Lessons learned from 40,000-animal cancer dose-response studies

- George. Bailey, David Williams, Gayle Orner, Jerry Hendricks, and Cliff Pereira

Oregon State University, USA

We have conducted two 40,000-animal cancer dose-response studies, one with
dibenzo(def,p)chrysene (DBC, formerly called dibenzo(a,))pyrene DBP) and a more recent
study with aflatoxin B1 (AFB1). These experiments used rainbow trout, an animal model
well suited to ultra low-dose carcinogenesié research, to explore dose-response down to a
targeted 10 excess liver tumors per 10,000 animals (EDoo). In study one, 42,000 trout
were fed 0-225 ppm DBC for four weeks, sampled for biomarker analyses, and returned to
control diet for nine months prior to gross and histologic examination. Suspect tumors
were confirmed by pathology, and resulting incidences were modeled and compared to the
default EPA LED1o linear extrapolation method. The study provided observed incidence
data down to 2 above-background liver tumors per 10,000 animals at lowest dose (that is,
an un-modeled EDoooz measurement). Among nine statistical models explored, three were -
determined to fit the liver data well - linear probit, quadratic logit, and Ryzin-Rai. None
of these fitted models is compatible with the LED1o default assumption, and all fell
increasingly below the default extrapolation with decreasing DBC dose. Low-dose tumor
response was also not predictable from hepatic DBC-DNA adduct biomarkers, which
accumulated as a power function of dose (adducts = 100*DBC!?Y). Two-order .
extrapolations ”below the modeled tumor data predicted DBC doses producing one excess
cancer per million individuals (ED1¢) that were 500-1500-fold higher than that predicted
by the five-order LED10 extrapolation. Study two was of similar design, but using AFB;.
Ana1y31s of the results is underway, and complicated by several differences from study 1,
especially presence in some quartiles and treatment groups of a fatty liver syndrome.
Preliminary logistic regression analysis excluding fish with this syndrome did not
support the EPA linear default assumption (i.e., logistic slope 1.0), rather indicated a
sublinear dose-response with slope of 1.42 (95% CI 1.23 — 1.61), and an extrapolated
ED1os that is 32-fold greater than the LEDio default extrapolatioh. Inclusion of all fish
also yielded a sublinear dose-response, with slope 1.31 (95%CI 1.13 — 1.50), and an
extrapolated EDios 17-fold greater than the LEDio default extrapolation. Thus two
genotoxins with differing biological properties yielded ultra-low dose-response curves in
the same animal model that are not compatible with the linear default assumption. These
results are considered specific to the animal model, carcinogen, and protocol used. They |
provide the first experimental estimations in any model of the degree of conservatism

that may exist for the EPA default linear assumption for a genotoxic carcinogen.
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. Urinary Bladder Carcinogenesis by DNA Reactive and Non- Reactive Chemicals:
Non-linearity’s and Thresholds

Samuel M. Cohen

Department of Pathology and Microbiology, University of Nebraska Medical Center,
Nebraska, USA

Cancer is due to multiple alterétions of DNA occurring in a Single stem cell.
Chemicals can increase cancer risk by directly damaging DNA (DNA reactivity) or by
increasing cell proliferation (DNA replications), increasing the number of opportunities
- for spontaneous DNA damage. Both types of chemicals have been shown to induce
urinary bladder cancer in animal models and in humans. For DNA reactive carcinogens,
such | as aromatic amines like 4-aminobiphenyl (ABP), the dose response for
carcinogenesis is non-linear because of the interaction of DNA reactive effects and
cytotoxicity with regenerative proliferation at higher doses. The synergy between DNA
reactivity and cell replication occurs commonly, such as in response to cigarette smoking.
The DNA reactive effect operates through formation of DNA adducts, and the dose
response can be linear or non-linear, deﬁending on metabolic activation processes. For
DNA reactive carcinogens, the distinction between threshold and level of detection in the
assay system needs to be distinguished. In contrast, for non-DNA reactive carcinogens, a
threshold is present. Increased cell proﬁﬁeration can occur either by cytotoxicity and
regeneration, by direct mitogenesis, or by &écreasing cell death (e.g. inhibiting apoptosis
or differentiation). In animal models, cytotoxicity can be produced by formation of urinary
solids or generation of reactive metabolites which are excreted and concentrated in the
urine. In humans, arsenic is an example of a bladder carcinogen which acts by formation
of reactive metabolites. The threshold is dependent on the presence in the urine of a
cytotoxic concentration of the metabolite(s). A defined true threshold is involved in the
formation of the urinary solids, dependent on the physical-chemical property of solubility.
Melamine is such an example. DNA reactive carcinogené have a non-linear dose response
with respect to carcinogenicity and frequently have non-linear responses for DNA effects
due to competing metabolic and repair processes, some of Wthh are saturable. In contrast,
non-DNA reactive carcinogens induce cancer as a consequence of a precursor toxm

biologic effects which have thresholds.
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A threshold for the murine T-cell lymphoma induction
by Nrethyl-W-nitrosourea and/or radiation.

Shizuko Kakinuma, Tomoko Sawai, Yoshiko Amasaki, Mayumi Nishimura, and Yoshiya
Shimada

Radiobiology for Children’s Health Research Program, National Instltute of Radlologmal
Sciences, Chiba, Japan

Current strategy for estimating the risks of genotoxic substances at low-dose is a
linear extrapolation from the effects observed at high doses. Since cancer is a genetic
disease with stepwise accumulation of multiple mutations, it is generally considered that
genotoxic carcinogens have no threshold in exerting their potential for cancer induction.
However, a few recent animal studies reported the existence of a threshold for
carcinogenicities. We previously observed that there existed a threshold for the
N-ethyl-N-nitrosourea (ENU) and fractionated X-rays in induction of T-cell lymphoma in
B6C3F1 mice, and that its magnitude was modified by their combined exposure;
threshold for ENU was reduced by co-exposure with sub-carcinogenic dose of X rays.

In order to determine the contribution of mutation induction to threshold dose of
ENU lymphomagenesis, we examined the mutation frequency and its spectra in the
thymic cells, focusing on the point mutations, of BEC3F1 gpt-delta mice after exposure to
ENU or the co-exposure with X rays. First, we found that ENU even below threshold dose

>for lymphomagenesis increased point mutation frequency significantly in a dose
dependent manner, and that threshold doée for mutation induction was smaller than that
for lymphoma development. Howevér, mutant cells developed by ENU below. threshold
dose could progress into malignant lymphoma cells after co-exposure with
sub-carcinogenic dose X rays, which may be ascribed to the expansion of mutant cglls
during the regeneration process. As a result, threshold dose of ENU lymphomagenesis
decreased. In contrast, X irradiation below threshold dose for lymphomagenesis
decreased the frequency of point mutations in cells of untreated cells, suggesting
anti-mutagenic effect. X irradiation below threshold dose also reduced point mutation in
the cells of ENU-treated mice, but that above threshold dose increased. This suggests
that threshold of ENU mutagenesis could be influenced by the dose of co-exposed X rays.
In sumnﬁary, threshold of ENU for lymphomagenesis is determined not by failure

to induce mutation, but by the condition of mutant cells to progress into malignancy.
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Exposure to ethylating agents: Where do the thresholds for mutagenic/clastogenic effects
arise? ‘ ~

Elmar Gocke, Lutz Miiller, and Thomas Singer

Preclinical Research, F. Hoffmann-La Roche Ltd, Basel, Switzerland

The presence of EMS (ethyl methanesulfonate) in tablets of a HIV medication
triggered non-clinical studies into the dose response for mutation analysis after chronic
dosing. Although there is a multitude of in vitro and in vivo studies on the genotoxic
activity of EMS, no lifetime carcinogenicity studies, repeat dose mutation data or
exposure analysis are available to serve as solid basis for risk assessment. For alkylators
like EMS it is generally assumed that the dose response for mutagenicity (and by default
for carcinogenicity) is linear — indicating that no ‘safe’ dose does exist. A recent in vitro
genotoxicity study provided evidence, however, that the dose response curve for
mutagenic and clastogenic activity was thresholded. We sought to verify the existence of
thresholds for mutagenic and clastogenic activity in vivo. Dose levels ranging from 1.25 to
260 mg/kg/day were applied for up to 28 days. The studies were further supported by in
depth metabolism and exposure anélyses and a general toxicity study in rats.

Our studies provided unambiguous evidence that daily doses of up to 25

mg/kg/day did not induce any increase of mutations in the lacZ gene in the three organs
tested (bone marrow, liver, GI tract, liver) or of micronuclei in bone marrow. Only at
higher dose levels the genotoxic activity of EMS became apparent. Toxicokinetic
assessment of the threshold doses showed AUC and Cmax values which were orders of
'mag‘nitude higher than the maximal exposure of the patients and, therefore, it could be
" concluded that the Ingestion to the genotoxic contaminant did not confer any
genotoxic/carcinogenic risk to the patients. ; )
Further, these studies showed that ethylation of cellular molecules (proteins, DNA)
increased approximately linear with dose. We calculated that each liver cell experienced
380°000 ethylations per day at the threshold dose, indicating that the absence of
clastogenic/mutagenic effects up to this dose must be due to error-free repair of vast
numbers of DNA lesions rather than scavenging of the reactive molecules prior to
reaching the DNA target. ,

Our investigations unambiguously demonstrated thresholded dose relations for
mutagenic/clastogenic effects by EMS but gave no evidence of a threshold after exposure
to the ethylating agent ENU (ethylnitroso urea), which was included into our studies for
correlation purposes. As this observation is conceptually difficult to interpret it was
important that subsequent studies with in depth analysis of the very low dose region
revealed the likely presence of a threshold also for ENU.

These findings have important implications for the risk assessment of low dose
exposures to genotoxic agents, and should impact on impending new regulation, e.g. on
the limitation of PGI’s (potentially genotoxic impurities) in pharmaceuticals.
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Oxidative stress-induced tumorigenesis in the small intestine of Mutyhk-deficient mice:
the effect of low-level exposure to KBrOs

Teruhisa Tsuzuki

Department of Medical Biophysics and Radiation Biology, Faculty of Medical Sciences,
: Kyushu University, Fukuoka, Japan

Oxygen radicals are produced through normal cellular metabolism, and the -
formation of such radicals is further enhanced by exposure to either ionizing radiation or
various chemicals. The oxygen radicals attack DNA and its precursor nucleotides, and
consequently induce various oxidized forms of bases in DNA within normally growing
cells. Among such modified bases, 8-oxo-7, 8-dihydroguanine (8-0x0G) and
2-hydroxyadenine (2-0H-A) are highly mutagenic lesions, if not repaired. MUTYH is a
DNA glycosylase that excises adenine or 2-OH-A incorporated opposite either 8-0xoG or
guanine, respectively, thus considered to prevent G:C to T:A transversions in mammalian
cells. The Mutyh-deficient mice showed a marked predispositipn to spontaneous
tumorigenesis in various tissues when examined at 18 months of age. The incidence of
adenoma/carcinoma in the intestine significantly increased in Mutyh-deficient mice, as
compared with Wild'type mice. This high susceptibility of the intestinal
tumor-development was well correlated with the condition observed in MAP
(MUTYH-associated polyposis) patient. The intestinal tumor susceptibility of
Mutyh-deficient mice was further enhanced by treatment with KBrOs, a known oxidative
renal carcinogen associated with 8-0xo-G accumulations. Oral administration of KBrOs at
a dose of 0.2% in drinking water dramatically increased’ the formation of intestinal
tumors in Mut&h-deficient mice.

Using this experimental system, we have been investigating the tumorigenic
effect of KBrOs. With relevance to the assessment of health risks, the exposure to lower
dose in the range of 0.05 % to 0.1% of KBrOs reduced the frequency of intestinal tumor
formation in Mutyh-deficient mice. These results suggest that cells are able to correctly
repair oxidative DNA lesions resulting from exposures to a certain level of low doses of
endogenous and exogenous chemicals with oxidizing property, and thus are less likely to

be transformed to the neoplastic phenotype.
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How do thresholds for mutagenicity and clastogenicity arise for DNA damaging agents?

G.E.k Johnson!, J. Mikhail!, K. Chapman?, S.H. Doak!, A. Seager!, K. Shah!, A.T. Thomas?,
Z. M. Zair?, A. Scott!, A. Doherty!, G. J. Jenkins!

ISwansea University, Swansea College of Medicine, United Kingdom, 2Unilever, United
Kingdom; 3Astra Zeneca, United Kingdom.

There has been a recent shift by the scientific and regulatory community, towards
accepting genotoxic thresholds. Nevertheless, fhere are still many unanswered questions.
Such as, what is the biological basis for thresholded responses to genotoxic agents? The
mechanisms responsible for ‘genotoxic tolerance’ at low doses are wide ranging but poorly
understood. However, this information is essential for hazard and risk assessment in
order to fully accept the concept that genotoxic thresholds exist. For DNA reactive
genotoxins, non-linear dose responses can arise from many different biological

‘mechanisms. These inélude lack of bioavailability and nuclear exclusion,
detoxification/activation, DNA repair and other homeostatic defence enzymes. Our recent
work has been to ‘investigate the roles of DNA repair in genotoxic thresholds for
alkylating agents and pro-oxidant chemicals. Specific DNA repair enzymes have been
shown to be up-regulated by low dose alkylating agents, and knocking down specific DNA
repair enzymes in vitro alters the shape of the dose response e.g. to EMS. Conversely, for
pro-oxidants, we have recently shown that antioxidant defences and specifically the
presence of Glutathione, are perhaps more important in genotoxic tolerance at low doses
of pro-oxidants. Other mechanisms that impact on the dose response are linked to '

secondary effects such as dose fractionation and metabolic activity.
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Health risk assessment of air pollutants: Air pollutant genotoxicity and its enhancement
on suppression of phase IT drug-metabolizing enzymes

Yasunobu Aoki

National Institute for Environmental Studies, Japan

In health risk assessment, carcinogenic chemicals are generally categorized
according to whether or not they are genotoxic. For example, when the risk assessment
value of a carcinogenic hazardous air pollutant is calculated, the air pollutant is generally ‘
assigned to one of the following three categories: Category-1, in which the carcinogenicity
of the chemical involves genotoxicity; Category-2, in which the involvement of
genotoxicity in the carcinogenicity of the chemical is uncertain; and Category-3, in which
the carcinogenic chemical is not genotoxic. In Category-1, the genotoxic chemical is
judged to be carcinogenic without a threshold, and the risk assessment value is
determined from the unit risk. On the other hand, if the carcinogenicity has a threshold,
as in Category-3, the assessment value is determined from No-Observed Adverse Effect
Level (NOAEL). Weak genotoxic chemicals may have a practical threshold and be
categorized in Category-2.

Genotoxic potency is a factor in judging whether there is a threshold in the
carcinogenicity; it is determined by not only the reactivity of the chemical to DNA but also
the capability of the system that protects the body against chemical toxicity. This
protective 'system is governed by processes such as phase I and II drug-metabolism,
excretion, and DNA repair. We asked how the genotoxicity of an air pollutant is affected
when part of this protective system is suppressed. Our research focused on phase II
drug-metabolizing enzymes, whose constitutive and inducible gene expression 1s -
- regulated by the essential transcription factor Nrf2. We hypothesized that, in
Nrf2-knockout (KO) mice, if the levels of phase II drug-metabolizing enzymes and
antioxidantAproteins were suppressed, genotoxicity of air pollutants would be enhanced.

We examined the genotoxic potency of air pollutants under Nrf2-deficient
conditions by using diesel exhaust (DE) and benzolalpyrene (BaP) as model pollutants.
After exposing mice to DE for 4 weeks, the levels of bulky-DNA adduct and 8-OHdG in
the lungs of Nrf2-KO mice were higher than those in the lungs of Nrf2-bearing control
mice. Intratracheal administration of BaP elevated the in vivo mutation frequency (MF)
in the lungs of both Nrf2-KO and Nrf2-bearing control mice, but the increase in MF
induced by BaP was enhanced in Nrf2-KO mice. These results indicate that the level of
phase II-drug metabolizing enzymes is a determinant of the genotoxic potency of air
pollutants such as DE and BaP. A possible application of genotoxic potency (in vivo
mutagenicity) data for predicting the carcinogenicity of chemicals will be discussed.
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Toxicity testing strategy based on the co(ncept); of the threshold of toxicological concern
TTC

2

Akihiko Hirose

Division of Risk Assessment, National Institute of Health Sciences, Japan

The Threshold of Toxicological Concern (TTC) is a principle that refers to the
establishment of a generic human exposure threshold value for groups of chemicals below
which there would be no appreciable risk to human health. The concept proposes that
such values can be identified for a group of chemicals, including those of unknown toxicity
when considering their chemical structures. As for the risk assessment of chemicals used
for plastics products of Food Containers, Packaging and Apparatus, most of toxicological
profiles of those chemicals have not been evaluated yet. Although, ideally, toxicity testing
should be conducted based on the migration levels derived from plastics, it is not realistic
to assess fully the potential risks of a large amount of chemicals. Some regulatory
authorities (i.e. FDA, EFSA) had developed the comprehensive safety assessment
guideline of food-contact materials prior to the application, using tiered toxicity testing
‘strategy based on the migration levels. In J apan, although there is no official
comprehensive guidance, several industry associations have introduced independently
the self-regulated guidelines like that of FDA or EFSA. The frame works of all guidelines
are similar, and necessary set of toxicity tests is required stepwisely depending on a few
thresholds of the migration levels. The lowest threshold of 0.5 ppb (1.5 ug/person) was
developed by only FDA in 1995. This lowest threshold had been derived from the
carcinogenic potency database, and greatly discussed so far at that time. However,
scientific bases of higher thresholds (i.e. 50 ppb or 1 ppm) in these guidelines are unclear.
For example, only genotoxicity tests are required for the case of for the migration level
below 50 ppb for safety evaluation. In order to assure the safety of exposure levels .
corresponding to below 50 ppb, the comparison of the threshold for all non- genotoxic
endpoints with this exposure level should be discussed. Meanwhile, the concept of TTC
has been examined and expanded for more general toxicity endpoints (Kroes et al. 2000,
2004) than carcinogenic endpoint. The concept is considered to be helpful for
establishment of the threshold corresponding to the specific toxicity risk. Therefore, we
examined the possibility for the replacement of these higher thresholds in these
guidelines to the exposure threshold derived from the concept of TTC. These works
support to establish the scientifically more transparent schema of toxicity testing for the
risk assessment for plastics products of Food Containers, Packaging and Apparatus.
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In Vivo Mutagenesis Caused by Diesel Exhaust in the
Testis of gpt delta Transgenic Mice
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Diesel exhaust (DE) is a major airborne pollutant in urban
areas. In this study, we estimated the systemic effect of
diesel exhaust inhalation by investigating mutations in ex-
traplumonary organs such as the testis and liver. gpt delta
Transgenic mice carrying the guanine phosphoribo-
syltransferase {gpt) transgene for the detection of muta-
tions in genomic DNA were exposed to inhalation of 3 mg
m~3 diesel exhaust (as suspended particulate matter) for
12 or 24 weeks. Compared to the control mice, DE result-
ed in a 2.0-fold increase in mutant frequency in the testis
of mice that were exposed to DE for 24 weeks (inhaled

group, 1.17 X 10~5; control group, 0.57 x 10~5), but not in ;

the testis of mice exposed for 12 weeks (0.61X% 1075).
The mutant frequency in the lungs was 2.6-fold higher in
mice exposed to DE for 24 weeks than the control group,
but it was not elevated in the liver (0.67 x 1075). In the tes-
tis, the major mutations on the gpt gene were G:C-T:A
transversions, 1 base deletions and G:C— A:T transitions,
while the major mutation in the lung was G:C— A:T transi-
tions. The mutations on nucleotide nos. 402, 406, 409
and 416-418 in the gpt gene in testis seemed to be char-
acteristic of DE inhalation in the testis. Our results suggest
that inhalation of diesel exhaust is genotoxic to the testis
as well as réspiratory organs.

Key words: diesel exhaust emission, testis, gpt delta trans-
genic mouse, 6-thioguanine selection

Introduction ,

Diesel exhaust (DE) emission is a major source of air
pollutant in urban areas, and has been implicated in
causing allergic respiratory disease and lung cancer
(1,2). Diesel exhaust particles (DEP) have been known
to contain potent carcinogens and mutagens, such as
polyaromatic hydrocarbons (PAH; e.g., benzo[alpy-
rene (B[a]P)) and nitrated PAH (e.g., 1,6-dinitropyrene
(1,6-DNP)), of which mutagenicity has been evaluated
in vitro using a Salmonella typhimurium TA98 assay
(3,4). Exposure to DEP through inhalation or in-
tratracheal instillation have been shown to cause oxida-
tive DNA damage (5,6) and DNA adduct formation
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(7,8) in rat and mouse lungs, and long periods of inhala-
tion of DE resulted in respiratory tract tumors in rats
(9-12). These observations suggest that mutagens in DE
induce mutations in the lung, a primary target organ of
inhalation, and are responsible for inducing lung can-
cer. Furthermore, we have previously demonstrated that
typical mutagens such as Ba]P (13) and 1,6-DNP (14),
as well as inhalation of DE (15,16), caused mutations in
the lungs using transgenic rodents for analyzing in vivo
mutagenesis (Big Blue® rat and gpt delta mouse).
Metabolites of PAH contained in suspended particulate
matter in ambient air have been detected in human urine
(17), suggesting that mutagenic PAH in DE are ab-
sorbed in the lungs and transported to extrapulmonary
organs, such as the testis and liver, where they could ex-
ert possible genotoxicity., Watanabe ef al. showed that
the number of daily sperm and Sertoli cells in fetuses
and male rats was decreased by DE exposure (18,19).
However, the mutagenic effect of DE on the extrapul-
monary organs has remained unclear.

We intended to evaluate the in vivo mutagenicity of
DE in testis and liver to.obtain fundamental data for as-
sessing the health risks of air pollution. In order to
evaluate in vivo mutagenicity, we used the gpt delta
transgenic mice carrying the lambda phage EG10-as a
transgene for detecting mutations on genomic DNA
(20,21). When the rescued phage is infected into E. coli
expressing Cre recombinase, the phage DNA is convert-
ed into plasmids harboring the chloramphenicol (Cm)-
resistance gene and guanine phosphoribosyltransferase
(gp?) gene. The gpt mutants can be positively detected as
colonies arising on plates containing Cm and 6-thiogua-
nine (6-TG). Our study revealed an elevated mutant fre-
quency and alterations in the mutation spectrum in the
testis of DE-inhaled gpr delta transgenic mice in which

3Correspondence to: Yasunobu Aoki, Research Center for Environ-
mental Risk, National Institute for Environmental Studies, 16-2
Onogawa, Tsukuba, Ibaraki 305-8506, Japan. Tel: + 81-29-850-2390,
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the mutant frequency in the lung has already been
reported to increase (16).

In this study, we show that inhalation of 3 mgm~™
DE (as suspended particulate matter (SPM)) for 24
weeks resulted in a 2.0-fold increase in mutant fre-
quency in the testis of gpt delta mice compared to the
controls, but the inhalation for 12 weeks did not elevate
the mutant frequency in the testis. The mutant fre-
quency in the liver was not increased by inhalation of
DE under conditions where the mutant frequency in the
testis and lungs were significantly increased. The
predominant mutation spectrum in the testis in response
to DE inhalation included G:C—T:A transversions, 1-
base deletions and G:C—A:T transitions, while the
major mutations in the lungs were G:C—A:T transi-
tions (16). These data suggest that DE inhalation exerts
genotoxicity on testis systemically.

3

Materials and Methods

Treatment of mice: gpt¢ delta Mice carry ca. 80 co-
pies of lambda EG10 DNA on each chromosome 17 in a
C57BL/67J background (22). Exposure to DE (12hd™},
7 d week ™) was performed in chambers equipped by the
National Institute for Environmental Studies (16,23)
under the same conditions as those in our previous
report on in vivo mutations in the lung (16). Three to
five 7-week-old mice were exposed to 3 mgm™* DE (as
SPM) for 12 or 24 weeks. Seven mice were maintained
in filtered clean air (control group). The animals were
sacrificed 3 days after the last exposure and their testis
and liver were removed, frozen in liquid nitrogen and
stored at —80°C for this study.

Gpt mutation assay: The gpt assay was performed
as described previously (20). Genomic DNA was ex-
tracted from the testis and liver tissue using the
RecoverEase DNA Isolation Kit (Stratagene Co., La
Jolla, CA) and Lambda EG10 phages were rescued us-
ing the Transpack® Packaging Extract (Stratagene). E.
coli YG6020 was infected with the phage, spread on M9
salt plates containing Cm and 6-TG (19), and then incu-
bated for 72 h at 37°C for selection of the colonies har-
boring a plasmid carrying the chloramphenicol
acetyltransferase (CAT) gene and a mutated gpt gene.
Isolates from the 6-TG-resistant phenotype were cul-
tured in LB broth containing 25 ug/mL~! Cm at 37°C
overnight, harvested by centrifugation (7,000 rpm, 10
min) and stored at —80°C.

PCR and DNA sequencing of the 6-TG-resistant
mutants: A 739 bp DNA fragment containing the gpt
gene was amplified by PCR and sequenced as described
previously (13,20). Sequencing was performed using the
Big Dye Terminator v3.1 Cycle Sequencing Kit (Applied
Biosystems, Foster City, CA) on an Applied Blosystems
model 3730xI DNA analyzer.

Statistical analysis: All of the data are expressed as

the mean+ SD. The statistical significance of the DE
treatment was analyzed using the Student’s #-test.
p<0.05 was considered to be statistically significant.
Mutational spectra were compared using the Adams-
Skopek test (24,25).

Results

Gpt mutations in the testis, lung and liver of DE in-
haled gpt delta mice: In order to estimate the muta-
genicity of DE, gpt delta mice inhaled DE (3 mg m™3 as
SPM) for 12 or 24 weeks and mutations in the testis and
liver were analyzed (Table 1). While the mutant fre-
quencies in the testis of the control mice for 12 and 24
weeks inhalation were 0.57 £0.04 X 107° and 0.58 £ 0.07
X 107°, respectively, inhalation of DE for 12 and 24
weeks resulted in 1.1 and 2.0-fold increases in mutant
frequency (0.61+£0.08%107° and 1.17+0.45% 1073, re-
spectively) compared with the controls (Table 1). Sig-
nificant increases in the mutant frequency in the testis
were observed in the group that inhaled DE for 24 weeks
compared with the control group and the group that in-
haled DE for 12 weeks. Our previous report demon-
strated that inhalation of 3 mgm~® DE for 24 weeks
resulted in a 2.6-fold increase in the mutant frequency in
the lung (Table 1) (16); however, the mutant frequency
in the liver (0.67 =0.23 X 10~°) was not elevated even af-
ter inhalation for 24 weeks compared with the control
(0.56+0.14 % 107%).

Alterations in the mutation spectrum in testis are
induced by DE inhalation: In order to determine the
mutation spectrum induced by DE inhalation, 170 6-
TG-resistant mutants in a total were sequenced. As
shown in Table 2, mutations of the gpt gene were de-
tected in 149 mutants obtained from the testis of DE-in-
haled and control mice (Table 1). The mutation type
analysis indicated that the percentages of G:C—-T:A
transversions and 1-base deletions were increased in DE-
inhaled mice (DE all) comparing to control mice (Con-
trol all). To characterize DE-induced mutagenesis pre-
cisely, the frequency of each mutation was calculated
from data in Table 2 (Fig. 1). In the groups that inhaled
DE for 24 weeks, the mutant frequency of G:C—-T:A
transversions, l-base deletions and G:C—A:T transi-
tions was 3.8 X107, 2.9 107¢ and 2.4 X 1075, whereas
that of the control mice was, 1.0x 1075, 0.6 X 10~% and
1.9%107%, respectively. DE inhalation for 24 weeks
caused a significant difference in the types of mutation
in the control and DE inhalation groups (p=0.04,
Adams-Skopek test).

The spectrum of gpt mutations in the testis that were
induced by DE inhalation for 12 weeks and 24 weeks
(Table 3) indicated a prevalence of G:C—T:A transver-
sions with three mutation sites (nucleotide nos. 402, 406
and 409) being identified as hotspots in three or more
mice, as well as G:C—A:T transition hotspots on



Diesel Exhaust Mutation Spectrum in Testis

Table 1. Summary of mutant frequencies in the testis, lung and liver of gpt delta mice after inhalation of DE
DE Exposure ID of Number of colonies Mutant * Average mutant
Organ concentration time animals frequency frequency & SD
(mgm™3) (weeks) : Mutant Total (X107% (X107%)
Testis 0 12 1. 7 1,265,600 0.55
2 9 1,428,800 0.63
3 10 1,792,000 0.56
4 10 1,820,800 0.55
‘ Total 36 6,307,200 0.57+0.04
3 12 1 12 1,996,800 0.60
2 12 1,984,800 0.61
3 14 1,881,600 0.74
4 14 2,318,400 0.60
S 7 1,374,400 0.51
Total 59 9,556,000 ‘ 0.61 £0.08
0 24 1 9 1,676,800 0.54
2 5 756,800 0.66
3 7 1,291,200 0.54
Total 21 3,724,800 0.58+£0.07
3 24 1 9 1,409,600 0.64 '
' 2 29 1,910,400, 1.52
3 16 1,176,000 1.36
Total -54 4,496,000 1.17+£0.45%
Lung' 0 u 1 13 1,551,000 0.84
2 8 1,074,000 0.74
3 8 903,000 0.89
Total 29 3,528,000 0.82+0.07
3 24 1 10 462,500 2.16 -
2 11 546,000 2.01
3 16 745,600 2.15
Total 37 1,754,100 2.11£0.08**
Liver 0 ou 1 4 952,000 0.42
2 8 1,148,800 0.70
3 4 724,800 0.55
Total 16 2,825,600 0.56+0.14
3 24 1 2 275,200 0.73
2 2 483,200  0.41
3 8 937,600 0.85
Total 12 1,696,000 0.67+0.23

Significant differences were detected between the control and DE-treated group (*: p<0.05, **: p<0.001).

': data from our previous study (16).

another three sites (nucleotide nos. 64, 110 and 115).
The predominant frameshift mutations induced by DE
were single-base pair deletions in run sequences (22/29
. =76%); in this case the hotspot was located at nucleo-
tide nos. 416-418. Therefore, the mutations on nucleo-

~ tide nos. 402, 406, 409 and 416-418 seem to be charac-

teristic of DE inhalation in testis, but were not hotspots
in the lungs of DE-inhaled mice, while nucleotide no.
402 was a hotspot of G:C— AT transitions in the lung.

Discussion-

In this study we demonstrate that, as a result of inha-
lation of 3 mg m ™3 DE, the mutant frequency in the tes-
-tis of gpt delta mice increased with the duration of treat-
ment (Table 1), but the mutant frequency in the liver
was not elevated, indicating that DE inhalation exerts
genotoxicity systemically on testis as well as on respira-
tory organs. This article is the first report on an increase
in the mutant frequency in testis in response to DE inha-
lation (Table 1). Indeed, DE inhalation has also been
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Table 2. Classification of gpr mutations from the testis of control
and DE-inhaled mice

Control (weeks) DE (weeks).

Type of mutation in
the gp? gene 12 24 all 12 24 all

% %
" Base substitution
Transition
G:C—A:T 42 31 39 24 24 24
AT-G:C 6 6 6 2 4 3
Transversion '
G:C—-T:A 12 38 20 24 37 30
G:C—-C:G 12 6 10 17 0 9
A:T-T:A 3 0 2 2 2 2
AT-C:G 0 0 0 0 2 1
Deletion
-1 12 13 i2 30 28 29
>2 6 6 6 0 2 1
Insertion 6 0 4 2 0 1
Other 0 0 0 0 0
Total 100 100 100 100 100 100
Total nymber of 33 16 49 sS4 46 100

*: 149 of 170 6-TG-resitant mutants have mutation in the gpt gene.

4.0
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3.0 + B 24 weeks

Mutant frequency (X 10%)
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i
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Fig. 1. Comparison of the 6-TG-resistant mutation spectra in con-
trol and DE inhaled gpt delta mice. The mutant frequencies of control
mice and those exposed to DE for 12 weeks and 24 weeks were calcu-
lated by dividing the number of each type of gpr mutations in the Con-
trol all, DE 12 weeks and DE 24 weeks, respectively, by the corre-
sponding total number of colonies (shown in Table 1).

shown to cause a decrease in the number of daily sperm
and Sertoli cells in fetuses and male rats (18,19). Daily
sperm production in the testis decreased dose-depen-
dently in response to DE exposure for 6 months; a 53%
reduction in sperm production was observed in rats ex-
posed to DE (26) at the same concentration (3 mg m™%)
used in this study. These observations indicate that DE

inhalation induces an-increase in mutant frequency in
the testis under the same conditions in which the
reproduction of sperm was suppressed.

A significant increase in mutant frequency was ob-
served in the testis after DE inhalation for 24 weeks but
not for 12 weeks, while the mutant frequency in the
lungs was elevated after inhalation for 24 weeks as well
as 12 weeks (16). Delayed mutagenesis in germ cells has
been observed in /ecZ transgenic mice after 35 days
treatment with ethyl nitrosourea (ENU) (27). Mutagens
contained in DE were absorbed in the lung, systemically
transported to the testis and possibly caused DNA ad-
duct formation in spermatogonial stem cells and sper-
matogonia. These DNA adducts may be fixed as delayed
mutations in germ cells through errors in DNA replica-
tion in continuous cell division during germ-cell de-
velopment from spermatogenic cells to sperm. On the
other hand, DNA adducts may be formed in the liver,
but might not be fixed as mutations because of the low
rate of cell division and/or high degree of DNA repair.
However, Masumura et al. (28) showed that a heterocy-
clic amine, PhIP, was metabolically activated and in-
duced point mutations in the liver but not the testis of
gpt delta mice, suggesting that any factors governing the
distribution and metabolism of mutagens in the body
may determine the tissue specificity of mutagenesis.

The predominant mutation spectrum in the testis in
response to DE included G:C—T:A transversions, 1-
base deletions and G:C—A:T transitions (Table 2 and
Fig. 1) as well as mutation hotspots on nucleotide nos.
402, 406 and 409, nos. 416-418 and nos. 64, 110 and
115, respectively (Table 3), while mutations in the lung
were predominantly only G:C—A:T transitions (16).
Mutation hotspots on nucleotide no. 406 and nos.
416-418 were identified in the testis of mice that inhaled
DE for 12 weeks, in which the mutant frequency did not
significantly increase, suggesting that DE acts as muta-
genic agent even after inhalation for 12 weeks.
G:C—T:A transversions have been known to be in-
duced in gpf delta mice by B[q]P treatment (13) and 8-
hydroxy-deoxyguanine (8-OHdAG) generated by reactive
oxygen species (ROS) (29). We have shown that the
G:C—T:A transversion was a predominant mutation in
Nrf2 deficient mice (30), in which the levels of the phase
II detoxification enzymes and ROS-scavenging enzymes
were suppressed (31,32) and DNA adduct formation
was accelerated in the lung (33). These observations sug-
gest some contribution of ROS to inducing mutation
hotspots of G:C—T:A transversions (nucleotide nos.
402, 406 and 409) in the testis of mice subjected to DE
inhalation. Nucleotide nos. 64, 110 and 115 were muta-
tion hotspots of G:C—A:T transitions in the testis of
DE-inhaled mice as well as in 1,6-dinitropyrene (DNP)-
instilled Iungs of gpt delta mice (14), and were also mu-
tation hotspots in non-treated mice (34). The compo-
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Table 3. DNA sequence analysis of gpt mutations obtained from the testis of DE-treated and control mice

Number
T f Mitaton Control DE
e 0 . .
mg?ation Nucleotide Sequence Change Amm acid change -
number 12 24 12 24
weeks weeks weeks weeks
Base substitution
Transition
G:C—A:T 3 atG - atA Met - lle 1
64 Cga — Tga CpG Arg — Stop 1 4t
82 Caa — Taa Gln - Stop 1
86 tGg — tAg Trp — Stop 1
107 aGe — aAc Ser — Asn 1
110 c¢Gt — CcAt CpG Arg — His 2% 2 2%
113 gGec — gAc Gly — Asp 1 1
115 Ggt — Agt CpG Gly — Ser 1 3* 3*
116 gGt — gAt Gly = Asp 2% 1 1 1
145 Gaa — Aaa Glu - Lys 1
176 tGt — tAt Cys — Tyr 1
202 Cag — Tag Gln — Stop 1
401 tGg — tAg Trp - Stop 1
402 tgG — tgA Trp — Stop - 1 1
418 Gat — Aat Asp — Asn 3 1 3*
451 Ggt -  Agt CpG Gly — Ser 1
AT-G:C 56 cTe = ¢Ce Leu - Pro 1 1
410 cAg - cGg Gln - Arg 1
415 Tgg — Cgg Trp — Arg 1
419 gAt - gGt Asp — Gly 1 1
Transversion -
G:C-»T:A 7 Gaa — Taa CpG Glu — Stop 1
59 gCa - gAa Ala — Glu 1
110 cGt - Tt CpG Arg — Leu 1
127 Ggt — Tgt £ Gly = Cys 1
140 gCg — gAg CpG Ala - Gl 2 1 1
145 Gaa — Taa Glu — Stop 1
189- - taC - taA CpG Tyr - Stop 1 1
208 Gag — Tag CpG Glu - Stop 1
287 aCt — aAt Thr - Asn 1
304 Gaa — Taa Glu - Stop 1 1 1
401 tGg - tTg Trp — Leu 1 1
402 teG - tgT Trp — Cys 1 2% 1
406 Gaa — Taa Glu — Stop 4! 4*
409 Cag — Aag Gln — Lys 1 2%
413 cCg -~ cAg CpG Pro — Gk 1 2% 1
418 Gat — Tat Asp — Tyr 1 2%
G:C—-C:G 3 atG - atC Met - lle 1
6 agC - agG CpG Ser — Arg 1
109 Cgt — Ggt CpG Arg - Gly 1
- 143 cGt - ¢Ct CpG Arg — Pro 1 :
145 Gaa — Caa Glu - Ghn 1
262 Gat — Cat Asp — His 1
289 - Geg - Ccg Ala - Pro 1
340 Gea — Cca CpG Ala - Pro 2%
401 tGg - tCg Trp — Ser 1
402 tgG — tgC Trp — Cys 1
413 cCg — cGg CpG Pro - Arg 2%
. 418 Gat — Cat . Asp - His 1
A:T-T:A 35 tTg — tAg Leu — Stop 1
146 gAa - gTa Glu - Val 1
179 aTt — aAt Ile — Asn 1
AT-C:G 106 Age - Cgc Ser — Arg ) 1
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Table 3. cont.
Number
nfl}l?:tigfl Nucleotide Sequence Change Control DE
12 24 12 24
weeks weeks weeks weeks
Deletion 8-12 sAAAAAL — gAAAAL 1 2 1
—1 base 126-128 ¢GGGt - GGt 1
133-134 gTTa — gTa ) 1
155-156 aTTc — aTc 1
179-181 aTTTec - aTTc 2
230 gCa — ga 1
237 gCg - gg 1 1
244 cGa — «ca 1
249 gCt — gt 1
277 tAc - tc . 1
387-389 tCCCg - tCCg . 1
416-418 tGGGa - tGGa 1 7! 5t
420 -aTa — aa 1
426 gCeg — gg 1
431 gTa — ga 1
442-443 gCla — gCa 1
451-452 ¢GGt - Gt ’ 1
454 tCg — tg 1
>2 26-34 tGGGACATGTTg — tg 1 -
170-171 aCCg — ag 1
238-249 ¢GATGGCGAAGGCt — «ct 1 1
Insertion 75 ¢t — CcAt 1
107 ag — aTg ) 1
214-216 taaag - tAaaag 1
.Total 33 16 54 46

* and T: Mutations found in 2 and 3 different mice, respectively.

nents in DE, such as 1,6-DNP and related compounds,
may also contribute to enhance spontaneous mutations
via the generation of ROS in the lung and also in the tes-
tis in response to DE inhalation. 7
Potent mutagens such as Bl¢]P and 1,6-DNP in DE

are suspected to cause tumors in the lung, but their
effect on the germline remains to be investigated. Previ-
ously, B[a]P was shown to induce a dominant-lethal
mutation in the germ cells of male mice (35). We show
that inhalation of DE, a major air pollutant in urban
air, induces mutations in the testis, suggesting that
mutagenic PAH and other mutagenic compounds in DE
cause germline mutations. Previously, a germline muta-
tion has been reported to occur in herring gulls living in
an urban area (36). Recently, heritable DNA mutations
in micro-satellite DNA were identified in mice that in-
haled polluted ambient air in an industrial area (37,38);
exposure to polluted ambient air for 10 weeks, followed
by 6 weeks in the laboratory, was required for a sig-
nificant increase in the sperm mutant frequency in these
mice (38). This observation (38) corresponds to the
delayed induction of point mutations in the testis in our
study. Mutagenic compounds in ambient air may con-
tribute to the induction of germline mutations.

However, further studies are required to confirm that
DE and other air pollutants cause mutations in germline
cells, which are good markers for assessing the health
risk of air pollution.
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Potency of Air Pollutants at
- DNA Adduct Formation and
Assessment by In Vivo Mutagenesis
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16-2 Onogawa, Tsukuba, Ibaraki 305-8506 Japan.

Abstract

Various mutagenic polycyclic aromatic hydrocarbons (PAHs) including nitro-PAHs,
associated with suspended particulate matter (SPM), are possibly deposited in the lungs
and other organs of residents in urban areas. To assess the mutagenicity of air pollution
and its carcinogenic risk in the lung and other organs, it is necessary to assess the
genotoxicity in vivo of the various PAHs and nitro-PAHSs in urban air. In this chapter, we
review the genotoxicity, such as DNA adduct formation, of air pollutants and its
assessment by iz vivo mutagenesis. '

Abbreviations
PAHs polycyclic aromatic hydrocarbons
BaP benzo[alpyrene
SPM suspended particulate matter
PM,; 5 and PMyq SPM < 2.5 and 10 pm diameter, respectively
DNP dinitropyrene
3NBA * 3-nitrobenzanthrone
DEP diesel exhaust particle
BPDE benzo[a]pyrene diol-epoxide

RAL relative adduct level
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WBCs ' ‘white blood cells
DE diesel engine exhaust
MF mutant frequency

i. Introduction: Mutagenic PAHs in Urban Air

PAHs and nitro-PAHs are generated by the combustion of fossil fuels and are found in
diesel and boiler exhaust. Many PAHs are recognized as mutagens and carcinogens, and are
“associated with SPM in ambient air. SPM < 2.5 pum in diameter (PM, ) tends to be easily
trapped in pulmonary bronchia, where it possibly induces mutations that lead to tumor
formation. Benzo[a]pyrene (BaP) is a typical environmental pollutant contained in SPM. Its
mutagenic potency has been well examined by means of in vitro assay systems, such as the
Ames test (Salmonella revertant test). BaP was evaluated as Class 2A (probably carcinogenic
to humans) in IARC classification [1], and has been recently upgraded to Class 1
(carcinogenic to humans) [2]. BaP is used as a marker for carcinogenic risk of PAHs in
ambient air, and unit risk of PAHs expfessed as BaP for carcinogenesis is estimated to be 9 x
1072 per pg/m® inhaled air (based on human studies) by the WHO Regional Office for Europe
[3]. Unit risk of BaP in drinking water is also estimated to be 2.1 x 107 per pg/L drinking
water (based on animal experiments) by the United States Environmental Protection Agency
[4]. Thus, a concentration of BaP of 0.1 ng/m? in air and 50 ng/L in drinking water provides a
cancer risk of 107 (1 in 100,000). If the daily intake of air and drinking water is set at 15 m?
and 2 L, respectively, according to the standard default values for adults, the daily intake of
BaP for a cancer risk level of 107 is estimated to be 1.5 ng for inhaled air and 100 ng for
drinking water. These estimations suggest that exposure via air is a more sensitive pathway
for the induction of cancer by BaP than exposure via drinking water. The target value for BaP
in ambient air is 1 ng/m® in the EU [5], and the air quality standard for BaP as an annual
average is 0.25 ng/m’ in the UK; this value is derived from the lowest exposure level for the
occurrence of lung cancer by occupational inhalation [6]. ‘

BaP has been detected in ambient air in association with SPM in many countries,
especially in urban and industrial areas, and the concentrations of individual PAHs in the air
range from <0.1 to 100 ng/m® [7]. In Japan, a report by the Ministry of the Environment
documents the air concentrations of BaP at monitoring stations (366 points in 2007) in urban
areas as part of a systematic nationwide monitoring managed by the Ministry and local
government. The average concentration of BaP was 0.78 ng/m® (range, 0.05-8.1 ng/m®) in
1998, but gradually decreased to 0.26 ng/m’ (0.00038—1.8 ng/m’) in 2007 [8].

In addition to BaP, various mutagenic and carcinogenic PAHs and nitro-PAHs are also
released into the environment, especially in urban areas, as combustion products associated
with diesel exhaust particles (DEP) and SPM. Several PAHs—including BaP,
benzo[b]fluoranthene, benzo[jlfluoranthene, benzo[k]fluoranthene, chrysene, dibenzo[a,h]
anthracene, and indeno[1,2,3,-cd]pyrene—were identified as carcinogens in intralung
application experiments in rats [6]. For example, dibenzo[a,h]anthracene was shown to be
2.54 times more carcinogenic than BaP [6]. Among the nitro-PAHs, the dinitropyrene (DNP)
isomers have been well tested for mutagenicity and carcinogenicity. For example, 1,3-, 1,6-,
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and 1,8-DNP show higher mutagenic activity than BaP as determined by the Ames test [9],
and intratracheal administration of 1,6-DNP induced lung tumors in hamsters [10] and rats
[11]. The mutagenic activity of BaP requires cytochrome P450:mediated metabolic
activation, whereas DNPs are mutagenic without metabolic activation [9], thus suggesting
that BaP and DNPs have different modes of mutagenicity. Investigations of the in vivo
mutagenicity of BaP and 1,6-DNP by intratracheal administration in transgenic gpt delta mice
(a transgenic mouse model for detecting mutations; see section 3) show that the in vivo
mutagenicity of 1,6-DNP [12] was about 20 times higher than that of BaP [13]. The
concentration of 1,6-DNP in DEP is estimated to be about one-tenth that of BaP [14],
indicating that the mutagenic potency of 1,6-DNP in DEP (in vivo mutagenicity X
concentration) may be comparable to that of BaP. Apart from the DNP isomers, several nitro-
PAH compounds, "e.g., nitro-benzanthrone and nitro-benzopyrene, are mutagenic and
carcinogenic. The intratracheal administration of 3-nitrobenzanthrone (3NBA) produces
DNA adducts [15] and induces tumors in rat lungs [16]. 3,6-Dinitrobenzo[e]pyrene, which
was originally detected in soil in Japan, shows potent mutagenic activity in vitro that is
comparable to those estimated for 1,6- and 1,8-DNP [17, 18].

2. DNA Adduct Formation in the Lung of
Experimental Animals by In Situ Exposure to
Urban Air

PAHs and nitro-PAHs incorporated into Iung, liver, and other target organs become
genotoxic when converted to reactive electrophilic metabolites, known as reactive
intermediates, by cytochrome P450 (CYP)-mediated monooxygenation. BaP is oxidized to
BaP diol-epoxide (BPDE) by inducible CYP1Al and CYPIA2 [19]. These reactive
intermediates covalently bind genomic DNA, mainly on guanine, resulting in the formation
of DNA adducts [20]. DNA repair systems can remove adducts, but adducts that are not
removed can induce mismatching of DNA base pairs during DNA replication and thus cause
gene mutations [21]. BaP, which forms BPDE-DNA adducts with guanine, induces G:C to
T:A transversions in vivo [13, 22]. Mutations induced in cell growth or cell cycle genes can
transform a normal somatic cell into a cancer cell, thus initiating tumor formation.

DNA adduct formation induced by environmental pollutants is a key event in
mutagenesis and carcinogenesis. A simple test of the genotoxicity of air pollutants is to assess
the formation of DNA adducts in the lungs of experimental animals exposed on site to
polluted air (‘in sifu exposure’). In one such study, from 1995 to 1996, Wistar rats were
maintained in a small-animal housing facility beside a main highway intersection in the
Tokyo metropolitan area, and were exposed to the ambient air for up to 60 weeks; contro] rats
were exposed to HEPA/charcoal-filtered ambient air [23]. The average monthly
concentration of SPM < 2 pum was 51.8 pg/m’® (range, 29.1-78.8 pg/m>), whereas that for
SPM < 11 pm was 76.5 pg/m® (50.4-108.3 pg/m®). This experiment was originally designed
for evaluating the effects of urban air on the respiratory system. After exposure to the
ambient air, DNA adducts were analyzed by the *?P-postlabeling assay, which involves
nuclease Pl treatment and the separation of 3’zP—posﬂabelc:d nucleotides by thin-layer



