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The Health Effects Institute, established in 1980, is an independent and unbiased source
of information on the health effects of motor vehicle emissions. HEI studies all major
pollutants, including regulated pollutants (such as carbon monoxide, ozone, nitrogen
dioxide, and particulate matter), and unregulated pollutants (such as diesel engine exhaust,
methanol, and aldehydes). To date, HEI has supported more than 200 projects at institu-
tions in North America and Europe.

Typically, HEI receives half its funds from the U.S. Environmental Protection Agency and
half from 28 manufacturers and marketers of motor vehicles and engines in the United States.
Occasionally, funds from other public or private organizations either support special projects
or provide resources for a portion of an HEI study. Regardless of funding sources, HEI exercises
complete autonomy in setting its research priorities and in reaching its conclusions. An
independent Board of Directors governs HEL The Institute’s Research and Review Committees
serve complementary scientific purposes and draw distinguished scientists as members. The
results of HEI-funded studies are made available as Research Reports, which contain both the
Investigators’ Report and the Review Committee’s evaluation of the work’s scientific quality
and regulatory relevance.



Hel Statement

Synopsis of Research Report Number 84

Genotoxicity of Polycyclic Aromatic
Hydrocarbons and Their Atmospheric
Reaction Products

BACKGROUND

Polycyclic aromatic hydrocarbons (PAHs) are widespread environmental pollutants that
are formed from the incomplete combustion of fossil fuels. These compounds can react
with other chemicals in the atmosphere to produce oxy- and nitro-PAHs. Many of the
atmospheric PAHs, as well as their chemical derivatives, are genotoxic—that is, they can
damage DNA. Therefore, the presence of these atmospheric transformation products may
pose a human health risk.

Because of the need to understand better the potential for PAHs and their atmospheric
reaction products to damage DNA, HEI funded this study to evaluate the genotoxicity of
select PAHs found in combustion emissions.

APPROACH

Dr. Arey and colleagues of the University of California, Riverside, examined the genotoxic
potential of two PAHs (naphthalene and phenanthrene) that are common air pollutants, and
a subset of their atmospheric transformation products. The investigators evaluated the geno-
toxicity of these compounds using a variety of human cell lines with a range of metabolic
capabilities. They examined the ability of these compounds to produce small-scale (damage
to genes) and large-scale (damage to chromosomes) genetic damage.

RESULTS AND IMPLICATIONS

The investigators’ results indicate that some transformation products of common atmos-
pheric PAHs are more genotoxic in mammalian cell lines than their parent compounds.
In addition, some compounds produced chromosomal damage without damaging individ-
ual genes. The results also indicated that enzymatic transformation of some compounds
was necessary to induce genotoxicity in the mammalian cell lines tested. The genotoxicity
of these atmospheric transformation products in human cells, together with their high
concentrations in ambient air, validates the underlying premise of this work: that atmos-
pheric reaction products of PAHs should be considered in genotoxicity assessments of air
pollutants. Because the findings of this study are based on in vitro testing only, the ability
to extrapolate the results to human exposures and the subsequent risk to human health is
limited. The results are, however, very useful in identifying the most significant PAHs to
study in future in vivo studies.

This Statement, prepared by the Health Effects Institute and approved by its Board of Directors, is a summary of a research project sponsored
by HEI from 1994 to 1997, This study was conducted by Drs. Andrew J. Grosovsky, Janet Arey, David A. Eastmond, Karyn K. Parks, and Roger
Atkinson at the University of California, Riverside, and Jennifer C. Sasaki at Lawrence Livermore National Laboratory. The following Research
Report contains both the detailed Investigators’ Report and a Commentary on the study prepared by the Institute’s Health Review Committee.
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INVESTIGATORS’ REPORT

Evaluation of the Potential Health Effects of the Atmospheric Reaction Products

of Polycyclic Aromatic Hydrocarbons

Andrew ]. Grosovsky, Jennifer C. Sasaki, Janet Arey, David A. Eastmond, Karyn K. Parks, and

Roger Atkinson

ABSTRACT

The genotoxic risks from exposure to polycylic aromatic
hydrocarbons (PAHs)* have long been recognized. Less
well understood are the potential genotoxic risks of the
atmospheric reaction products of this class of compounds.
In this investigation, we have utilized several human cell
assays to evaluate the genotoxicity of naphthalene, phen-
anthrene, and their atmospheric reaction products 1-nitro-
naphthalene, 2-nitronaphthalene (2NN), 1-hydroxy-2NN,
2-hydroxy-1-nitronaphthalene, 1,4-naphthoquinone, and
2-nitrodibenzopyranone (2NDBP). In addition, simulated
atmospheric reaction products of naphthalene were gener-
ated in a 6,700 liter (L) Teflon environmental chamber,
collected on a solid adsorbent, extracted, and fractionated
by normal-phase high-performance liquid chromatography
(HPLC). Individual fractions were then analyzed using gas
chromatography/mass spectrometry (GC/MS), and tested
for genotoxic effects. Genotoxicity was primarily deter-
mined using the human B-lymphoblastoid cell line, MCL-5,
which expresses several transfected P450 and epoxide hy-
drolase genes. Mutagenicity was evaluated at both the het-
erozygous thymidine kinase (tk) locus and the hemizygous
hypoxanthine phosphoribosyl transferase (hprt) locus, per-
mitting detection of both intragenic and chromosomal scale
mutational events. Test compounds were also screened
using the CREST modified micronucleus assay. The results
indicate that 2NN and 2NDBP possess greater mutagenic
potency than their parent compounds, and, interestingly,
both compounds induced significant increases in mutation

* A list of abbreviations appears at the end of the Investigators’ Report.

This Investigators’ Report is one part of Health Effects Institute Research
Report Number 84, which also includes a Commentary by the Health Review
Committee, and an HEI Statement about the research project for which Dr.
Janet Arey was the principal investigator. Correspondence concerning the
Investigators’ Report may be addressed to Dr. Andrew Grosovsky, University
of California, Riverside, Environmental Toxicology, 5419 Boyce Hall, River-
side, CA 92521.

Although this document was produced with partial funding by the United
States Environmental Protection Agency under Assistance Award R824835
to the Health Effects Institute, it has not been subjected to the Agency’s peer
and administrativereview and therefore may not necessarily reflect the views
of the Agency, and no official endorsement by it should be inferred. The
contents of this document also have not been reviewed by private party
institutions, including those that support the Health Effects Institute; there-
fore, it may not reflect the views or policies of these parties, and no endorse-
ment by them should be inferred.
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frequency at the tk but not the hprt locus. These findings
suggest a mechanistic difference in human cell response to
2NN and 2NDBP as compared to bacteria, where both
compounds were previously shown to induce point muta-
tions in the Salmonella typhimurium reversion assay. The
genotoxicity of 2NN and 2NDBP in human cells, together
with their high concentrations in ambient air relative to
nitro-PAHs directly emitted from combustion sources, em-
phasizes the need to consider atmospheric reaction prod-
ucts of PAHs in assessments of the genotoxicity of air
pollutants.

We also investigated whether transfected cytochrome
P450 monooxygenase activities were required to activate
2NN and 2NDBP to genotoxic species, and whether a single
enzyme could be sufficient for metabolic activation. Three
directly related cell lines with multiple (MCL-5), single
(AHH-1 1A1), orno (L3) transfected cytochrome P450 genes
were used. AHH-1 is additionally distinguished by elevated
mutagenic response at the tk locus, a heterozygous muta-
tion in p53, and apoptosis capacity. The effect of these
metabolic and genetic differences on genotoxicity of 2NN,
2NDBP, and -naphthylamine (BNA) was also investigated.
The results indicated that 2NN and 2NDBP were not acti-
vated to genotoxic species through nitroreduction path-
ways. Mutagenicity induced at the tk locus was dependent
on oxidative metabolism, provided by transfected cyto-
chrome P450 enzymes in MCL-5 and AHH-1 1A1. Mu-
tagenicity was not observed in the L3 cell line, which does
not carry transfected cytochrome P450 activities. The nega-
tive response of NA in all cell lines indicates that, contrary
to previous hypotheses, 2NN and BNA are not activated by
similar metabolic pathways in these human cell lines. Taken
as a whole, these results suggest that the genotoxicity of
nitro-PAHs in human cells requires oxidative metabolism.

INTRODUCTION

Polycyclic aromatic hydrocarbons are atmospheric pollu-
tants formed as a result of natural and anthropogenic com-
bustion processes (Nickolaou et al. 1984). Polycylic aromatic
hydrocarbons with two to four rings are found at least
partially in the vapor phase under ambient atmospheric



Atmospheric Reaction Products of Polycyclic Aromatic Hydrocarbons

Table 1. Products Observed and Their Formation Yields from Gas-Phase OH Radical- and NO3 Radical-Initiated

Reactions of Naphthalene®

% Yield from Reaction with

Product OH Radical NOj3 Radical
Z-Formylbenzaldehgfdeb ~ 2.7

Phthalic anhydride ~3

1,4-Naphthoquinone 1.0 1.9
Compound of molecular weight 160 14

2-Formylcinnamaldehyde (cis + trans) 35

Compound of molecular weight 160 1.5

1-Naphthol 2.9

2-Naphthol 3.8 Observed
1-Nitronaphthalene 1.2 24.4
2-Nitronaphthalene 1.3 11.0
1-Hydroxy-2-nitronaphthalene 1.1 1.5
2-Hydroxy-1-nitronaphthalene Observed 1.2
Compound of molecular weight 174° ~5

Compound of molecular weight 176 13

Total ~ 67 > 404

® From Sasaki et al. 1997.

b Expected to be secondary product from reaction of 2-formylcinnamaldehyde with the OH radical; therefore not included in total yield.

° Tentatively identified as 2,3-epoxy-1,4-naphthoquinons.

4 Because of the expected high reactivity of 2-naphthol toward NO, radicals, significant amounts of the reaction products could have proceeded via the initial

formation of 2-naphthol.

conditions, and can undergo relatively rapid gas-phase
atmospheric transformation reactions. For example, the
daytime reaction of these PAHs with hydroxyl (OH) radical
results in PAH lifetimes of generally less than one day
(Atkinson and Arey 1994), and both daytime reaction with OH
radicals and nighttime reaction with nitrate (NOs) radicals
lead to nitro-PAH products (Arey et al. 1986, 1989a,b,
1990; Zielinska et al. 1989a,b; Atkinson et al. 1990; Atkin-
son and Arey 1994; Gupta et al. 1996; Ciccioli et al. 1995,
1996). Because these atmospherically formed nitro-PAHs
are often found at higher concentrations than the nitro-
PAH isomers directly emitted from combustion sources
(Arey et al. 1989b; Ciccioli et al. 1995, 1996; Gupta et al.
1996), it is apparent that the toxic effects of atmospheric
transformation products derived from the parent PAH com-
pounds need to be an integral component of any comprehen-
sive evaluation of the health effects of atmospheric PAHs.

Bioassay-directed fractionation and chemical analysis
has been used successfully to identify mutagenic compo-
nents in complex mixtures (Schuetzle et al. 1981; Schuetzle
and Lewtas 1986) and mutagenic atmospheric reaction
products produced in simulated atmospheric reactions in
the laboratory (Arey et al. 1992; Sasaki et al. 1995). High-

performance liquid chromatography (HPLC) fractionation
of gas- and particle-phase ambient air extracts followed by
bioassay with a modified Ames assay (Kado et al. 1983),
together with GC/MS analyses of mutagenic fractions, has
identified two distinct compound classes—the nitro-PAHs
and the nitro-PAH lactones—as major bacterial mutagens
formed from atmospheric transformation of PAHs (Arey et
al. 1992; Helmig et al. 1992a,b; Sasaki et al. 1995).

Nitro-PAHs appear to be dominant contributors to gas-
phase ambient mutagenicity (Gupta et al. 1996), whereas
the nitro-PAH lactones, due to their lower vapor pressure
and their predominance in the particle phase, are major
contributors to ambient air particle phase mutagenicity
(Helmig et al. 1992a,b; Sasaki et al. 1995). For example, in
vapor-phase ambient samples collected in Redlands, CA,
nitronaphthalenes and methylnitronaphthalenes—prod-
ucts of the atmospheric photooxidations of naphthalene
and the methylnaphthalenes—accounted for 18% of the
total daytime and 32% of the total nighttime vapor-phase
mutagenicities (Gupta et al. 1996) using the preincubation
microsuspension modified Ames assay (Kado et al. 1983).
Furthermore, in one ambient Riverside, CA, sample, the
nitro-PAH lactone, 2NDBP, an atmospheric transformation
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product of phenanthrene, accounted for approximately 20%
of the total activity of the ambient particle extract in the
microsuspension assay (Helmig et al. 1992a,b).

Naphthalene and phenanthrene were selected for evalu-
ation of genotoxicity because they are two of the most abun-
dant PAHs observed in ambient atmospheres (Arey et al.
1989b), and product studies of their OHradical- and NO3
radical-initiated reactions have previously been carried
out (Atkinson et al. 1987; Arey et al. 1989a; Atkinson et al.
1990; Helmig et al. 1992a,b; Bunce and Zhu 1994; Kwok et
al. 1994; Lane and Tang 1994; Sasaki et al. 1995). In
particular, two atmospheric transformation products of
naphthalene and phenanthrene, 2NN and 2NDBP, have
been shown to be highly mutagenic in the microsuspen-
sion preincubation modified Ames assay (Arey et al. 1992;
Helmig et al. 1992a; Watanabe et al. 1996).

Ongoing efforts to characterize fully the atmospheric reac-
tion products of naphthalene have now resulted in the iden-
tification of ~70% of the reaction products of the OH
radical-initiated reaction of naphthalene and ~40% of the NO3
radical-initiated reaction products (Sasaki et al. 1997). The
products identified and their yields are given in Table 1.
Proposed reactions leading to these products are shown in
Figures 1 and 2 for the OH radical- and NOj; radical~initi-
ated reactions, respectively. Because naphthalene is the most

Naphthalene

CHOH
NO, CH=CHCHO
OO l 0O,

2-Nitronaphthalene
CHO
Hos @[
CH=CHCHO

2-Formylcinnamaldehyde (35%)

1-Naphthol

Figure 1. Postulated reaction mechanism for gas-phase hydroxyl (OH)
radical-initiated reaction of naphthalene.

abundant PAH in ambient atmospheres (Arey et al. 1989b;
Atkinson et al. 1988), nitronaphthalenes are expected to be
the most abundant nitro-PAH, especially under conditions
when NOjradical-initiated chemistry has occurred (Gupta
etal. 1996). For example, in one nighttime sample collected
in Glendora, CA, in August 1986, the ambient concentra-
tions of nitro-PAH formed from atmospheric processes
were 1-nitronaphthalene, 5.7 ng/m?; 2NN, 3.1 ng/m®; and
2-nitrofluoranthene, 2.0 ng/m®. 1-Nitropyrene, the nitro-PAH
generally most abundant in diesel exhaust emissions, was
0.015 ng/m”; benzolalpyrene was 0.32 ng/m® (Atkinson et al.
1988).

The majority of the atmospheric reaction products of
phenanthrene are presently unknown. Although 2NDBP
has been identified as a relatively minor product of phen-
anthrene’s atmospheric reaction, ambient concentrations of
2NDBP comparable with those of 2-nitrofluoranthene, and
thus greater than that of 1-nitropyrene, have been reported
(Helmig et al. 1992b).

The expected pathway for metabolic activation of 2NN
involves nitroreduction to form the corresponding N-hy-
droxyamino metabolite and derived species that can bind
to DNA, forming covalent adducts (Fu 1990). Although
detection of this reactive intermediate has not been re-
ported, BNA has been detected in in vivo mammalian
studies (Johnson and Cornish 1978). Anaerobic incubation
of 2NN with liver postmitochondrial supernatants and cy-

H ONO,

NO; + OO —_— {and other isomer)
Naphthalene
NO; Oy
k
NO, koz
H ONO,

H
O‘ e %
i ' NOZ
NO, L
+ HNO3 OH

OH
NO,

1-Naphthol

1-Nitronaphthalene (24.4%)
2-Nitronaphthalene (11.0%)

1-Hydroxy-2-nitro-
naphthalene

Figure 2. Postulated reaction mechanism for gas-phase nitrate (NO5) radi-
cal~initiated reaction of naphthalene.
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tosol also resulted in the conversion of 2NN to BNA (Poirier
and Weisburger 1974). B-Naphthylamine has been shown
to cause bladder cancer in monkeys and dogs (Conzelman
and Moulton 1972; Conzelman et al. 1970), and has been
clearly associated with an increased risk for bladder cancer
in humans (Garner et al. 1984). Because both BNA and 2NN
may be converted to the N-hydroxyamino species, 2NN has
also been regarded as a potential mutagenic and carcino-
genic agent (Hecht and El-Bayoumy 1990). It is unknown
whether the nitro-group of 2NDBP would also be metabo-
lized.

The human B-lymphoblastoid cell line MCL-5 has fa-
cilitated the investigation of the mutagenicity of PAHs
(Busby et al. 1995) and nitro-PAH compounds (Busby et
al. 1994, 1997) since the cell line has been transfected
with two plasmids encoding multiple P450 and epoxide
hydrolase genes. The cell line also constitutively ex-
presses endogenous cytochrome P450 1A1 (CYP 1A1)
(Crespi et al. 1991). Therefore, exogenous metabolic ac-
tivation of PAHs is not required. Related cell lines, de-
rived from AHH-1, are also available. These would be
expected to have comparable nitroreductase activities,
but provide only one transfected cytochrome P450 en-
zyme. One of the AHH-1 derivative cell lines, L3, the
parent cell line of MCL-5, was selected by exposure to
benzo[ghi]perylene for elevated levels of CYP 1A1 activ-
ity, but contains no transfected enzymatic activities (Crespi
et al. 1991, 1993). These cell lines provide a variety of
metabolic environments for investigating the genotoxicity
of nitroarene compounds.

There are inherent limitations in utilizing a bacterial
reversion assay, such as the Ames assay, in the evaluation
of human mutagenic and/or carcinogenic potential. The Ames
assay detects only agents that induce specific point muta-
tions, such as frameshifts or base substitutions; larger scale
chromosomal events are not detectable. Because many fun-
damental differences exist between prokaryotic and eu-
karyotic systems, the use of a human cell line rather than
bacteria may better predict the genotoxic activity of a par-
ticular compound in humans. Two selectable markers, hprt
and tk, are available in MCL-5 and AHH-1 cells, permitting
a wide range of mutational events to be detected. The hprt
and tk loci are distinguished in a number of important
characteristics including size, zygosity, chromosomal con-
text, and G:C content, all of which could potentially influ-
ence the recovered spectrum of mutations (Giver et al. 1995).

Assay of mutagenicity using hprt as a marker gene is
simpler and more widely available than using tk, since hprt
is X-linked and physically or functionally hemizygous.
Many pathways for mutagenesis are unavailable at hemizy-
gous loci, however, and the heterozygous tklocus in MCL-5

provides the opportunity to assay these other mechanisms
of mutagenesis. In particular, large deletions of many
megabases in length are recoverable at tk (Dobo et al. 1995;
Grosovsky et al. 1995), and homologous interactions may
result in a recombinationally mediated loss of heterozygos-
ity (LOH) of the marker locus and surrounding sequences.
Mutational spectra at tk (Dobo et al. 1995; Giver et al. 1995)
often include a large component of mutants attributable to
multi-locus LOH. In addition to quantification of mutation
frequency at the hprt and tk loci, we also performed the
CREST micronucleus assay to evaluate cytogenetic effects
(Eastmond and Tucker 1989). Thus, in conjunction with the
mutational studies at hprt and tk, a wide range of genotoxic
events ranging from point mutations to chromosome loss
can be rapidly identified and quantified in human cells.

Besides enzymatic differences, MCL-5 and AHH-1 cells
also differ in mutagenic response at the tk locus, p53 status,
and apoptotic capacity. AHH-1 carries a heterozygous mu-
tation in p53 that is associated with diminished and/or
reduced cellular apoptotic response to DNA damage (Mor-
risetal. 1996; Dobo etal. 1997). Alteration in cellular apoptotic
capacity is associated with elevation in tk” mutants, which is
specifically attributable to increased recovery of multi-locus
LOH events but not with an increased frequency of hprt
mutants (Xia et al. 1995; Dobo et al. 1997). To provide addi-
tional insights into the mechanisms underlying the mutagene-
sis induced by 2NN and 2NDBP, we investigated the role of
oxidative metabolism in the bioactivation of the two com-
pounds by comparing their genotoxic effects in three cell lines
of various metabolic capacities.

SPECIFIC AIMS

The overall objective was to address an important aspect
of the health effects of motor vehicle emissions that had
not been previously evaluated, specifically the genotoxic
effects of the selected atmospheric reaction products of
selected PAHs emitted in vehicle exhaust. This evaluation
was made using techniques that assayed chromosomal as
well as point mutational mechanisms of genotoxicity.

Specific objectives were:

1. To screen naphthalene and phenanthrene, two PAHs im-
portant in vehicle exhaust, and an extract of their gas-
phase atmosphericreaction products, as produced in and
collected from our environmental chambers. Genotoxic
assessment included determining mutagenicity at twogene
loci and chromosomal alterations in human cells.

2. To fractionate the simulated reaction products of naph-
thalene, characterize the activity of the fractions, and
attempt to identify chemically the compounds respon-
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sible for any mutagenic activity observed in the human
cell line.

3. Tocompare the mutagenic activity of selected fractions
or identified products at the hprt and tk loci of two
human lymphoblastoid cell lines, AHH-1 and the de-
rivative line MCL-5, both possessing endogenous
means of metabolic activation.

METHODS AND STUDY DESIGN

TEST CHEMICALS

In addition to naphthalene and phenanthrene, six pre-
viously identified and commercially available atmospheric
transformation products of these two PAHs were included
in our compound survey: 1-nitronaphthalene (99% stated
purity), 2NN (98% stated purity), 1-hydroxy-2NN (95% stated
purity), 2-hydroxy-1-nitronaphthalene (purity not stated),
1,4-naphthoquinone (97% stated purity), and 2NDBP (98%
stated purity). All chemicals were purchased from Aldrich
Chemical Company (Milwaukee, WI) with the exception of
1-hydroxy-2NN, which was purchased from TCI America
(Portland, OR) and used without further purification.

For experiments in the AHH-1 and L3 cell lines, 2NN was
purified by open column silica chromatography to remove
dinitronaphthalene impurities. Separate experiments were
conducted in which MCL-5 cells were exposed to low
concentrations of dinitronaphthalene in order to evaluate
the potential contribution of dinitronaphthalene impurities
in the genotoxicity of 2NN. These experiments demon-
strated that the genotoxicity of 2NN could not be accounted
for by contaminating impurities.

GENERATION, COLLECTION, EXTRACTION,
AND HPLC FRACTIONATION OF ATMOSPHERIC
CHAMBER REACTION PRODUCTS OF NAPHTHALENE

The techniques to generate, collect, extract, and HPLC
fractionate photooxidation products of PAHs have been
described in detail elsewhere (Sasaki et al. 1995). Briefly,
photooxidation products of naphthalene were produced in
a 6,700 L Teflon chamber equipped with two parallel banks
of blacklamps for irradiation, a Teflon-coated fan for rapid
mixing of reactants, and Pyrex sampling ports for introduc-
ing reactants and collecting gas samples for analysis.
Naphthalene was introduced into the chamber at parts-per-
million by volume concentrations by passing a stream of
nitrogen gas through a Pyrex tube packed with solid naph-
thalene. The photooxidation involved generating OH radi-
cals, NO3 radicals, and ozone (Os) in the chamber. The OH
radicals were produced by photolysis of methyl nitrite in

the presence of NO, with the concentrations of reactants
and irradiation times allowing for subsequent production
of O3 and NO3 (Arey et al. 1992; Sasaki et al. 1995). After
the 10-minute photolysis time, chosen to be long enough to
generate O3 and hence NO3 radicals, large volume samples
(~6,500 L) were collected on polyurethane foam plugs, with
subsequent Soxhlet extraction with dichloromethane
(Fisher, Pittsburgh, PA). The extract was then fractionated
by normal-phase HPLC (on a semi-preparative Regis Spher-
isorb SSW silica column) into nine 9-minute fractions of
increasing polarity. Each fraction was diluted with a known
amount of dimethylsulfoxide (DMSO) (Sigma, St. Louis,
MO) until total solubility of the fraction was obtained.
Serial dilutions of the fractions were made to obtain a range
of fraction doses for mutagenicity testing.

DERIVATION OF CELL LINES

Three human B-lymphoblastoid cell lines—AHH-1 vari-
ant h1A1v2 (referred to as AHH-1 1A1), L3, and MCL-5—
were obtained from GENTEST Corporation (Woburn, MA).
AHH-1 is a clonal isolate derived from RPMI 1788 cells, se-
lected for sensitivity to benzo[alpyrene (Bla]P){Crespi and
Thilly 1984); and the 1A1 derivative has been further trans-
fected to express constitutive CYP 1A1 activity (Penman et
al. 1994). The L3 variant (Davies et al. 1989) of the AHH-1
cell line was selected in benzol[ghi]lperylene for elevated
levels of endogenous cytochrome P450 1A1 activity and
has a lower spontaneocus mutant fraction at the tk locus.
MCL-5 is ametabolically competent human lymphoblastoid
cell line derived from L3, which expresses epoxide hydrolase
and four cytochrome P450 genes. Expression of microso-
mal epoxide hydrolase, CYP 1A2, and CYP 2A6 were ob-
tained by incorporating the cDNA for these enzymes into
the pME23 vector (Crespi et al. 1991). Likewise, the cDNA
for CYP 2E1 and CYP 3A4 have been transfected via incor-
poration into the pH441 vector. Both vectors remain episo-
mal, and MCL-5 cultures are routinely grown in media
containing 200 pg/mL hygromycin B and 2 mM 1-histidinol
to ensure the retention of the plasmids in cell populations.

MAINTENANCE AND GROWTH OF CULTURES

Human B-lymphoblastoid cell lines were maintained as
recently described in Dobo and colleagues (1995). Cultures
were maintained in GENTEST RPMI 1640 media (GEN-
TEST, Woburn, MA, without histidine and with 2 mM
histidinol, henceforth referred to as GENTEST media) sup-
plemented with 9% horse serum (PAA Laboratories, New-
port Beach, CA) that was not heat-inactivated. L-Glutamine,
100 pg/mL penicillin G, and 100 pg/mL streptomycin sulfate
were also added to the media. Cells grew to a density of
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approximately 10° cells/mL and were subcultured to 2 x 10°
cells/mL every other day and supplemented with 200 pg/mL.
of hygromycin B. The following were used in cell culture:
RPMI 1640 (Cellgro, Mediatech, Herndon, VA); RPMI 1640
powdered media without histidine and supplemented with
2 mM histidinol (GENTEST), prepared as recommended by
the manufacturer; horse serum (PAA Laboratories); penicil-
lin-streptomycin andi-glutamine (Cellgro, Mediatech); and
hygromycin B (Calbiochem, San Diego, CA).

Prior to dosing the cells with the chemicals of interest,
the cells were grown for 3 days in GENTEST media contain-
ing all three of the following compounds: 2 x 107* M hypox-
anthine, 8 x 10”7 M aminopterin, and 3.5 x 10°° M thymidine
(HAT) to reduce the number of pre-existing mutants within
the cell population. The cells were centrifuged out of the
HAT media after day 3 and resuspended in media contain-
ing hypoxanthine and thymidine. Exposure of cells to test
compounds was carried out after an additional 3 or 4 days.

SELECTION OF DOSES FOR TESTING

Cytotoxicity was estimated for each chemical selected for
testing by analysis of cell growth after chemical exposure.
Cell density was determined each day using a Coulter
Counter (Coulter Electronics, Hiahleah, FL), in order to
maintain density in the range (4 to 10) x 10° cells/mL and
to determine the number of daily population doublings.
The number of population doublings for each day was
summed to obtain a cumulative population doubling (CPD).
After one week of measurements, the CPD for each flask of
dosed cells was divided by the CPD of a corresponding
negative control culture to obtain an estimate of toxicity.
Ideally, we intended to dose with each chemical at the 50%
to 80% toxicity level. However, the maximum dose achiev-
able was limited by the compound solubility, and for most
of the compounds examined the maximum dose resulted in
< 50% toxicity.

CHEMICAL EXPOSURE AND CLONOGENIC
DETERMINATION OF CYTOTOXICITY

Dosing solutions of each compound were made up in
DMSO (Sigma) at 1,000 x the final desired concentration of
the compound in the cell culture. Approximately 2 x 107
cells were centrifuged out of the maintenance medium and
into 40 mL of RPMI 1640 medium (Cellgro, Mediatech)
containing histidine without serum. Compound exposure
was performed in sealed glass vials with minimal (< 2 cc)
headspace. A 120 pL aliquot of DMSO was added to each
cell culture prior to addition of 40 pL aliquots containing
the desired concentration of compound. Benzo[alpyrene
(2x 107 pmol/mL) was used as a positive control, and

DMSO was used as a negative control. The cultures were
exposed for 10 hours at 37°C. Exposed cells were centri-
fuged at the completion of the exposure period and re-sus-
pended in fresh serum-containing medium. Generally the
treated cells were split into separate cultures for the muta-
tion, cell survival, and micronucleus assays. Immediately
after the dosing period, survival plates were prepared at cell
densities of 10 to 50 cells/mL and scored for clonogenic
survival after 14 days.

NAPHTHALENE PHOTOOXIDATION PRODUCT
DOSING AND CLONOGENIC DETERMINATION OF
CYTOTOXICITY -

The procedure chosen for dose selection of naphthalene
photooxidation products ensured that each HPLC fraction
could be tested up to the solubility limit; maximum DMSO
concentration in cell cultures was 1%. The total residue
from each fraction was thus dissolved in a minimal volume
of DMSO and serial dilutions were made of this original
stock solution. However, for some HPLC fractions, toxicity
rather than solubility limited the maximum dose tested.
Exposed cells were centrifuged at the completion of
the exposure period and re-suspended in fresh serum-
containing medium. Generally the treated cells were
split into separate cultures for the mutation, cell survival,
and micronucleus assays. Immediately after the dosing
period, survival plates were prepared at cell densities of
10 to 50 cells/mL and scored for clonogenic survival after
14 days.

SELECTION OF tk~ AND hprf MUTANTS

The cells were allowed a phenotypic expression period of five
days prior to selection of tk” mutants. Selection was performed
by distributing cells ata density of 2 x 10* cells/well in 96 well
plates (4 plates/culture) in media containing 4 pg/mL tri-
fluorothymidine and 9% heat-inactivated horse serum. Clon-
ing efficiency (2 cells/well) was determined in nonselective
medium at the same time that mutant selection was per-
formed. Plates were scored for colonies 14 days after seeding.
The remainder of the cells from each culture were carried to
day 7 of the expression period and plated for mutation fre-
quency at the hprt locus using identical techniques and
media containing 0.6 pg/mL 6-thioguanine and 9% horse
serum (not heat-inactivated). Cloning efficiency plates were
also prepared in parallel with the selection of hprf” mutants.
The mean cloning efficiency in untreated MCL-5 cultures was
0.26, and typical cloning efficiencies at the time of mutant
selection in cultures treated with test compounds were similar,
ranging from 0.16 to 0.36. Plates were scored by identifying and
counting wells with colonies under a low-power microscope.
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For each culture, the number of positive wells was pooled
and mutation frequencies were calculated using the P,
method (Luria and Delbruck 1943).

PREPARATION OF CELLS FOR THE CREST
MICRONUCLEUS ASSAY

In the CREST micronucleus assay, chromosome loss and
breakage events are distinguishable by staining with an
antibody that recognizes proteins at the centromere-associated
kinetochores, thereby detecting chromosomal breakage and
chromosomal loss that may not otherwise be observed at
either mutational marker (Eastmond and Tucker 1989).
Shortly following treatment with the test compound or HPLC
fraction, cytochalasin B (3 pg/mL) was added to the media
of the cultures reserved for micronucleus assay. The MCL-5
cells were then cultured for an additional 36 hours and
harvested by cytocentrifugation. After fixation in methanol,
slides were stored in a nitrogen atmosphere at ~20°C until
use. The CREST staining, microscopy, and scoring proce-
dures were performed as previously described (Eastmond
and Tucker 1989; Krishna et al. 1992).

STATISTICAL METHODS AND DATA ANALYSIS

Dose-related increases in the induction of total, kineto-
chore-positive, and kinetochore-negative micronuclei were
tested for significance using the Cochran-Armitage test for
trend in binomial proportions (Margolin and Risko 1988).
Following the observation of a significant trend in the Co-
chran-Armitage test, a one-tailed Fisher’s exact test or chi-
squared test was used as a post hoc test to determine the
significance of each test concentration.

The analysis of the mutagenesis data was performed using
a variety of statistical tests. Comparisons between control and
a single test concentration were performed using a one-tailed
Student’s t-test. Dose-related increases in mutation frequency
were performed using linear regression. Following the obser-
vation of a significant dose-related increase in mutation fre-
quencies, a one-tailed t-test was used as a post hoc test to
determine the significance at each concentration. For com-
parison of 3 or more groups, analysis of variance was used
followed by the Fisher’s least significant difference test to
identify individual differences. Critical values for all tests
were determined using a 0.05 probability of Type I error.

RESULTS

EVALUATION OF EXPOSURE CONDITIONS AND
PHENOTYPIC EXPRESSION PERIOD FOR
GENOTOXICITY ASSAYS

Protocols for exposure of MCL-5 cells to test chemicals
have been developed for nonvolatile PAHs such as Bla]P.
These have been used for genotoxicity evaluation of B[a]P
and dibenzopyrenes (Crespi et al. 1991, 1993; Busby et al.
1995). Because of the anticipated volatility of the 2- and
3-ring PAHs, which were studied here, an exposure proto-
col was developed that would minimize sample volatiliza-
tion but not diminish cellular response to mutagenic agents.
Benzo[a]pyrene was used as a positive control to evaluate
the influence of modified treatment parameters on geno-
toxic response. Published protocols for exposure of MCL-5
cells to test chemicals (Table 2, Row 3) involved a 28-hour

Table 2. Parameters Influencing Determination of Induced Mutation Frequency® per 10° Viable Cells

tk” Mutants tk Mutants hprt” Mutants
b 3-Day Expression 5-Day Expression 7-Day Expression Clonogenic

Treatment Conditions Period Period Period Survival
Negative control  10-hr treatment 6.70 1 2.04 1.27 7.34 1.00

Serum-free medium

Minimal headspace
Benzola]lpyrene  10-hr treatment 73.4 £43.2 408 £ 26 260 + 33 0.94 £ 0.13

Serum-free medium

Minimal headspace
Benzolalpyrene  28-hr treatment 35° Not determined sod ~ 0.90%¢

Serum-containing medium
Large-volume headspace

* Induced mutation frequency is defined here as the overall mutation frequency minus the background frequency.

b
The concentration of benzo[a]pyrene used in these experiments was 50 ng/mL.

¢ Data from Busby et al. 1995.
4 Data from Crespi et al. 1991.
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Table 3. Mutation Frequency Induced in MCL-5 Cells Treated with PAHs and Selected Atmospheric Reaction Products

tk” Mutation hprt Mutation

Clonogenic Frequency Frequency
Concentration® Survival (per 10° (per 10°
Compound (pmol/mL) n° (+ SEM) viable cells)® viable cells)d
Negative control — 5 1.00 5.23 £1.32 4.91+0.74
Benzola]pyrene 2.0x 107 5 1.00 £ 0.26 411 +67* 304 £ 30*
Naphthalene 0.31 2 0.38 £ 0.02 6.28 £ 3.50 8.71£3.10
1-Nitronaphthalene 0.23 2 1.17 4.36 £ 0.56 3.20%+1.76
2-Nitronaphthalene® 0.46 3 0.13 88.7 +£18.3* 4.53+1.61
1-Hydroxy-2-nitronaphthalene 0.53 3 0.74 £0.02 3.97 £0.90 3.76£1.73
2-Hydroxy-1-nitronaphthalene 0.53 3 0.86 £ 0.12 2.3810.35 4.88 £1.99
1,4-Naphthoquinone 6.3 x 107* 2 0.66 £0.20 4.99 + 0.60 10.3+4.1
Phenanthrene 0.06 2 0.08 £0.01 5.78£1.73 1.52 £0.01
2-Nitrodibenzopyranone 41x107° 4 0.85+0.14 11.3+3.2* 2.95+1.13

® The reported value is the highest concentration of compound tested. These concentrations were determined by either solubility or survival limitations.

b Number of observations.

° Compounds that induced a significant increase in mutation frequency at tk were benzo[alpyrene (p < 0.0001) and 2-nitronaphthalene (p < 0.001). Induction
of tk” mutants by 2-nitrodibenzopyranone (p = 0.048) was weakly significant. Significance was calculated by Student’s t-test.

4 A significant increase in mutation frequency at hprt was induced by benzo[alpyrene (p < 0.0001). A weak increase in mutation frequency at hprt was also

induced by 1,4-naphthoquinone {p = 0.04).

® Significant inductions in mutation frequency at tk were also observed at 0.23 (p = 0.001) and 0.35 (p < 0.001) pmol/mL (see Figure 7).

* Significant increase in mutation frequency.
gn q y

exposure period of cells growing in medium containing 9%
horse serum in standard tissue culture flasks. Exposure
conditions (Table 2, Rows 1 and 2) were developed to
minimize the air headspace in the treatment vessel, and
sealed 40 mL glass sample vials with minimal headspace
were employed in place of standard tissue culture flasks. The
cultures were treated in serum-free medium to prevent the
possible interaction of test compound with serum proteins.
Exposure times were restricted to 10 hours to avoid any effect of
growth in serum-free conditions on cell viability. To test these
modified exposure conditions mutant fractions at hprt and tk
induced by 50 ng/mL B[a]P were compared with previously
reported data (Table 2) (Crespi et al. 1991; Busby et al. 1995). We

routinely use five-day expression periods for the selection
of normal growth tk” mutants from TK6 human lymphoblasts
(Giver et al. 1995), and the influence of plienotypic expression
period on the recovery of tk” mutants from MCL-5 cells was,
therefore, also examined. The results indicate that these condi-
tions, particularly an extension of the phenotypic expres-
sion period to five days, resulted in a significant increase
in recovery of tk” mutants. These parameters were, there-
fore, routinely utilized in subsequent determinations of
mutagenicity in test compounds. Benzo[alpyrene was used
as a positive control to demonstrate that the cells were
metabolically competent, and that the mutational markers
were responsive to mutagenic treatment.

Table 4. Mutagenicity at tk in MCL-5 Cells and Ambient Concentrations for Atmospheric Nitro-PAHs

tk” Mutation Frequency® Ambient
(pmol/mL Concentration
Compound compound) (pg/ms)
2-Nitronaphthalene 190 2,300
2-Nitrodibenzopyranone 2,830 230°
1-Nitropyrene 4601 19

® Mutation frequency is defined here as the number of mutants per 10° viable cells.

® Ambient data from Atkinson et al. 1988.
“ Ambient data from Helmig et al. 1992a,b.
¢ Mutation frequency data from Busby et al. 1994.
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Figure 3. Mutation frequencies at the tk (black bars) and hprt (hatched bars}
loci following exposure to various chemicals. Chemical concentrations are
asnoted in Table 3. Negative and positive control mutation frequencies were
calculated with data from 11 independent cultures and 8 independent
experiments. Test compound mutation frequencies are the result of averaged
data from 3 to 5 independent cultures and up to 4 independent experiments.
Standard error of the mean is shown by error bars. Compounds are abbrevi-
ated as follows: NEG = negative control using 0.4% DMSO, NAPH = naph-
thalene, 1NN = 1-nitronaphthalene, 2NN = 2-nitronaphthalene, 1H2NN =
1-hydroxy-2-nitronaphthalene, 2HINN = 2-hydroxy-1-nitronaphthalene,
14NQ = 1,4-naphthoquinone, PHEN = phenanthrene, 2NDBP = 2-nitrodiben-
zopyranone.

MUTAGENICITY OF NAPHTHALENE,
PHENANTHRENE, AND THEIR ATMOSPHERIC
TRANSFORMATION PRODUCTS

An overall summary of mutation frequency induced at the
tkand hprt loci, and corresponding clonogenic survival data,
is presented in Table 3. The mutagenesis results are also
graphically depicted in Figure 3. The data presented are for
the highest soluble dose for each compound, and surviving
fractions ranged from 0.08 to no detectable cytotoxicity (Table
3). A significant increase in the tk” mutation frequency was
induced by 2NN (Table 3, Figure 3; p < 0.0001). A modest
statistically significant increase in the tk” mutation frequency
was also induced by 2NDBP (p = 0.048). The evaluation of
mutagenicity for 2NDBP was constrained by the low solubility
of the compound. However, on the basis of induced tk” mu-
tants/umole of compound, 2NDBP is an order of magnitude
more potent than 2NN (Table 4). Neither compound induced
a significant increase in mutation frequency at the hprt locus
(Table 3, Figure 3), although the sensitivity of the mutagenesis
assay at hprt was demonstrated by response to Ba]P.
The six remaining test compounds did not induce a signifi-
cant increase in mutation frequency at tk (Table 3, Figure 3).
Although naphthalene (p = 0.062) and 1,4-naphthoquinone (p
=0.04) cause small increases in mutation frequency at the hprt
locus, these were not significantly different from the tk” mu-
tation frequency induced by the same compounds. Since the
types of mutations recoverable at hprt are expected to be a

subset of those recoverable as tk” mutants (Giver et al. 1995),
these data suggest that the small increases in hprt” mutation
frequency observed following exposure to naphthalene and
1,4-naphthoquinone may not be biologically meaningful.

MICRONUCLEI INDUCED BY NAPHTHALENE,
PHENANTHRENE, AND THEIR ATMOSPHERIC
TRANSFORMATION PRODUCTS

Compounds were assayed for cytogenetic effects using
the CREST modified micronucleus technique, which dis-
tinguishes chromosomal loss from chromosomal breakage.
The same compounds that produced the greatest increases
in mutation frequency at the tklocus, 2NN and 2NDBP, also
induced a statistically significant increase in micronuclei
(Table 5, Figure 4). 2-Nitrodibenzopyranone appears to
be more potent than 2NN, since a twofold higher induc-
tion of micronuclei was induced by an over 50-fold lower
concentration of 2NDBP (Table 5). 1,4-Naphthoquinone
and naphthalene also induced statistically significant in-
creases in micronuclei (Table 5, Figure 4), although exposure
to 1-nitronaphthalene, 1-hydroxy-2NN, 2-hydroxy-1-nitro-
naphthalene, and phenanthrene did not produce a significant
elevation in the frequency of micronuclei.

40

3 Chromosomal Loss
EEl Chromosomal Breakage
30 41 N Total Micronuclei

N
S
1

Micronuclei/1000 Binucleated Cells
L

T

NEG NAPH INN 2NN 1H2NN 2HINN 1,4NQ PHEN 2NDBP

Compound Tested

Figure 4. Number of micronuclei per 1,000 binucleated cells induced by
exposure to various chemicals. Chemical concentrations are as noted in
Table 5. CREST® micronuclei (white bars) denote chromosomal loss events
and CREST™ micronuclei (black bars) denote chromosomal breakage events.
The total number of micronuclei are shown by the hatched bars. Results
shown are from two independent experiments. Standard error of the mean
is shown by errorbars. Compounds are abbreviated as described in the legend
to Figure 3.
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Table 5. Micronuclei Analysis of Cells Treated with PAHs and Selected Atmospheric Reaction Products

Clonogenic Total Number
Concentration Survival CREST* CRES of Micron%cflei
Compound (pmol/mL) n? (£ SEM) + SEM)>d (& SEM)Po® (£ SEM)™
Negative control (DMSO) — 2 1.00 £0.00 5.0+ 0.0 3.0+0.0 8.0+ 0.0
Benzo[a]pyrene 2.0x 107* 2 1.00 £0.18 5.5+ 0.5 3.5+0.5 9.0+ 0.0
Naphthalene 0.23 2 0.70+0.30 5.5+0.5 8.5+0.5* 14.0+1.0
1-Nitronaphthalene 0.23 2 0.43 £ 0.05 6.5+0.5 4.510.5 11.0£1.0
2-Nitronaphthalene 0.35 2 0.76 £ 0.04 10.5 £ 0.5 7.0x0.0 17.5 + 0.5*
1-Hydroxy-2-nitronaphthalene 0.53 2 0.66 £ 0.14 6.5 0.5 5.5+0.5 12.0+1.0
2-Hydroxy-1-nitronaphthalene 0.53 2 0.43 £ 0.04 9.5+ 0.5 4.5+0.5 14.0+ 0.0
1,4-Naphthoquinone 6.3 x 1074 2 1.05 +£0.16 12.0 + 1.0* 7.5+0.5 195+ 1.5*
Phenanthrene 0.042 2 0.58 £0.05 7.0x0.0 5.0+£0.0 12.0x 0.0
2-Nitrodibenzopyranone 0.0062 2 1.34+0.16  26.0+2.0* 8.5+0.5* 34.5+1.5%

2 Number of observations.

" Total number of micronuclei per 1000 scored binucleated cells.

© CREST' = centromere was present, indicating micronucleus formed from chromosome loss;
CREST = centromere was absent, indicating micronucleus formed from chromosome fragment.

4 There was a statistically significant increase in GREST" micronuclei for 1,4-naphthoquinone {p = 0.025) and 2-nitrodibenzopyranone {p < 0.0001) using the
chi-squared approximation of the Fisher’s exact test.

© There was a statistically significant increase in CREST™ micronuclei for naphthalene (p = 0.031) and 2-nitrodibenzopyranone (p = 0.037).

f There was a statistically significant increase in total micronuclei for 1,4-naphthoquinone (p = 0.003), 2-nitronaphthalens (p = 0.11), and 2-

nitrodibenzopyranone (p < 0.0001).

* Significant increase in micronuclei.
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Figure 5. Mutation frequencies at tk (circles) and hpri (triangles) loci followijng exposure to HPLC fractionated atmospheric reaction products of naphthalene.
Results are from duplicate cultures. Standard error of the mean is shown by error bars.
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MUTAGENICITY OF FRACTIONATED MIXTURES
OF ATMOSPHERIC REACTION PRODUCTS OF
NAPHTHALENE

Simulated atmospheric reaction products were collected
and assayed in order to test additional reaction products of
naphthalene that are as yet unidentified, or unavailable
in purified form. A determination of the dose-dependence
of mutation frequency at hprtand tk was obtained forthe nine
HPLC serial fractions of naphthalene’s atmospheric reaction
products (Figure 5). The total residue from each of the
nine serial fractions was dissolved in a minimal volume
of DMSO, which was used as the stock dosing solution. All
doses are expressed as the percentage of the total HPLC
fraction residue per mL of media (Figure 5).

Since the HPLC fractions were collected based on polar-
ity, the dose to the test cells for the first four HPLC fractions
(which contained less polar atmospheric reaction products}
was significantly affected by solubility limitations. No sub-
stantial cell killing (survival fraction [S/So] = 0.92) was
detected for fractions 1 through 3, even at the highest
doses tested. No increase was observed in the frequency
of tk” mutants for any HPLC fraction (Figure 5), including
fraction 4, which contained 2NN. Chemical analysis of this
fraction indicated that the concentration of 2NN in the
culture medium during mutagenicity testing was approxi-
mately 0.012 umol/mL, approximately 30-fold lower than
the concentration required to induce significant elevation
in the mutant fraction at the tk locus (Figure 3, Table 3).
Although increases in hprt mutants were not seen for most
of the fractions, modest dose-related increases in the fre-
quency of hprt mutants were seen for fractions 5 and 8.
However, the associations were due to increases at only one
or two points at the highest concentrations tested. This,
combined with the lack of effect at tk, suggests that the
observed increases are not likely to be biologically signifi-
cant. These results indicate that there was no unidentified
naphthalene reaction product, or combination of products,
thatinduced an unequivocal increase in mutagenicity at the
tested concentrations.

SURVEY OF MICRONUCLEI INDUCED BY A
FRACTIONATED MIXTURE OF ATMOSPHERIC
REACTION PRODUCTS OF NAPHTHALENE

Micronucleus experiments were performed for fractions
3 and 4, which were shown by GC/MS analysis to contain
the genotoxic compound 2NN and its isomer 1-nitro-
naphthalene. A small dose-related increase (p < 0.005;
Cochran-Armitage trend test) was observed in the induction
of micronuclei by cellular exposure to fraction 3 (Figure 6).
The increase in total micronuclei was primarily due to an
increase in GREST* micronuclei, indicating that a signifi-

cant increase in chromosomal loss was induced by this
fraction. Based on the induction of micronuclei by pure
compounds (Table 5, Figure 4), the concentrations of 2NN
and 1-nitronaphthalene dissolved in fraction 3 (< 0.001
pmol/mL and 0.006 mmol/mL, respectively, as determined
by GC/MS), were not sufficient to account for the observed
induction of micronuclei. Furthermore, fraction 4, which
contained the highest concentrations of 2NN and 1-nitro-
naphthalene (0.012 pmol/mL and 0.023 pmol/mL, respec-
tively), did not induce a significant increase in
micronuclei (p 2 0.11; Cochran-Armitage trend test, Fig-
ure 6). Therefore, the induction of micronuclei in frac-
tion 3 is likely to be attributable to unidentified chemical
components in the fractions, or synergistic effects in-
duced by the mixture of compounds in the fraction.
Analysis of fraction 7 by GC/MS showed it to be domi-
nated by isomeric compounds of molecular weight 160.

20 .| Fraction3

: @
54
0 1

0.0000 0.0100 0.0500 0.1000

{___] Chromosomal Loss
Ml Chromosomal Breakage
Y Total Micronuciei

Dose (% of total HPLC fraction per mL of media )

20 |  Fraction4

Tl

0.0000 0.0010 0.0100 0.1000
Dose (% of total HPLC fraction per mL of media)

{__] Chromosomal Loss
Ml Chromosomal Breakage
X Totat Micronucle;

Micronuclei/1000 Binucleated Cells

20 J  Fraction7

Ll

0.0000 0.0000 0.0005

[ chromosomai Loss
Ml Chromosomal Breakage

XN Total Micronuclei

Dose (% of total HPLC fraction per mL of media)

Figure 6. Number of micronuclei per 1,000 binucleated cells induced by
exposure to HPLC fractions 3, 4, and 7. CREST" micronuclei (white bars)
denote chromosomal loss events and CREST™ micronuclei{black bars) denote
chromosomal breakage events. The total number of micronuclei is shown by
the hatched bars.
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Figure 7. Induction of mutations at tk and hprt by 2NN in MCL-5 human
lymphoblasts.

Two ring-breakage products have recently been identified
as the major products from the OH radical-initiated
photooxidation of naphthalene (Sasaki et al. 1997). Be-
cause one of these products, trans-2-formyl-cinnamalde-
hyde, was the most abundant component in fraction 7,
induction of micronuclei by fraction 7 was also tested.
Although fractions 1 through 4 contained nonpolar
compounds of limited solubility, and, in most cases,
compound treatment did not result in a significant
amount of cell killing, fractions 5 through 9 contained
compounds of greater polarity, which also tended to be more
toxic. For example, testing of fraction 7 was significantly
limited by cytotoxicity, so that the concentrations used for
mutagenicity and micronucleus assays were 1 to 2 orders
of magnitude lower than those used in testing of fractions
3 and 4 (Figure 6). Nevertheless, a significant dose-related
induction of micronuclei (p < 0.001; Cochran-Armitage
trend test) was observed in cells exposed to fraction 7.
Again, this increase was primarily due to chromosomal loss
(CREST" micronuclei). Further evaluation of the genotoxic-
ity of 2-formyl-cinnamaldehyde may be warranted.

DOSE-DEPENDENT INDUCTION OF GENOTOXICITY
BY 2NN AND 2NDBP IN MCL-5

The dose-response relationship for mutagenicity in-
duced by exposure of MCL-5 cells to 2NN and 2NDBP
across a series of concentrations is shown Figures 7 and 8.
No increase in mutation frequency was induced by either
compound at the hprt locus, suggesting that point mutations
do not contribute significantly to the mutagenicity induced
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Figure 8. Induction of mutations at tk and hprt by 2NDBP in MCL-5 human
lymphoblasts.

by these compounds in these cells. However, a dose-de-
pendent increase in the frequency of tk” mutants was ob-
served for 2NN. A reproducible increase (p = 0.048) was also
observed at a substantially lower molar concentration for
2NDBP (Figure 9). This increase was not observed at higher
concentrations. However, testing at the highest concentra-
tions was problematic and considered unreliable due to
solubility limitations. 2-Nitronaphthalene also induced a
significant dose-dependent increase in micronuclei (Figure
10). Most of the induced micronuclei were CREST?, indi-
cating that they were formed from chromosomal loss. Low
molar concentrations of 2NDBP also induced a substantial
increase in micronuclei, and there was a significant dose-
related increase in both the CREST* and CREST™ micronu-
clei (p <0.05, Figure 11). The dose-response curve flattened
for doses over 0.0047 pmol/mL, probably reflecting the
solubility limit of the compound in cell culture medium.

DOSE-DEPENDENT INDUCTION OF GENOTOXICITY
BY 2NN AND 2NDBP IN AHH-1 1A1

MCL-5 cells express several enzymes involved in the
oxidative metabolism of organic compounds (Crespi et al.
1991). To determine whether these enzymatic activities
were required for the genotoxicity of 2NN and 2NDBP, and
to determine whether a single cytochrome P450 activity
would be sufficient for metabolic activation, related cell
lines with multiple, single, or no transfected cytochrome
P450 genes were utilized. AHH-1 1A1 was used in these
experiments because CYP 1A1 has been shown to be impor-
tant for metabolic activation of PAHs (Crespi et al. 1991).
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Figure 9. Comparative induction of mutations at tk and hprt by 2NN and
2NDBP in MCL-5 human lymphoblasts.

AHH-1 cells have also been shown to have increased sen-
sitivity for the detection of multilocus mutational events,
such as those detected at the tk locus (Dobo et al. 1997),
probably due to reduced cellular apoptotic response (Mor-
ris 1996; Dobo et al. 1997).

Significant increases in the tk” mutant fraction were
observed following exposure of AHH-1 1A1 cells to 2NN (p
= 0.0003) or 2NDBP (p = 0.043) (Figures 12 and 13). The
spontaneous background of tk” mutants was approximately
fivefold higher than it was for MCL-5 cells, as previously
reported (Dobo et al. 1995). However, 2NN-induced mu-
tant fractions (corrected for background frequency) were
comparable to those observed in MCL-5 cells (Table 6).
The effect induced by 2NN was much less at hprt, although
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Figure 11. Micronuclei per 1,000 binucleated cells induced by exposure of
MCL-5 human lymphoblasts to indicated doses of ZNDBP.
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Figure 10. Micronuclei per 1,000 binucleated cells induced by exposure of
MCL-5 human lymphoblasts to indicated doses of 2NN.

there was a possible increase in hprf” mutant fraction (p =
0.09, Figure 12), primarily because of a slightly elevated
increase at the highest dose (0.46 pmol/mL). Similarly,
2NDBP produced tk™ mutants but not hprf” mutants in
AHH-1 1A1 cells (Figure 13). Although the lower 0.0042
and 0.0062 umol/mL concentrations of 2NDBP exhibited
clear increases above the controls (p < 0.005), the tk~
mutant fraction exhibited a lesser and more variable in-
crease at the 0.0083 pmol/mL concentration (p = 0.059). As
indicated previously, the results at the highest concentra-
tions were considered less reliable due to solubility limi-
tations. The induced tk” mutant fraction for 2NDBP was
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Figure 12. Induction of mutations at tk and hprt by 2NN in AHH-1 1A1
human lymphoblasts.
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Figure 13. Induction of mutations at tk and hprt by 2NDBP in AHH-1 1A1
human lymphoblasts.

slightly higher than the effect observed in MCL-5 cells, but
not to a statistically significant level (p = 0.08).

Theseresults, for both compounds, did not correspond with
expectations of a strong induction of tk” mutants in AHH-1
1A1 following exposure to 2NN and 2NDBP. The tk” mutant
fractions induced by 2NN and 2NDBP are compared on an
equimolar basis in Figure 14 using the linear lower por-
tions of the dose response curves. Comparable tk” muta-
tions were induced by 2ZNDBP concentrations 30- to 40-fold
lower than the concentrations that were used for 2NN.
2-Nitronaphthalene exhibited a curvilinear dose response
(Figure 12), which may diminish the magnitude of this
difference at higher concentrations. Due to the solubility
limitations of 2NDBP the shape of its dose response curve
at higher concentrations remains undetermined.
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Figure 14. Comparative induction of mutations at tk and hprt by 2NN and
2NDBP in AHH-1 1A1 human lymphoblasts.

Micronucleus results for 2NN and 2NDBP in AHH-1 1A1
cells are shown in Figure 15. For 2NN, the highest dose
(0.46 pmol/mL) produced excessive cellular debris and
the slides obtained were not scorable. Therefore, only the
two lower doses have been plotted (Figure 15). A dose-
dependent induction of micronuclei similar to the increase
induced by 2NN in MCL-5 cells (Figure 10) was observed.
2-Nitrodibenzopyranone also induced an increase in micro-
nuclei in AHH-1 1A1 cells (Figure 16). The dose-dependent
increase in micronuclei flattens at concentrations higher
than 0.005 pmol/mL (Figure 16), which resembles the
mutagenicity data and which may reflect the poor solubility
of 2NDBP at higher doses. The induction of micronuclei in
AHH-1 1A1 cells following exposure to 2NDBP was com-
parable to the effect observed in MCL-5 cells (Figure 11).

Table 6. Mutation Frequencies at tk in MCL-5 and AHH-1 1A1 Cells

MCL-5-Induced AHH-1-Induced Statistical
Compound Mutation Frequency® Mutation Frequency Difference
2-Nitronaphthalene 83.6 96.7 p=10.55
2-Nitrodibenzopyranone 7.2 16.7 p=0.08
N-Nitrosodimethylamine® 18.7 66 p < 0.0001

® Induced mutation frequency is defined as the number of mutants per 10° viable cells minus the background mutants per 10° viable cells.

® Data from Dobo et al. 1997.
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Figure 15. Micronuclei per 1,000 binucleated cells induced by exposure of
AHH-1 1A1 human lymphoblasts to indicated doses of 2NN.

LACK OF MUTAGENICITY BY BNA IN MCL-5
AND AHH-1 1A1

p-Naphthylamine was tested for mutagenic activity in
MCL-5 and AHH-1 1A1 since it has been observed as a
metabolic product following exposure to 2NN (Poirier and
Weisburger 1974; Johnson and Cornish 1978). We postu-
lated that the production of BNA could account for the
genotoxicity of 2NN in MCL-5 and AHH-1. Although ex-
periments were not performed for BNA at doses higher than
0.350 umol/mL, only a slight (< 50%) or no increase in
mutations in MCL-5 or AHH-1 1A1 at either the tk or hprt
locus was observed following BNA treatment (Figures 17
and 18). These results suggest that the genotoxicity of 2NN
in these cells is not likely to be attributable to the metabolic
conversion of 2NN to BNA.
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Figure 17. Comparative induction of mutations at tk and hprt by 2NN and
BNA in MCL-5 human lymphoblasts.
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Figure 16. Micronuclei per 1,000 binucleated cells induced by exposure of
AHH-1 1A1 human lymphoblasts to indicated doses of 2NDBP.

GENOTOXICITY OF 2NN, SNA, AND ZNDBP
COMPARED IN THREE RELATED CELL LINES

To further elucidate the metabolic activation pathways
of 2NN, BNA, and 2NDBP, these compounds were addition-
ally tested in L3, the parent cell line of MCL-5, which contains
no transfected enzymatic activities. L3 does exhibit endo-
genous low-level CYP 1A1 activity, as does MCL-5. The
activities in both cell lines are lower than the transfected
CYP 1A1 activity in AHH-1 1A1 (Penman et al. 1994);
MCL-5 expresses high levels of transfected 1A2 activity. No
increase in mutation frequency was seen at the tk locus in
L3 cells by exposure to 2NN, BNA, or 2NDBP (Figures 19,
20, and 21). These results indicate that oxidative metabo-
lism is required for the mutagenic effects of 2NN and
2NDBP. Endogenous nitroreductase activity, if present in
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Figure 18. Comparative induction of mutations at tk and hprt by 2NN and
BNA in AHH-1 1A1 human lymphoblasts.
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Figure 19. Comparative induction of tk™ mutations by 2NN in MCL-5, L3,
and AHH-1 1A1 human lymphoblasts.

these lymphoblastoid cell lines, does not appear to account
for the mutagenicity induced by these nitro-PAH compounds.

DISCUSSION AND CONCLUSIONS

In this investigation, a broad-based evaluation of geno-
toxicity was performed for naphthalene, phenanthrene, and
their atmospheric reaction products. Genotoxicity was
assessed using metabolically competent human lymphoblas-
toid cells and endpoints that were sensitive to both chromo-
somal-scale and point mutations. 2-Nitronaphthalene and
2NDBP were the most active genotoxic compounds of
the eight chemicals surveyed, demonstrating both that at-
mospheric reaction products can be significantly more mu-
tagenic and clastogenic than their parent compounds in
human cells, and that the evaluation of chromosomal scale
mutagenicity is essential for a comprehensive determina-
tion of genotoxic risk. The results further indicate that the
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Figure 20. Comparative induction of tk™ mutations by fNA in MCL-5, L3,
and AHH-1 1A1 human lymphoblasts.
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genotoxicity of these compounds in human cells is evident
at the chromosomal scale, but the compounds do not appear
to induce intragenic mutations recoverable as hprf” mutants.
Finally, comparison of genotoxicity in related cell lines
with varying ectopic cytochrome P450 activities indicates
that 2NN and 2NDBP are activated to genotoxic species
through oxidative rather than nitroreduction pathways.

2-Nitronaphthalene has previously been reported to be
mutagenic in the plate-incorporation S. fyphimurium assay
with higher activity in strain TA100 than TA98 (McCann et
al. 1975; Rosenkranz and Mermelstein 1983; Tokiwa and
Ohnishi 1986; International Agency for Research on Cancer
1989). 2-Nitronaphthalene has also been reported to be
substantially more mutagenic in strain TA98 using the
microsuspension modification of the assay, which has been
shown to enhance sensitivity particularly for semi-volatile
mutagens such as the nitronaphthalenes and methylnitro-
naphthalenes (Kado et al. 1983, 1992; Arey et al. 1992;
Gupta et al. 1996). 2-Nitrodibenzopyranone was first reported
to be highly mutagenic in TA98 in the microsuspension assay
(Arey et al. 1992; Helmig et al. 1992a). Subsequent studies
have confirmed the high activity of 2NDBP toward TA98 in
the microsuspension assay and shown that the microsuspen-
sion assay is significantly more sensitive to 2NDBP than the
plate incorporation assay. Interestingly, with the plate incor-
poration assay, the addition of S9 to provide metabolic
activation enhances the activity of 2NDBP, although the
addition of S9 decreases the activity of 2NDBP in the
microsuspension assay (Watanabe et al. 1995, 1996). In the
plate incorporation assay, the addition of the pKM101
plasmid enhanced frameshift and base-substitution activi-
ties of 2NDBP, suggesting the induction of “complex fra-
meshifts” (frameshifts with associated base substitutions)
in strain TA98 (Watanabe et al. 1995).

R Negative Control
40 4 Y 2NDBP

20

tk Mutants/10° Viable Cells

AHHI1 1Al

MCL-5 L3

Figure 21. Comparative induction of tk™ mutations by 2NDBP in MCL-5, L3,
and AHH-1 1A1 human lymphoblasts.
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In general, for the nitro-PAH class of compounds, activity
is greatest in the TA98 strain, without exogenous S9 activa-
tion, suggesting that these compounds are metabolically
activated via nitroreductase pathways and induce fra-
meshift mutations. In contrast to bacterial reversion assays,
analysis of tk” and hprt mutations in MCL-5 cells allows
for detection of both chromosomal and intragenic muta-
tions. In addition, the endogenous and transfected enzy-
matic activities in MCL-5 are human in origin, whereas the
59 mixtures used in bacterial assays are derived from ro-
dents. Because both 2NN and 2NDBP were mutagenic at tk
but not hprt, these data suggest that these compounds (or
metabolites of these compounds) are inducing chromosomal
scale mutational events that would not be detectable in the S.
typhimurium assay. Moreover, the difference in prokary-
otic versus mammalian cell response to the compounds
(i.e., point mutations versus chromosomal scale mutations)
indicates that there may be fundamental differences in
lesion processing and metabolic activation pathways re-
sponsible for the mutants recovered in the two systems.

Recent reports (Durant et al. 1996; Busby et al. 1997) found
no induction of tk mutants in AHH-1 1A1 following exposure
to 2NDBP. This is in contrast to our results (Figures 13 and
14). This apparent difference is probably attributable to
procedural differences. Unlike the previous reports, we did
not include serum in the culture medium during the expo-
sure period, and we also extended the phenotypic expres-
sion period from 3 days to 5 days. Both of these parameters
were found to have large effects on the recovery of tk”
mutants in control experiments (Table 2). Additionally, the
doses employed in the previous work were substantially
higher than those we used, and it is possible that incomplete
dissolution contributed to the lack of observed mutagenicity.

Micronucleus data also indicated that chromosomal
scale events can be induced by exposure to 2NN and 2NDBP
(Figure 4). The induction of micronuclei by these and other
test compounds and mixtures (Figures 4 and 6) was largely
attributable to chromosomal loss (CREST antigen positive).
The CREST * response may be mechanistically more closely
related to cytotoxicity than to mutagenicity, since our pre-
viousresults indicate that whole chromosomal loss may not
allow for the survival of viable mutants in a clonogenic
assay. For example, in extensive investigation of tk* LOH
mutants in TK6 human lymphoblasts conducted by our
laboratory and others (Kronenberg and Little 1989; Yandell
et al. 1990; Amundson and Liber 1992; Grosovsky et al.
1995), as well as more limited analysis of tk” LOH mutants
in MCL-5 and AHH-1 cells {Dobo et al. 1995), no instance
of a whole chromosome 17 loss has ever been reported in a
viable tk mutant. This may explain the induction of a
significant increase in chromosome loss by 1,4-naphthoqui-

none (Figure 4, Table 5) that was not detected as mutagenic
at tk or hprt (Figure 3, Table 3). Although chromosome loss
may only rarely be a mechanism for the production of viable
mutants in diploid or near-diploid cells, it can play a
significant role in tumor progression in aneuploid cells
(Kallioniemi et al. 1992). On the other hand, only a limited
correlation was established between chromosome breakage
as detected in the micronucleus assay and mutagenesis at
tk. A significant increase in chromosomal breakage was
observed for 2NDBP (Figure 4), but 2NN induced a smaller
elevation in chromosomal breakage than the parental com-
pound naphthalene, which was not found to be mutagenic
(Figure 3).

Nitro-PAHs have been reported to induce carcinogenic-
ity in rats and mice {Rosenkranz and Mermelstein 1983;
Tokiwa and Ohnishi 1986; International Agency for Re-
search on Cancer 1989). However, the isomers most com-
monly studied as model compounds for the nitro-PAHs
include electrophilic nitration products of PAHs such as
1-nitropyrene, which are present in direct emission sources
such as exhaust from diesel engines (Schuetzle et al. 1981;
International Agency for Research on Cancer 1989; Health
Effects Institute 1995). The mutagenicity of 1-nitropyrene
at the tk locus of MCL-5 cells has been reported (Busby et
al. 1994), and the mutagenicity of 1-nitropyrene is com-
pared with that of 2NN and 2NDBP in Table 4. The mu-
tagenic potency of 1-nitropyrene and 2NN are similar when
compared on a molar basis, and are approximately tenfold
lower than the mutagenic potency of 2NDBP. Typical am-
bient atmospheric concentration ranges of these com-
pounds measured in California (Atkinson et al. 1988;
Helmig et al. 1992b) are given in Table 4, and these data
show that 2NN and 2NDBP are consistently more abundant
than 1-nitropyrene (Table 4). The ambient concentration
data and the induction of chromosomal-scale events by
2NN and 2NDBP in human cells reported here, (Figures 3
and 4), suggest that the health effects of atmospherically
formed nitro-PAHs and nitro-PAH lactones should be con-
sidered along with the nitro-PAHs derived from direct
emission sources.

Previous investigations in bacteria and in rodent carcino-
genicity assays suggest that the metabolic activation of many
nitro-PAHs, and specifically 2NN, occurs via reductive mecha-
nisms (Tokiwa and Ohnishi 1986). Three lines of evidence
presented in this investigation indicate that P450-mediated
oxidative metabolism, rather than nitroreduction, is the meta-
bolic pathway for the production of genotoxic metabolites in
human lymphoblastoid cell lines. Genotoxicity has been shown
(Figures 19 and 21) to correlate with the expression of cyto-
chrome P450 monooxygenases; isogenic cell lines that do not
contain plasmid-encoded cytochrome P450 activities do not
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exhibit elevated frequencies of mutation following expo-
sure to 2NN or 2NDBP. Secondly, PNA, the reduced analog
of 2NN, induces no mutagenicity in any of the human
lymphoblastoid cell lines tested (Figures 17, 18, and 20).
Finally, 2NN and 2NDBP are active in bacterial reversion
assays that by definition are restricted to the recovery of
intragenic point mutations. In contrast, 2NN and ZNDBP
induce mutations at the tk but not the hprt locus, and,
therefore, the mutational spectrum appears to be predomi-
nated by chromosomal-scale mutations rather than in-
tragenic point mutations (Giver et al. 1995; Nelson et al.
1995). This mutational specificity may also reflect a spec-
trum of potentially genotoxic metabolites that differs from
bacterial systems.

2-Nitronaphthalene induced a substantial increase in
mutation frequency and micronuclei, but only in cell lines
that contained transfected, elevated levels of cytochrome
P450 activity (MCL-5 and AHH-1 1A1). Because the cyto-
chrome P450s are monooxygenases, these findings indicate
that oxidation is an important step in the metabolic activa-
tion of 2NN. AHH-1 1A1 has been transfected with plas-
mids that support the high-level, constitutive expression of
CYP 1A1 activity (Penman et al. 1994). In contrast, L3 cells
express only a lower-level and inducible CYP 1A1 activity
(Penman et al. 1994); the effectiveness of 2NN in inducing
CYP 1A1 has not been determined. Like L3, MCL-5 ex-
presses only an endogenous and inducible CYP 1A1 activ-
ity. However, the presence of transfected, constitutively
expressed CYP 1A2, CYP 2E1, CYP 3A4, CYP 2A6, and
epoxide hydrolase in MCL-5 may provide alternative bioac-
tivation pathways for the metabolic processing of specific
nitro-PAHs.

Previous in vivo and in vitrorodent studies have detected
BNA as a high-abundance metabolite in cells exposed to
2NN (Johnson and Cornish 1978; Poirier and Weisburger
1974). Because PNA has been identified as a bladder car-
cinogen in mammals and humans (Conzelman et al. 1970;
Conzelman and Moulton, 1972; Garner et al. 1984), it has
been postulated that the carcinogenicity and mutagenicity
of 2NN is attributable to the production of pNA (Fu et
al. 1985; Tokiwa and Ohnishi 1986). However, pNA was
not mutagenic in any of the cell lines tested (Figure 20).
These results cannot exclude the possibility that exo-
genously supplied PNA is not incorporated efficiently into
the test cells. Consequently, intracellular production of
BNA following 2NN exposure may still be significant. How-
ever, this argument cannot account for the requirement for
monooxygenase activity for the genotoxicity of 2NN.

In this investigation two marker loci were used for the
detection of mutagenicity. Both the hprt and tk loci encode
salvage pathway enzymes that are inessential for cell sur-
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vival in ordinary culture medium. Therefore, a wide range
of inactivating intragenic mutations will result in viable
mutants at both loci, which are resistant to medium supple-
mented with the appropriate toxic nucleotide analogs. The
hprt locus is hemizygous, and therefore the chromosomal-
scale mutations are restricted to deletions of no more than
three to four megabases (Mb) (Nelson et al. 1995). On the
other hand, tk is heterozygous and viable tk” mutants can
result from a broader set of events, including recombina-
tionally mediated loss of heterozygosity and multi-locus
mutations extending for at least 35 centimorgans (cM)
(Dobo et al. 1995). The recovery of mutations at tk but not
hprt (Figures 7, 12, and 13) indicates that 2NN and 2NDBP
are inducing a class of mutations that can be recovered only
at tk, which is most likely to originate from extensive,
chromosomal-scale loss of heterozygosity. The presump-
tive absence of intragenic point mutations is in sharp con-
trast to the mutagenicity of 2NN and 2NDBP in bacteria.

The results presented here indicate that the genotoxicity
of nitro-PAHs in human cell lines may not be appropriately
modeled by bacterial systems. The spectrum of metabolites,
the required metabolic activities, and the targets for mu-
tagenesis all appear to distinguish human and bacterial
cells, and underscore the importance of genotoxicity testing
in human systems to obtain useful mechanistic information
about the mutagenic effects of xenobiotics.
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INTRODUCTION

Polycyclic aromatic hydrocarbons (PAHs)* and their ni-
trated and oxygenated derivatives (nitro- and oxy-PAHs)
are ubiquitous environmental pollutants that comprise a
portion of atmospheric pollutants classified as polycyclic
organic matter (POM). Polycyclic organic matter originates
as an emission product from the combustion of organic
materials such as the burning of fuels to power motor
vehicles. Many of the atmospheric PAHs and their deriva-
tives, which are present as components of POM, are geno-
toxic. They exhibit variable mutagenic potency in bacterial
and mammalian assays and are rodent carcinogens (re-
viewed by Rosenkranz and Mermelstein 1985; Tokiwa and
Ohnishi 1986; International Agency for Research on Cancer
1989). Thus, the presence of these compounds in ambient
air may pose a significant risk to human health.

Because of concerns about the potential health conse-
quences of POM originating from diesel exhaust, the U.S.
Environmental Protection Agency (EPA) set emissions
standards for diesel engines and vehicles under Section 202
of the Clean Air Act (CAA), first amended in 1990. These
emissions standards were set for POM and four other pol-
lutant classes (total hydrocarbons, nonmethane hydrocar-
bons, carbon monoxide, and oxides of nitrogen) originating
from diesel engines and vehicles. These standards continue
toevolve, as evidenced by the final regulations for highway
heavy-duty engines and the proposed regulations for non-
road diesel engines and locomotives (EPA 1997a,b,c). The
process of reviewing and revising emissions standards re-
quires an understanding not only of the health effects of the
individual compounds present in diesel exhaust but also of
their atmospheric transformation products.

Because of the need for better information on the poten-
tial health effects of PAHs and other air toxics, the Health
Effects Institute (HEI) conducted a workshop in 1992, “Re-
search Priorities for Mobile Air Toxics,” during which

* A list of abbreviations appears at the end of the Investigators’ Report.

! Drs. Andrew Grosovsky and Janet Arey’s 3-year study, Evaluation of the
Potential Health Effects of the Atmospheric Reaction Products of Polycyclic
Aromatic Hydrocarbons, began in July 1994 and had total expenditures of
$179,000. The Investigators’ Report from Arey and colleagues was Teceived
for review in July 1997. A revised report, received in March 1998, was
accepted for publication in April 1998. During the review process, the HEI
Review Committee and the investigators had the opportunity to exchange
comments and to clarify issues in the Investigators’ Report and in the Review
Committee’s Commentary.

Tl“his documenthas not been reviewed by public or private-party institutions,
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research needs for compounds designated as Air Toxics
under the CAA of 1990 (for example, benzene, 1,3-butadi-
ene, formaldehyde, and POM) and methanol vapors were
identified (Health Effects Institute 1993). The research
priorities for POM included: (1) examination of the atmos-
pheric transformation reactions of PAHs; (2) character-
ization of the polar transformation products of POM, such
as nitro- and oxy-PAHs; and (3) investigation of the biologi-
cal significance of PAH derivatives, including their mu-
tagenic spectra.

In response to the workshop proceedings, Dr. Arey and
collaborators submitted a preliminary application in Janu-
ary of 1994 to assess the mutagenicity of two abundant
gas-phase PAHs, naphthalene and phenanthrene, and their
atmospheric transformation products in mammalian cells.
The following Commentary on the Investigators’ Report is
intended to aid the sponsors of HEI and the public by
highlighting both the strengths and limitations of the study
and by placing the Investigators’ Report into scientific and
regulatory perspective.

SCIENTIFIC BACKGROUND

Polycyclic aromatic hydrocarbons are ubiquitous air pol-
lutants containing two or more benzene rings; they are
formed largely from the incomplete combustion of fossil
and biogenic fuels (International Agency for Research on
Cancer 1989). Once emitted into the atmosphere, a complex
set of processes affects PAHs, including atmospheric trans-
port, chemical transformation, and dry and wet deposition.
These transport and transformation processes are important
because (1) they influence the ambient concentrations of
specific emission constituents and their reaction products;
(2) they alter the toxic, mutagenic (damaging to genes), or
carcinogenic properties of the original emission constitu-
ents; and (3) they can create new, potentially toxic, mu-
tagenic or carcinogenic products.

Some PAHs are transformed in the atmosphere through
reactions with other environmental pollutants to yield ni-
tro-PAHs and oxy-PAHs (Pitts et al. 1978; Pitts 1987). For
example, naphthalene and phenanthrene, two of the sim-
plest and most abundant gas-phase PAHs, can react with
hydroxyl radicals and nitrate radicals; phenanthrene can
also react with ozone (Winer and Busby 1995). The majority
of ambient nitro-PAHs are formed from the gas-phase reac-
tions of PAHs with hydroxyl or nitrate radicals in the
presence of oxides of nitrogen (Atkinson and Arey 1994).
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The formation of oxy-PAHs may involve the atmospheric
reaction of PAHs with ozone; few details are known about
these reactions, however (Winer and Busby 1995).

Concentrations of particle-bound PAHs in ambient air
typically range from less than 1 pg/ m? in rural areas to 1 to
10 ng/ m? in urban areas (Grimmer 1983). Concentrations of
napathalene as high as 6 pg/m? have been reported in the
Los Angeles air basin (Arey et al. 1989). Concentrations of
nitro-PAHs in ambient air are generally 10 to 100 times
lower than concentrations of PAHs (Ramdahl et al. 1986;
MacCrehan et al. 1988; Hayakawa et al. 1995). Oxy-PAHs,
though less well studied than PAHs and nitro-PAHs, have
been reported at concentrations in the range of 0.05 to 4 pg/m®
in urban air (Konig et al. 1983; Ligocki and Pankow 1989).

Many PAHs found in the atmosphere are mutagenic and
carcinogenic in experimental settings (International
Agency for Research on Cancer 1989), and nitro-PAHs are
especially potent bacterial mutagens. For example, when
tested in Salmonella typhimurium strain TA98, without
exogenous metabolic activation, 1,8-dinitropyrene was
up to 100,000 times more potent than benzo(a)pyrene
(Rosenkranz and Mermelstein 1985). Relatively few studies
have been published on the mutagenicity and carcinogenic-
ity of oxy-PAHs. However, some oxy-PAHs were reported
to be mutagenic (Durant et al. 1996; Enya et al. 1997).

Because cancer is a multistage process involving multi-
ple mutational and nonmutational events, scientists often
measure the ability of chemicals to cause genetic mutations
in cultured cells and laboratory animals as a possible indi-
cator for predicting the risk of cancer in humans (Harris
1991). Genotoxicity assays may be performed in vivo (in
laboratory animals) or in vitro (in cellular systems). Al-
though in vivo assays that take into account variations in
the tissue distribution and metabolism of the chemical are
most appropriate for evaluating human health risks, the
simplicity of in vitro cell assays renders them ideal for
screening the mutagenic potential of numerous chemicals
quickly and inexpensively.

Bacterial test systems have traditionally been used to
characterize the mutagenic potential of test compounds.
Bacterial systems typically require the addition of exoge-
nous metabolizing enzymes prepared from rat liver to acti-
vate some procarcinogens. In vitro tests using human cell
lines, which express metabolic capabilities similar to those
of human cells in vivo, provide genotoxicity information
that may be more appropriate than the information derived
from bacterial systems. Scientists have manipulated a hu-
man lymphoblastoid cell line (designated L3) (Crespi and
Thilly 1984) to express an array of biotransformation en-
zymes necessary for the activation of promutagenic PAHs
(Crespi et al. 1991; Penman et al. 1994). The cell line
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designated AHH-1 expresses human cytochrome P450 1A1
(CYP 1A1}, an enzyme known to be important in the acti-
vation of many PAH compounds. Another cell line, desig-
nated h1A1v2 (or AHH-1 1A1)}, constitutively expresses
CYP 1A1 at a level that is approximately 50 times higher
than the basal level present in the AHH-1 cell line. MCL-5
expresses epoxide hydrolase and other P450 isozymes (CYP
1A2, CYP 2A3, CYP 2E1, and CYP 3A4) in addition to CYP
1A1. Because of these metabolic differences, a variety of
cell lines can be selected to determine the contribution of
individual metabolic pathways to the genotoxicity of test
chemicals. In this study, Arey and colleagues used some of
these human cell lines to obtain information on the spectrum
of genotoxicity selected PAHs were capable of producing,

RATIONALE FOR THE STUDY

HEI funded this study because it addressed a number of
the research priorities for POM identified in the proceed-
ings of the workshop, “Research Priorities for Mobile Air
Toxics,” and in the Institute’s review, “Diesel Exhaust: A
Critical Analysis of Emissions, Exposure, and Health Ef-
fects.” The underlying premise of the study was that atmos-
pheric transformation products of PAHs may be more
potent mutagens than the parent molecules and, therefore,
should be considered in genotoxicity assessments of air
pollutants (Winer and Busby 1995). The investigators’ goal
of evaluating the mutagenic spectrum of atmospheric PAHs
along with their more polar transformation products would
provide important information concerning the potential
long-term health consequences of these major combustion
products of diesel fuels.

OBJECTIVES AND SPECIFIC AIMS

The objective of this study was to evaluate the genotoxic-
ity, both mutagenesis and clastogenesis, of selected PAHs
and their atmospheric transformation products using meta-
bolically competent human cells. There were three specific
aims: (1) to screen naphthalene and phenanthrene, and
extracts of their gas-phase atmospheric reaction products,
for mutagenic activity; (2) to fractionate the gas-phase reac-
tion products of naphthalene, characterize the activity of
these fractions, and attempt to identify the compounds
responsible for any mutagenic activity observed; and (3) to
compare the mutagenic activity of selected fractions or
identified products in human lymphoblastoid cell lines
expressing different cytochrome P450 isozymes. Informa-
tion on the technical aspects of these human cell assays can
be found in the accompanying sidebar.
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TECHNICAL EVALUATION

ATTAINMENT OF STUDY OBJECTIVES

The investigators successfully evaluated the genotoxic-
ity of naphthalene and phenanthrene as well as a subset of
their atmospheric reaction products using metabolically
competent human lymphoblastoid cells. All major ele-
ments of the three specific aims were completed. The in-
vestigators have considerable expertise in their multiple
disciplines, and have together produced a cohesive and
well executed study. Overall, the study report is clearly
written and documents several interesting and important
findings with broader scientific implications.

METHODS AND STUDY DESIGN

The investigators evaluated naphthalene, phenanthrene,
and a subset of their atmospheric transformation products
(1-nitronaphthalene, 2NN, 1-hydroxy-2-nitronaphthalene,
2-hydroxy-1-nitronaphthalene, 1,4-naphthoquinone, and
2NDBP) for mutagenic activity in the human lymphoblas-
toid cell line MCL-5. This cell line expresses several P450
isozymes as well as epoxide hydrolase. Gene mutations
were evaluated using both the thymidine kinase (tk) gene
locus and the hypoxanthine-guanine phosphoribosyltrans-
ferase (hpri) gene locus. The CREST modified micronucleus
assay was used to characterize chromosomal breakage and
loss.

The investigators also performed studies on the fraction-
ated components of simulated atmospheric reactions of
naphthalene. In addition, they determined the role of P450-
mediated oxidative biotransformation in the activation of
2NN and 2NDBP to species capable of inducing mutations
at the tk locus using three related cell lines with multiple
(MCL-5), single (AHH-1 h1A1v2), or no (L3) P450 isozymes.

The authors provided a plausible rationale for the selec-
tion of naphthalene as the most appropriate starting re-
agent, an adequate characterization of the methods used to
produce and fractionate atmospheric reaction products of
naphthalene, and suitable justification for the selection of
mutagenicity test system and cell types. The statistical
analyses appear to have been appropriately conducted.

RESULTS AND INTERPRETATIONS

Collectively, the results indicated that 2NN and ZNDBP
exhibit greater genotoxic potency than their parent com-
Pounds. Interestingly, both compounds induced significant
increases in mutation frequency at the tk locus, but not at
the hprt locus. In addition, some of the other compounds
tested produced chromosomal damage in the absence of
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damage to individual genes. The genotoxicity of 2NN and
2NDBP in human cells, together with their high concentra-
tions in ambient air, validates the underlying premise of
this work: that atmospheric reaction products of PAHs should
be considered in genotoxicity assessments of air pollutants.

Studies performed on the fractionated components of simu-
lated atmospheric reaction products of naphthalene were less
revealing, because no active fractions were identified. Even
the fraction containing the active parent compound was inac-
tive at the concentrations used in the assay. The investigators
did not use additional positive controls, such as testing the
extract prior to fractionation to determine whether mutagenic
activity was present in the whole extract, to guide the frac-
tionation experiments. This flaw does not substantively affect
the interpretation that the investigators have placed on their

GENOTOXICITY TESTS USING HUMAN CELL LINES
hprt and tk Assays

These assays are useful to examine genetic damage at
one locus (that is, the nonessential hprt or tk gene). The
hprt gene contains the genetic information to produce the
hprt enzyme, a protein that aids the cell in uuhzmg
biochemicals called purines. This protem is not essential
for cell growth and survival. If the purine is-a normal
substrate (for example, hypoxanthme or guanme), the hprt
enzyme converts it into a nucleotide that is used to syn-
thesize new nucleicacids. Ifthe purine is a toxic analogue
{for example, 6-thioguanine), the hprt enzyme converts it
into a nucleotide derivative that leads to a toxic effect or
death of the cell. When induced mutations have destroyed
the ability of the hprt gene to produce the normal hprt
enzyme, it is not available to convert 6-thioguanine into
the toxic denvatlve Therefore, only the cells with the hprt
mutation, which lack the functlonal hprt enzyme, can
grow and form visible colonies that can be counted in the
presence of 6- thloguamne The tk mutation assay func-
tions in a manner similar to that descrlbed for the hprt
assay, using trifluorothymidine as the toxic analog rather
than 6- th10guan1ne S

CREST Modlﬁed Mlcronucleus Assay

This assay is used to examine clastogen1c1ty the ablllty
of an agent to produce large-scale chromosomal “damage
such as breakage and loss. In this assay, human cells are
microscopically examined for chromosomal damage after
treatment with a test agent by staining the exposed cells
with an antibody that recognizes proteins at the cen-
tromere-associated kinetochore of chromosomes
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results, however, which were largely negative in this as-
pect of the study. The fact that the concentrations of known
mutagens in the various fractions were present at concen-
trations appreciably lower than required for activity as
pure agents provides a plausible explanation for the nega-
tive results in the fractionation experiments.

Finally, the role of biotransformation in the activation of
these PAHs to genotoxic species was determined for 2NN
and 2NDBP. In contrast to the situation with the MCL-5and
AHH-1 h1A1v2 lines, these compounds were not mu-
tagenic in the L3 line, indicating that oxidative activation
mediated by cytochrome P450 was necessary to induce
genotoxicity at the tk locus. These findings demonstrate
that conclusions derived from various test systems will be
driven by the particular array of metabolic processes pre-
sent in the cells used in the assay.

IMPLICATIONS FOR FUTURE RESEARCH

Some of the PAHs tested by the investigators were geno-
toxic at the chromosomal level in the absence of the induc-
tion of gene mutations. Because large-scale chromosomal
damage is not detectable in the standard bacterial mu-
tagenesis assays, these studies reinforce the view that the
use of bacterial test systems alone may not be adequate for
evaluating the genotoxicity of gas-phase PAHs and their
atmospheric reaction products. Therefore, screening meth-
ods for evaluating the genotoxicity of motor vehicle emis-
sions need to be expanded to include multiple assays
focused on variable types and levels of genetic damage.

The results of this study also demonstrate that atmospheric
reaction products may be more genotoxic than their parent
hydrocarbons in human cells—as has been demonstrated in
nonmammalian test systems. These findings point to a need
to continue to characterize and identify atmospheric reaction
products and the effects they may exert on human health. It
should be noted that the results of this study are based on in
vitro testing alone. Extrapolation of in vitro genotoxicity re-
sults from a given test to populations where tremendous
heterogeneity exists for the regulation, expression, and activ-
ity of metabolizing enzymes will not be straightforward and
probably will require confirmation in in vivo systems. This
problem is not unique to atmospheric PAHs, however.

CONCLUSIONS

The investigators examined the genotoxicity of two
abundant gas-phase PAHs, naphthalene and phenanthrene;
a subset of their atmospheric transformation products; and
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fractions of simulated atmospheric reaction products of
naphthalene using metabolically competent mammalian
cell lines. The study reports several interesting and impor-
tant findings that have implications reaching beyond the
specific details of this project. The results demonstrate that
atmospheric reaction products of PAHs, including 2NN and
2NDBP, may be more mutagenic and clastogenic than their
parent molecules in human cells. In addition, the study
demonstrates that these compounds require oxidative me-
tabolism to exert their genotoxic activity. These findings
reinforce the need to identify atmospheric reaction prod-
ucts of PAHs further and to characterize their genotoxicity
in test systems using metabolically competent human cells
and multiple genetic endpoints.

The findings of this study raise interesting questions,
answers to which are essential to protect public health
better. It is not possible, however, on the basis of these
results alone, to conclude definitively that the atmospheric
presence of these PAHs presents a risk to human health,
since extrapolation from in vitro testing to humans may not
always be accurate. This type of information can, however,
focus the more complicated in vivo studies on the most
significant atmospheric PAH compounds.

ACKNOWLEDGMENTS

The Health Review Committee wishes to thank the ad hoc
reviewers for their help in evaluating the scientific merit of the
Investigators’ Report and Dr. Diane Silverman for assisting the
Committee in preparing its Commentary. The Committee also
acknowledges Thomas Atwood, Julia Campeti, Sean Dona-
hue, Virgl Hepner, Hope Steele, Mary Stilwell, and Quentin
Sullivan for their roles in publishing this report.

REFERENCES

Arey ], Atkinson R, Zielinska B, McElroy PA. 1989. Diurnal
concentrations of volatile polycyclic aromatic hydrocarbons
and nitroarenes during a photochemical air pollution episode
in Glendora, California. Environ Sci Technol 23:321-327.

Atkinson R, AreyJ. 1994. Atmospheric chemistry of gas-phase
polycyclic aromatic hydrocarbons: Formation of atmospheric
mutagens. Environ Health Perspect 102:117-126.

Crespi CL, Gonzalez FJ, Steimel DT, Turner TR, Gelboin
HV, Penman BW, Langenbach R. 1991. A metabolically
competent cell line expressing five cDNAs encoding pro-
carcinogen-activating enzymes: Application to mutagenic-
ity testing. Chem Res Toxicol 4:566-572.



Health Review Committee

Crespi CL, Thilly WG. 1984. Assay for mutation in a human
lymphoblastoid line, AHH-1, competent for xenobiotic me-
tabolism. Mutat Res 128:221-230.

Durant JL, Busby WF, Lafleur AL, Penman BW, Crespi CL.
1996. Human cell mutagenicity of oxygenated, nitrated and
unsubstituted polycyclic aromatic hydrocarbons associ-
ated with urban aerosols. Mutat Res 371:123-157,

Enya T, Suzuki H, Watanabe T, Hirayama T, Hisamatsu Y.
1997. 3-Nitrobenzanthrone, a powerful bacterial mutagen and
suspected human carcinogen found in diesel exhaust and
airborne particulates. Environ Sci Technol 31:2772-2776.

Grimmer G. 1983. Environmental Carcinogens: Polycyclic
Aromatic Hydrocarbons. CRC Press, Boca Raton, FL.

Harris CC. 1991. Chemical and physical carcinogenesis:
Advances and perspectives for the 1990s. Cancer Res
(Suppl) 51:5023s-5044s.

Hayakawa K, Murahashi T, Butoh M, Miyazaki M. 1995.
Determination of 1,3- 1,6- and 1,8-dinitropyrenes and 1-ni-
tropyrene in urban air by high-performance liquid chroma-
tography using chemiluminescence detection. Environ Sci
Technol 29:928-932.

Health Effects Institute. 1993. Research Priorities for Mobile
Air Toxics. HEI Communication Number 2. Health Effects
Institute, Cambridge, MA.

International Agency for Research on Cancer. 1989. Mono-
graphs on the Evaluation of Carcinogenic Risks to Humans;
Vol. 46, Diesel and Gasoline Engine Exhausts and Some
Nitroarenes. IARC, Lyon, France.

Konig ], Balfanz E, Funcke W, Romanowski T. 1983. Deter-
mination of oxygenated polycyclic aromatic hydrocarbons
in airborne particulate matter by capillary gas chromatog-
raphy and gas chromatography/mass spectrometry. Anal
Chem 55:599-603.

Ligocki MP, Pankow JF. 1989. Measurements of the gas/par-
ticle distributions of atmospheric organic compounds. En-
viron Sci Technol 23:75-83.

MacCrehan WA, May WE, Yang SD, Benner BA. 1988.
Determination of nitro polycyclic aromatic hydrocarbons
in air and diesel particulate matter using liquid chromatog-
raphy with electrochemical and fluorescence detection.
Anal Chem 60:194-199.

H

Penman BW, Chen L, Gelboin HV, Gonzalez F7J, Crespi CL.
1994. Development of a human lymphoblastoid cell line
constitutively expressing human CYP1A1 cDNA: Substrate
specificity with model substrates and promutagens. Car-
cinogenesis 15:1931-1937.

Pitts JN Jr. 1987. Nitration of gaseous polycyclic aromatic
hydrocarbons in simulated and ambient urban atmos-
pheres: A source of mutagenic nitroarenes. Atmos Environ
21:2531-2547.

Pitts JN Jr, Van Cauwenberghe KA, Grosjean D, Schmid
JP, Fitz DR, Belser WL Jr, Knudson GB, Hynds PM. 1978.
Atmospheric reactions of polycyclic aromatic hydrocar-
bons: Facile formation of mutagenic nitro derivatives.
Science 202:515-519.

Ramdahl T, Zielinska B, Arey J, Atkinson R, Winer AM,
Pitts JN Jr. 1986. Ubiquitous Occurrence of 2-nitrofluoran-
thene and 2-nitropyrene in air. Nature 321:425-427.

Rosenkranz HS, Mermelstein R. 1985. The genotoxicity,
metabolism and carcinogenicity of nitrated polycyclic aro-
matic hydrocarbons. ] Environ Sci Health C3:221-272.

Tokiwa H, Ohnishi Y. 1986. Mutagenicity and carcino-
genicity of nitroarenés and their sources in the environ-
ment, CRC Crit Rev Toxicol 17:23-60.

U.S. Environmental Protection Agency. 1997a. New Emis-
sion Standards for Heavy-Duty Diesel Engines used in
Trucks and Buses. Regulatory Announcement. Office of Air
and Radiation and Mobile Sources, Washington, DC.

U.S. Environmental Protection Agency. 1997b. Proposed
New Emission Standards for Nonroad Diesel Engines. Regu-
latory Fact Sheet. Office of Air and Radiation and Mobile
Sources, Washington, DC.

U.S. Environmental Protection Agency. 1997c. Proposed
Emission Standards for Locomotives. Regulatory Fact
Sheet. Office of Air and Radiation and Mobile Sources,
Washington, DC.

Winer AM, Busby W] Jr. 1995. Atmospheric transport and
transformation of diesel emissions. In: Diesel Exhaust: A
Critical Analysis of Emissions, Exposure, and Health Ef-
fects. A Special Report of the Institute’s Diesel Working
Group. Health Effects Institute, Cambridge, MA.

27






RELATED HEI PUBLICATIONS: AIR TOXICS,

POLYCYCLIC ORGANIC MATTER

Research Reports

Report Principal Investigator Publication
No. Title or Author Date
33 Markers of Exposure to Diesel Exhaust in Railroad Workers M. B. Schenker 1990
34 Metabolic Activation of Nitropyrenes and Diesel Particulate

Extracts A. M. Jeffrey 1990
46 Role of Ring Oxidation in the Metabolic Activation of 1-Nitropyrene F. A. Beland 1991
55 Mutations Induced by 1-Nitrosopyrene and Related Compounds During

DNA Replication in Human Cells and Induction of Homologous Recombination

by These Compounds V. Maher 1993
56 Characterization of Particle- and Vapor-Phase Organic Fraction Emissions from

a Heavy-Duty Diesel Engine Equipped with a Particles Trap and Regeneration

Controls S. T. Bagley 1993
66 The Effects of Copollutants on the Metabolism and DNA Binding of Carcinogens P. C. Howard 1994
68 Pulmonary Toxicity of Inhaled Diesel Exhaust and Carbon Black in Chronically

Exposed Rats

Part I: Neoplastic and Nonneoplastic Lung Lesions J. L. Mauderly 1994

Part II: DNA Damage K. Randerath 1995

Part III: Examination of Possible Target Genes S. A. Belinsky 1995
72 DNA Adduct Formation and T Lymphocyte Mutation Induction in 344 Rats

Implanted with Turmoigenic Doses of 1,6-Dinitropyrene F. A. Beland 1995
76 Characterization of Fuel and Aftertreatment Device Effects on Diesel Emissions  S. T. Bagley 1996
Special Reports

Diesel Exhaust: Critical Analysis of Emissions, Exposure, and Health Effects 1995
HET Communications

Communication Number 2: Research Priorities for Mobile Air Toxics 1993

Copies of these reports can be obtained by writing or calling the Health Effects Institute, 955 Massachusetts Avenue,
Cambridge, MA 02139. Phone (617) 876-6700 FAX (617) 876-6709 E-mail pubs@healtheffects.org www.healtheffects.org

29












The Board of Directors

Archibald Cox Chairman
Carl M. Loeb University Professor (Emeritus), Harvard Law School

Douglas Costle

Chairman of the Board and Distinguished Senior Fellow, Institute for
Sustainable Communities

Alice Huang

Senior Councilor for External Relations, California Institute of Technology
Donald Kennedy

President (Emeritus) and Bing Professor of Biological Sciences, Stanford
University

Susan B. King
Fellow, Sanford Institute of Public Policy, Duke University

Richard B. Stewart
Professor, New York University School of Law

Robert M. White
President (Emeritus), National Academy of Engineering, and Senior Fellow,
University Corporation for Atmospheric Research

Health Research Committee

Bernard D. Goldstein Chairman
Director, Environmental and Occupational Health Sciences Institute

Glen R. Cass

Professor of Environmental Engineering and Mechanical Engineering,
California Institute of Technology

Seymour J. Garte
Professor of Environmental and Community Medicine, Environmental and
Occupational Health Sciences Institute

Rogene Henderson
Senior Scientist, Lovelace Respiratory Research Institute

Meryl H. Karol
Professor of Environmental and Occupational Health, University of
Pittsburgh Graduate School of Public Health

Stephen I. Rennard
Larson Professor, Pulmonary and Critical Care Medicine Section, Department
of Internal Medicine, University of Nebraska Medical Center

Jonathan M. Samet
Professor and Chairman, Department of Epidemiology, School of Hygiene and
Public Health, Johns Hopkins University

Robert F. Sawyer
Class of 1935 Professor of Energy (Emeritus), Professor of the Graduate School,
University of California at Berkeley

Frank E. Speizer
Edward H. Kass Professor of Medicine, Channing Laboratory, Harvard
Medical School, Department of Medicine, Brigham and Women’s Hospital

Gerald van Belle

Professor, Departments of Environmental Health and Statistics, University of
Washington

Health Review Committee

Daniel C. Tosteson Chairman

Professor of Cell Biology, Dean Emeritus, Harvard Medical School

John C. Bailar III

Chair, Department of Health Studies, Biological Sciences Division, University
of Chicago

A. Sonia Buist

Professor of Medicine and Physiology, Oregon Health Sciences University
Ralph D’Agostino

Professor of Mathematics/Statistics and Public Health, Boston University

Thomas W. Kensler

Professor, Division of Toxicological Sciences, Department of Environmental
Sciences, Johns Hopkins University

Edo D. Pellizzari

Vice President for Analytical and Chemical Sciences, Research Triangle
Institute, NC

Donald J. Reed

Distinguished Professor of Biochemistry, Department of Biochemistry and Bio-
physics, and Environmental Health Sciences Genter, Oregon State University
David J. Riley

Professor of Medicine, University of Medicine and Dentistry of New Jersey—
Robert Wood Johnson Medical School

Officers and Staff

Daniel S. Greenbaum President

Richard M. COOpEI‘ Corporate Secretary

Howard E. Garsh Dpirector of Finance and Administration
Kathleen M. Nauss Director for Scientific Review and Evaluation
Robert M. O’Keefe Director of Program Strategy

Jane Warren Director of Research

Aaron J. Cohen Senior Scientist

Maria G. Costantini senior Scientist

Debra A. Kaden senior Scientist

Alison Geyh staff scientist

Bernard Jacobson staff scientist

Diane Mundt staff Scientist

Martha E. Richmond staff Scientist

Geoffrey H. Sunshine staff Scientist

Gail V. Allosso Office and Contracts Manager
Thomas Atwood Manager of Publications and Information
Julia F. Campeti Publications Assistant

L. Virgi Hepner Managing Editor

Judith Lopez Receptionist

Francine Marmenout Senior Executive Assistant
Teresina McGuire Accounting Assistant
Beverly Morse Administrative Assistant
Jacqueline C. Rutledge controlier

Hope Steele Acting Managing Editor

Mary L. Stilwell Senior Administrative Assistant




I-H HEALTH EFFECTS INSTITUTE 955 Massachusefts Avenue, Caribridge, MA 02139 (617) 876-6700
S ]

Research Report Number 84 March 1999





