0.05, p < 0.001, p <0.01 and p <0.05 in A, B,C, D and E,

respectively.
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Fig. 3. mRNA expression and immunochistochemical staining of CYP1B1 in rat livers in the 2-week DPAA treatment experiment (experiment 2). (A) mRNA expression of CYP1B1, (B) im-
munohistochemical staining of CYP1B1, (C) Bdl-2, (D) COX-2, (E) Mcl-1, (F) PCNA. SSignificantly different from the control group (0 ppm DPAA) at p < 0.001, p < 0.0001, p < 0.05, and

p < 0.001in B, C, D and E, respectively.

AhR is a ligand-activated cytoplasmic transcription factor, and is
known to be activated by a number of environmental carcinogens
such as 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), polycyclic aromat-
ic hydrocarbons (e.g. benzo[a]pyrene (B[a]P), 7,12-dimethylbenz][ajan-
thracene (DMBA), polyhalogenated biphenyls (PCBs)) (Marlowe and
Puga, 2005; Safe, 1994; Shimada and Fujii-Kuriyama, 2004). Upon
activation, AhR translocates into the nucleus and forms a transcription-
ally active heterodimer with ARNT that enhances transcription of

various genes including enzymes involved in xenobiotic metabolism
such as CYP1A1 and CYP1B1. These xenobiotic metabolizing enzymes
are capable of converting the above carcinogens into the highly oxidized
metabolites relevant to their carcinogenicities (Denison et al, 2011;
Marlowe and Puga, 2005; Nebert and Dalton, 2006; Shimada and
Fujii-Kuriyama, 2004). In the present study, CYP1B1 is the only CYP
enzyme induced by DPAA treatment, and its induction is accompanied
by increased nuclear expression and transcriptional activity of AhR.
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These findings suggest that AhR-regulated CYP1B1 might be an essen-
tial metabolic activation enzyme of DPAA. Further study is necessary
to measure the effects of DPAA on the activity of CYP1B1 and clarify
the exact role of CYP1B1 in the metabolism of DPAA.

The fact that DPAA did not induce CYP1A1, a target of other AhR li-
gands such as TCDD and DMBA, suggests a preferential gene tropism
for DPAA-activated AhR. It is known that even in the same cell lineage,
different ligands for AhR can lead to different patterns of gene expres-
sion that are determined by the core sequence of the AhR responsive
element in the promoter region of the target genes and the different
sets of transcription cofactors recruited by AhR (Beischlag et al., 2002;
Denison et al, 2011; Matikainen et al., 2001; Nebert and Dalton,
2006). In the present study, considering that decreased mRNA expres-
sion of multiple CYP isoforms belonging to CYP subfamilies 1-3 was
observed, the decreased CYP mRNA synthesis could be due, at least in
part, to the hepatocytotoxicity of DPAA.

Recently, Naranmandura et al. identified a new urine metabolite of
DPAA and suggested the existence of a hydroxylated aromatic that
could be formed by oxidation of DPAA by cytochrome P450 in the rat
liver (Naranmandura et al, 2009). These results taken together with
our findings of coupled induction of CYP1B1 and increased 8-OHdG
formation raise the possibility that CYP1B1 may be involved in the
generation of oxidative DNA damage and this may contribute to the
promotion effects of DPAA on rat liver carcinogenesis.

Although the mechanism of action of AhR has been extensively
studied, the exact molecular events that result in AhR-dependent
carcinogenic effects remain unclear (Denison et al., 2011). Anti-
apoptotic effects have been linked to the promotion effects of the
AhR ligand TCDD on rat hepatocarcinogenesis (Chopra and
Schrenk, 2011; Luebeck et al., 2000; Stinchcombe et al., 1995). Acti-
vation of AhR by TCDD has also been shown to inhibit apoptosis in rat
primary hepatocytes and several human non-tumorigenic and can-
cer cell lines (Davis et al., 2003; Schrenk et al., 2004; Vogel et al.,
2007). In human lymphoma cell lines, induction of anti-apoptotic
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Bcl-2 family members are responsible for the anti-apoptotic effect
of TCDD-activated AhR, and these alterations are associated with
overexpression of cyclooxygenase-2 (COX-2) (Vogel et al, 2007).
COX-2 is one of the target genes of AhR (Degner et al., 2007; Wolfle
et al., 2000) and has been demonstrated to confer increased resis-
tance to apoptosis via induction of Bcl-2 in colon and liver cancers
(Breinig et al., 2007; Kern et al., 2006; Sheng et al., 1998).In the pres-
ent study, DPAA, at the dose that activated AhR and exerted promo-
tion effects (20 ppm), significantly increased the expression of both
Bcl-2 and COX-2 irrespective of DEN initiation. Mcl-1 was also signif-
icantly induced in the livers of rats administered 20 ppm DPAA with-
out DEN initiation, however, interestingly, its expression was not
affected in the livers of rats administered DPAA after DEN-
initiation. We tried to compare quantitatively the number of apopto-
tic cells by TdT-mediated dUTP nick end labeling assay in the livers of
the rats in experiment 1, but the method failed due to the extremely
low number of positive cells in the livers of these rats (data not
shown). Nevertheless, our results imply that the anti-apoptotic ef-
fects of DPAA on initiated cells is mediated by AhR, and that induc-
tion of COX-2 and Bcl-2 may contribute to the promotion effects of
DPAA in the liver.

In the present study, activation of AhR, increased expression of
AhR target genes (CYP1B1, COX-2), induction of oxidation DNA dam-~
age, and increased GST-P positive foci formation were consistently
observed only in the livers of rats treated with 20 ppm DPAA, but
not in rats treated with 10 ppm or 5 ppm DPAA. These findings sug-
gest that the promotion effects of DPAA on rat hepatocarcinogenesis
are concomitant with AhR activation and that, therefore, AhR activa-
tion plays a pivotal role in the promotion effects of DPAA.

The effects of DPAA were only observed at the relatively high dose
of 20 ppm. This dose is close to the maximum exposure level of
human beings to DPAA (15 ppm) (Ishii et al., 2004; Ishizaki et al.,
2005). The fact that a DPAA effect was observed at 20 ppm but not
10 ppmn, indicates that the range between carcinogenic and non-
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Fig. 4. Electrophoretic mobility shift assay to examine the effects of DPAA on AhR activation in experiments 1 (A) and 2 (B), and immunohistochemical staining of AR in experiment 2 (C).



